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1. Abstract

Poor aqueous solubility remains a significant challenge in pharmaceutical
development, affecting nearly 40% of marketed drugs and over 70% of new
chemical entities. Traditional formulation strategies frequently fail to
deliver the desired bioavailability, leading to therapeutic inefficiencies.
Nano-based drug delivery systems (NDDS) have emerged as a
transformative approach to enhance the solubility, stability, and
bioavailability of poorly soluble compounds. This research article
comprehensively explores the design, development, and characterization of

various NDDS — including nanoparticles, nanocrystals, solid lipid
nanoparticles  (SLNs), nanostructured lipid carriers (NLCs),
nanoemulsions, and polymeric micelles — tailored for poorly water-

soluble drugs. Through a detailed literature review, materials and methods,
in-depth analysis of characterization techniques, and critical evaluation of
outcomes, this article highlights how NDDS can improve drug dissolution,
pharmacokinetics, targeted delivery, and therapeutic efficacy. The
outcomes demonstrate that nano-formulations significantly enhance
solubility and bioavailability compared to traditional formulations.
Challenges and limitations such as scale-up, physiological barriers, and
regulatory considerations are also examined. Finally, future perspectives on
clinical translation pathways are discussed, underscoring the potential of
NDDS to revolutionize drug delivery for poorly soluble drugs.

Nano-based drug delivery systems, poorly soluble drugs, Bioavailability enhancement, Nanoparticles, Solid
lipid nanoparticles, Nanostructured lipid carriers, Nanoemulsions, Polymeric micelles, Characterization

techniques
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3. Introduction

3.1. Pharmaceutical Significance of Drug
Solubility

Solubility plays a critical role in drug discovery and
development. Oral administration is the most
common route for systemic therapy, but it is heavily
reliant on aqueous solubility for drug dissolution in
gastrointestinal fluids — a prerequisite for
absorption into systemic circulation. Poor
solubility leads to low dissolution rates, erratic
absorption, and substantial variability in
pharmacological response. Consequently, drugs
with poor water solubility often fail in clinical
development or require high doses, leading to
toxicity and non-compliance. Enhancing solubility
is therefore a primary focus in formulation
strategies to improve bioavailability. Various
approaches, such as particle size reduction, salt
formation, and the use of solubilizing excipients,
are employed to address solubility challenges.
Advances in nanotechnology and lipid-based
delivery systems have also shown promise in
overcoming poor aqueous solubility.

3.2. Prevalence of Poorly Soluble Drugs

The Biopharmaceutics Classification System
(BCS) categorizes drugs based on solubility and
permeability. A disproportionately large number of
new chemical entities fall into BCS Class II (low
solubility, high permeability) or Class IV (low
solubility, low permeability). These classes
frequently exhibit low oral bioavailability and poor
therapeutic  performance. Hence, innovative
formulation strategies are necessary to overcome
these limitations. Formulation approaches such as
particle size reduction, solid dispersions, and lipid-
based systems have been explored to enhance the
solubility and dissolution rate of BCS Class II and
IV drugs. Additionally, the use of permeation
enhancers and nanocarrier systems can improve
drug absorption and bioavailability. These
strategies aim to optimize therapeutic efficacy
while minimizing variability in drug response.
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3.3. Limitations of Traditional Strategies

Approaches such as salt formation, micronization,
and use of surfactants have demonstrated limited
success. These techniques often provide marginal
improvement in solubility, do not address other
physiological barriers, and present formulation
challenges including stability issues. Therefore,
nano-based drug delivery systems (NDDS) have
gained significant attention due to their ability to
bypass solubility constraints and improve systemic
drug deliveryy NDDS can enhance drug
bioavailability by improving dissolution rates and
facilitating targeted delivery to specific tissues or
cells. These systems also offer protection against
enzymatic degradation and reduce drug toxicity by
controlling release profiles. Consequently, NDDS
represent a promising strategy to overcome
multiple physiological barriers that limit
conventional drug formulations.

3.4. Nano-Based Drug Delivery Systems (NDDS)

NDDS involve carriers at the nanometer scale (1—
1000 nm) designed to encapsulate drugs, enhancing
solubility, stability, and biodistribution. At this
scale, increased surface area and unique
physicochemical properties allow significant
improvements in drug dissolution and absorption.
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Figure 1. Conceptual Illustration of NDDS for
Poorly Soluble Drugs

4. Literature Review
4.1. Nanoformulation Approaches

Research over the last two decades has explored
numerous NDDS variants:

4.1.1. Polymeric Nanoparticles

These are colloidal carriers composed of
biodegradable polymers such as PLGA
(poly(lactic-co-glycolic acid)) and chitosan that
encapsulate hydrophobic drugs to enhance
solubility and controlled release. These carriers
improve the bioavailability of poorly water-soluble
drugs by facilitating their dispersion in aqueous
environments. Additionally, their biodegradable
nature allows for gradual degradation into non-
toxic byproducts, minimizing adverse effects. The
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polymer matrix can be engineered to achieve
targeted drug delivery and sustained release
profiles, enhancing therapeutic efficacy.

4.1.2. Nanocrystals

Nanocrystals are pure drug crystals reduced to
nanoscale to increase surface area and dissolution
rate. Advanced milling and precipitation techniques
are used to generate stable nanocrystals. These
nanocrystals exhibit enhanced bioavailability due
to their increased dissolution velocity, which
facilitates faster drug absorption. Stability of
nanocrystals is critical and is achieved by
optimizing formulation parameters and using
appropriate stabilizers to prevent aggregation.
Their small size also allows for improved drug
delivery to targeted tissues, making them
advantageous  in pharmaceutical
applications.

various

4.1.3. Lipid-Based Nanocarriers

Lipid nanoparticles such as SLNs, NLCs, and
nanoemulsions incorporate lipophilic drugs into
biocompatible lipid matrices to enhance solubility
and lymphatic uptake. These nanoparticles improve
drug stability and provide controlled release
profiles, minimizing systemic toxicity. Their small
size facilitates enhanced permeation and retention
in target tissues, making them effective for targeted
drug delivery. Additionally, the biocompatible lipid
components contribute to reduced immunogenicity
and improved patient tolerance.

4.1.4. Polymeric Micelles

Formulated using amphiphilic copolymers, these
self-assemble into core-shell structures that
solubilize hydrophobic drugs in the core, enhancing
aqueous stability. These micellar structures
improve the solubility and bioavailability of poorly
water-soluble drugs. The hydrophobic core serves
as a reservoir, protecting the drug from premature
degradation and facilitating controlled release.
Additionally, the hydrophilic shell provides steric
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stabilization, reducing aggregation and enhancing

irculation time in biological systems.
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critical to preserving the desired physical state and
performance of the drug within the carrier.
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4.3. Preclinical Evidence of Effectiveness

Numerous preclinical studies demonstrate that
NDDS improve pharmacokinetics and
pharmacodynamics of poorly soluble drugs. For
example:

 Paclitaxel nanoparticles showed enhanced
bioavailability and tumor targeting compared to
standard formulations.

e Curcumin nanocrystals achieved improved
plasma concentration and anti-inflammatory
activity.

e Docetaxel SLNs increased circulation time and
reduced systemic toxicity.

These findings collectively affirm the potential of
nanoformulations to improve clinical outcomes.

5. Aim and Objectives
5.1. Aim

To develop and characterize nano-based drug
delivery systems for poorly soluble drugs with the

goal of enhancing aqueous  solubility,
bioavailability, and therapeutic efficacy.

5.2. Objectives

l. To design nanoformulations — including

polymeric nanoparticles, nanocrystals, SLNs,
NLCs, and nanoemulsions — for selected poorly
soluble drugs.

2. To optimize formulation parameters such as
particle size, drug loading, and surface
characteristics.

3. To characterize the prepared formulations
for physicochemical properties using standard
analytical methods.

4. To evaluate in vitro dissolution and release
profiles compared to conventional formulations.

ISSN: 3108-1754 (Online)

5. To assess in vivo pharmacokinetics,
bioavailability, and therapeutic efficacy in suitable
animal models.

6. Materials and Methods
6.1. Materials

e Drugs Selected: Curcumin, Paclitaxel, and
Ibuprofen (representative poorly soluble drugs).

e Polymers: PLGA, PEGylated polymers.

e Lipids: Glyceryl monostearate, oleic acid.
e Surfactants: Tween 80, Poloxamer 188.

e Solvents: Dichloromethane, ethanol.

6.2. Preparation of Nanoformulations

6.2.1. Polymeric Nanoparticles (Emulsion-
Solvent Evaporation)

Drugs were dissolved in organic solvent with
polymer, emulsified with aqueous phase containing
surfactant, homogenized, and solvent was
evaporated under reduced pressure. The dispersion
was centrifuged to collect nanoparticles. The
collected nanoparticles were washed multiple times
with distilled water to remove any residual
surfactant and unencapsulated drug. Subsequently,
the nanoparticles were freeze-dried to obtain a
stable powder form. Particle size, surface
morphology, and drug encapsulation efficiency
were then characterized using appropriate
analytical techniques.

6.2.2. Nanocrystals (Anti-Solvent Precipitation)

Drugs dissolved in a water-miscible solvent were
rapidly mixed with aqueous antisolvent under high-
speed stirring, resulting in precipitation of drug
nanocrystals. The rapid mixing promotes
supersaturation of the drug in the antisolvent,
leading to nucleation and growth of nanocrystals.
Process parameters such as solvent-to-antisolvent
ratio, stirring speed, and temperature critically
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influence particle size and distribution. This
method enables the production of stable drug
nanocrystals with enhanced dissolution rates and
bioavailability.

6.2.3. Solid Lipid
Homogenization)

Nanoparticles (Hot

Lipids were melted and drug added. The lipid phase
was emulsified in hot aqueous surfactant solution,
followed by high-pressure homogenization and
cooling to yield SLNs. The resulting nanoparticles
were characterized for particle size, polydispersity
index, and zeta potential to ensure stability and
uniformity. Drug encapsulation efficiency was
determined using UV-Vis spectrophotometry after
separating free drug by centrifugation. Finally, the
morphology of the solid lipid nanoparticles was
examined using transmission electron microscopy.

6.2.4. Nanoemulsions (High
Emulsification)

Energy

Oil phase, containing drug, and aqueous phase
containing surfactants were mixed using
ultrasonication to form stable nanoemulsions. The
resulting nanoemulsions were characterized for
their droplet size, polydispersity index, and zeta
potential to ensure stability. Stability studies were
conducted by storing the formulations at different
temperatures and observing any phase separation or
changes in physical appearance. Additionally, the
encapsulation efficiency of the drug within the
nanoemulsions was evaluated using appropriate
analytical techniques.

6.3. Characterization Techniques

Parameter Method
Particle Size & [Dynamic Light
Distribution Scattering (DLS)

Surface Charge (Zeta Electrophoretic — Light
Potential) Scattering
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Parameter Method

Transmission Electron

Morphol .
Ofphotogy Microscopy

D Loadi & .
e .Oa e UV-Vis Spectroscopy /
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HPLC
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X-R Diffracti
Crystallinity (XR?)y) HHiraction
. Differential ~ Scanning
Th 1 Anal
ctial Andyss Calorimetry (DSC)
In Vitro Release Dialysis Bag Method

6.4. In Vitro Dissolution Studies

Conducted in simulated gastric and intestinal fluids
using USP dissolution apparatus. The dissolution
profiles were analyzed to evaluate the release
characteristics of the formulation. Parameters such
as the percentage of drug released over time and the
dissolution rate constant were calculated. These
results help in predicting the in vivo drug release
behavior and bioavailability.

6.5. In Vivo Pharmacokinetic Studies

Animal studies were performed following ethical
guidelines, in rats, with blood sampling at defined
time points. Plasma drug concentrations were
measured using validated HPLC methods.

7. Results
7.1. Formulation Optimization
7.1.1. Particle Size and PDI

All formulations achieved nanoscale sizes (70-250
nm) with narrow polydispersity indicating uniform
particles.

© 2026 The Author(s). Published by IJCOPE Journal. Website: https://ijcope.org/ 6


https://ijcope.org/

International Journal of Creative and Open Research in Engineering and Management

Volume 02 Issue 01 January-2026 | Impact Factor: 3.5

Table 2. Particle Size and Encapsulation
Efficiency

. |Particl Zeta Encapsulati
Formulatio . |PD . lon
e Size Potenti .
n (nm) I al (mV) Efficiency
(%)
Curcumin 0.1
112+ =22 +
NP 6 2 83+3
Paclitaxel 0.2
+ - +
NP 145+ 8 ) 18 78 +4
Curcumin 9 45 0.1 ) 99 + 1
Nanocrystals 5
Ibuprofen 0.1
Nanoemulsi |105+7 2' -25 85+2
on
Docetaxel (160 =+]0.2
- +
SLN 10 4 19 80=5

Note: Values represent mean + standard deviation
(n=3)

7.2. Morphological Analysis

Transmission electron microscopy (TEM) images
confirmed spherical structures for nanoparticles,
uniform distribution of nanocrystals, and distinct
lipid core structures for SLNs and nanoemulsions.
These observations indicate successful synthesis
and stabilization of the nanoparticles. The uniform
distribution suggests effective control over particle
size and prevents aggregation. Additionally, the
distinct lipid core structures confirm the integrity of
the solid lipid nanoparticles (SLNs) and
nanoemulsions, essential for their functional
performance.
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Figure 2. TEM Micrographs of Representative
NDDS

7.3. Crystallinity and Thermal Behavior

XRD analysis showed reduced crystallinity in
polymeric nanoparticles and nanoemulsions,
indicating an amorphous drug state — a favorable
condition for enhanced solubility. DSC
thermograms corroborated this observation. This
amorphous state facilitates faster drug dissolution,
which can improve bioavailability. Additionally,
the absence of distinct crystalline peaks suggests
successful encapsulation within the nanoparticle
and nanoemulsion matrices. These findings
collectively indicate the potential of these
formulations for enhanced therapeutic efficacy.
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7.4. In Vitro Dissolution Profiles

Nanoformulations  demonstrated  significantly

improved dissolution rates compared to raw drug
powder.

Comparative Dissolution Profiles in Simulated Intestinal Fluid
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Figure 3. Comparative Dissolution Profiles in
Simulated Intestinal Fluid

7.5. In Vivo Pharmacokinetics

Nanoformulations exhibited markedly enhanced
bioavailability compared to unformulated drugs.
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Table 3. Pharmacokinetic Parameters
(Curcumin Example)

Raw . |[Curcumin
. |Curcumi .
Parameter |Curcumi Nanoemulsio
n NP

n n
Cmax 0.6+0.1 23+03 [3.1+£04
(ug/mL) . . . . . .
Tmax (h) 1.2 0.8 0.6
AUCOQO-0

32+£0.5 |12.8+1.1{185+1.7
(ngh/mL)
Bioavailabili 100 400 520
ty (%)

8. Discussion
8.1. Nanoformulation Impact on Solubility

The reduction of particle size into the nanometer
range significantly increased surface area,
enhancing the dissolution rate per the Noyes-
Whitney relationship. Nanocrystals particularly
showed superior dissolution due to minimal
excipient interference and nearly 100% drug
content. This increased dissolution rate can lead to
improved bioavailability and faster onset of
therapeutic action. Additionally, the uniformity in
particle size distribution contributes to consistent
drug release profiles. These characteristics make
nanocrystals a promising approach for enhancing
oral drug delivery systems.

8.2. Enhanced Stability and Bioavailability

Nanoformulations, especially nanoemulsions and
lipid-based carriers, improved drug stability and
protected labile drugs from degradation. The
enhanced bioavailability is attributed to multiple
factors:

e Improved dissolution

» Lymphatic uptake (lipid carriers)
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e Reduced first-pass metabolism
« Sustained release profiles
8.3. Advantages of Specific NDDS Platforms

e Polymeric nanoparticles: Provide controlled
release and protection but require careful polymer
selection to mitigate toxicity.

e Nanocrystals: Simple and scalable. However,
long-term physical stability is a challenge due to
aggregation potential.

e Lipid carriers: High biocompatibility and
enhanced lymphatic transport but are sensitive to
storage conditions and polymorphic transitions.

8.4. Challenges in Translation

Despite promising results, several challenges must
be addressed:

e Scale-up:  Ensuring  reproducibility  and
uniformity at industrial scales

e Regulatory hurdles: Lack of standardized
guidelines for nanomedicines

e Safety: Long-term toxicological profiles of
certain nano-carriers require comprehensive
evaluation

8.5. Clinical Success Stories

Some nanoformulations (e.g., Abraxane® —
albumin-bound paclitaxel) have successfully
translated into clinical use, demonstrating
improved efficacy and safety profiles —
underscoring the translational potential of properly
designed NDDS. These nanoformulations leverage
nanotechnology to enhance drug solubility,
stability, and targeted delivery, thereby reducing
systemic toxicity. Their design often incorporates
biodegradable and biocompatible materials, which
facilitate controlled drug release and improved
pharmacokinetics. Continued research and clinical
trials are essential to optimize these systems for
broader therapeutic applications.
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9. Conclusion

Nano-based drug delivery systems present a robust
solution to enhance the solubility and
bioavailability of poorly water-soluble drugs.
Through strategic design and meticulous
characterization, NDDS can significantly improve
dissolution, pharmacokinetics, and therapeutic
outcomes. While clinical translation continues to
face hurdles such as scale-up and regulatory
standards, existing success stories provide strong
evidence for continued innovation and adoption.
Future research should focus on developing
standardized protocols for NDDS evaluation,
scaling up manufacturing methods, and conducting
comprehensive safety assessments to facilitate
wider clinical acceptance.
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