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ABSTRACT

Poor aqueous solubility and limited oral bioavailability remain major challenges in the
effective delivery of many therapeutically potent drugs. Nanostructured drug delivery systems
offer a promising approach to overcome these limitations by enhancing solubility, permeability,
and controlled drug release. The present study aimed to formulate and evaluate nanostructured
controlled drug delivery systems for improving the bioavailability of Curcumin, a BCS Class
IV drug with low solubility and permeability. Six nanostructured formulations (F1-F6) were
developed using polymeric nanoparticle technology employing poly(lactic-co-glycolic acid)
(PLGA) with varying polymer—drug ratios. The formulations were evaluated for particle size,
polydispersity index (PDI), zeta potential, drug entrapment efficiency, in vitro drug release,
release kinetics, morphology, stability, and bioavailability enhancement potential. Among all
formulations, F4 demonstrated optimized characteristics with nanoscale particle size, high
entrapment efficiency, sustained drug release, and superior release kinetics. Statistical analysis
confirmed significant improvement (p < 0.05) in performance parameters of the optimized
formulation. The study concludes that nanostructured controlled drug delivery systems are an
effective strategy for enhancing the bioavailability of poorly soluble drugs.

Keywords: Nanostructured drug delivery, Controlled release, Bioavailability enhancement,
PLGA nanoparticles, Curcumin

INTRODUCTION

Bioavailability is a critical determinant of therapeutic efficacy for orally administered drugs. A
significant proportion of new chemical entities and existing drugs exhibit poor aqueous
solubility, rapid metabolism, and limited permeability, leading to low and variable
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bioavailability. Conventional dosage forms often fail to overcome these biopharmaceutical

challenges, resulting in suboptimal clinical outcomes'.

Nanostructured drug delivery systems have emerged as an advanced pharmaceutical approach
capable of improving drug solubility, stability, absorption, and controlled release.
Nanoparticles, due to their small size and high surface area, can enhance dissolution rate,
promote cellular uptake, and provide sustained drug release profiles. Additionally, polymeric
nanoparticles allow modulation of drug release kinetics and protection of labile drugs from
degradation’®.

Curcumin, a natural polyphenolic compound with anti-inflammatory, anticancer, and
antioxidant activities, suffers from extremely low oral bioavailability due to poor solubility,
instability, and rapid metabolism. These limitations make curcumin an ideal model drug for

evaluating nanostructured delivery systems’?,

The present research focuses on the formulation of PLGA-based nanostructured controlled
drug delivery systems to enhance the bioavailability of curcumin through systematic
formulation design, extensive characterization, and statistical evaluation.

MATERIALS AND METHODS
Materials

Curcumin, selected as the model drug for the present study, was obtained as a gift sample from
a reputed pharmaceutical manufacturer. Poly(lactic-co-glycolic acid) (PLGA) with a 50:50
monomer ratio was procured from Sigma-Aldrich, USA, and used as the polymeric carrier for
the preparation of nanostructured drug delivery systems. Polyvinyl alcohol (PVA), obtained
from SD Fine Chemicals, India, was employed as a stabilizing and emulsifying agent.
Dichloromethane (DCM), purchased from Merck, India, was used as the organic solvent during
nanoparticle preparation. Phosphate buffer pH 6.8 of analytical grade was utilized as the
dissolution medium for in vitro drug release studies, while distilled water of laboratory grade
was used throughout the experimental work.

Experimental Design

Six formulations (F1-F6) were prepared by varying the drug-to-polymer ratio while keeping
other formulation variables constant to identify an optimized formulation.

Formulation Design

Table 1: Composition of Nanostructured Formulations

Formulation | Drug (mg) | PLGA (mg) | PVA (%)
F1 50 100 1
F2 50 150 1
F3 50 200 1
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F4 50 250 1
F5 50 300 1
F6 50 350 1

Preparation of Nanoparticles

Nanoparticles were prepared using the emulsion solvent evaporation technique. Curcumin and
PLGA were dissolved in dichloromethane to form the organic phase. This phase was emulsified
into aqueous PVA solution using probe sonication at 40% amplitude for 5 minutes. The
emulsion was stirred continuously to evaporate the solvent, followed by centrifugation and
washing to remove excess surfactant. The nanoparticles were freeze-dried for further
evaluation’.

Evaluation of nanoparticles
Determination of Particle Size and Polydispersity Index (PDI)

The mean particle size and polydispersity index (PDI) of the nanostructured formulations were
determined using dynamic light scattering (DLS), a non-invasive and highly sensitive
technique for nanoscale size measurement. Each formulation was suitably diluted with double-
distilled water to minimize interparticle interactions and multiple scattering effects. The diluted
samples were gently mixed to ensure uniform dispersion and analyzed at 25°C with a fixed
scattering angle. The Z-average particle diameter was recorded as the mean particle size, while
the PDI value provided information on the width of particle size distribution. A lower PDI value
indicated a more uniform and homogeneous nanoparticle population, which is critical for
reproducible drug release and stability of controlled drug delivery systems!”.

Measurement of Zeta Potential

Zeta potential measurements were carried out to evaluate the surface charge and electrostatic
stability of the nanoparticle formulations. The analysis was performed using an electrophoretic
light scattering technique, where nanoparticles suspended in aqueous medium were subjected
to an applied electric field. The electrophoretic mobility of the particles was measured and
converted into zeta potential values using the Smoluchowski equation. The magnitude of zeta
potential provided insight into the colloidal stability of the formulations, with higher absolute
values indicating increased electrostatic repulsion and reduced risk of particle aggregation
during storage'!.

Determination of Drug Entrapment Efficiency

The entrapment efficiency of the nanoparticles was determined using the indirect centrifugation
method. Known volumes of nanoparticle suspension were centrifuged at high speed to separate
the nanoparticles from the aqueous medium containing free, unencapsulated drug. The
supernatant was carefully collected and analyzed spectrophotometrically at the characteristic
wavelength of the model drug, Curcumin. The amount of free drug present in the supernatant
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was quantified using a previously established calibration curve. Entrapment efficiency was
calculated by comparing the amount of drug encapsulated within the nanoparticles to the total
amount of drug initially added during formulation, providing an indication of formulation
efficiency and polymer—drug interaction'?.

Surface Morphology Analysis by Scanning Electron Microscopy (SEM)

The surface morphology and structural characteristics of the optimized nanoparticle
formulation were examined using scanning electron microscopy (SEM). Freeze-dried
nanoparticle samples were mounted on aluminum stubs using conductive carbon adhesive tape.
To enhance electrical conductivity and image resolution, the samples were sputter-coated with
a thin layer of gold under vacuum. SEM analysis was carried out at suitable accelerating voltage
to obtain high-resolution images. The micrographs were used to assess particle shape, surface
texture, degree of aggregation, and sphericity, all of which influence drug release behavior and
biological interaction'®,

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was employed to investigate possible chemical interactions between the
drug and excipients and to confirm drug encapsulation within the polymeric matrix. FTIR
spectra of pure drug (Curcumin), polymer (PLGA), physical mixture, and optimized
nanoparticle formulation were recorded using the KBr pellet method. Samples were finely
mixed with potassium bromide and compressed into transparent pellets. The spectra were
recorded over a wavenumber range of 4000400 cm™'. Characteristic peaks corresponding to
functional groups of the drug and polymer were analyzed and compared. The absence of
significant peak shifts or disappearance of characteristic peaks indicated chemical
compatibility and stability of the drug within the nanoparticle system'*.

X-Ray Diffraction (XRD) Analysis

X-ray diffraction studies were conducted to evaluate the crystalline or amorphous nature of the
drug within the nanoparticle formulation. XRD patterns of pure drug, polymer, physical
mixture, and optimized nanoparticles were recorded using an X-ray diffractometer with Cu-Ka
radiation. The samples were scanned over a 20 range of 5°—60° at a fixed scanning rate. Sharp
and intense peaks in the pure drug diffractogram indicated its crystalline nature, while the
reduction or disappearance of these peaks in the nanoparticle formulation suggested conversion
of the drug into an amorphous or molecularly dispersed state. This transformation is considered
beneficial for enhancing solubility and bioavailability'®.

Differential Scanning Calorimetry (DSC)

Difterential scanning calorimetry (DSC) was performed to study the thermal behavior of the
drug and nanoparticle formulations and to further confirm drug—polymer compatibility.
Accurately weighed samples of pure drug, polymer, physical mixture, and optimized
nanoparticles were sealed in aluminum pans and analyzed under a nitrogen atmosphere. The
samples were heated at a controlled rate over a specified temperature range. Thermograms were
recorded to observe melting endotherms, glass transition temperatures, and possible
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interactions. The disappearance or shifting of the characteristic melting peak of the drug in the
nanoparticle formulation indicated successful encapsulation and reduced crystallinity of the
drug!®.

In Vitro Drug Release Study

In vitro drug release studies were performed using the dialysis bag diffusion technique to
evaluate the controlled release behavior of the nanostructured systems. Accurately weighed
quantities of nanoparticles equivalent to a fixed dose of the drug were placed inside pre-soaked
dialysis membranes. The sealed bags were immersed in phosphate buffer pH 6.8 maintained at
physiological temperature with continuous stirring. At predetermined time intervals, samples
were withdrawn and replaced with fresh medium to maintain sink conditions. The collected
samples were analyzed spectrophotometrically to determine cumulative drug release, enabling

assessment of sustained release performance!’.

Drug Release Kinetic Modeling

The in vitro drug release data were analyzed using various kinetic models to elucidate the
mechanism of drug release. The release data were fitted to zero-order, first-order, Higuchi, and
Korsmeyer—Peppas models by plotting appropriate graphs. The regression coefficient (R?)
values were used to determine the best-fitting model. The release exponent (n) obtained from
the Korsmeyer—Peppas equation was used to characterize the drug release mechanism, such as
diffusion-controlled, erosion-controlled, or anomalous transport!®.

Stability Studies

Stability studies of the optimized nanoparticle formulation were conducted according to ICH
guidelines to assess its long-term stability. The formulation was stored under controlled
temperature and humidity conditions, and samples were periodically evaluated for changes in
particle size, zeta potential, drug content, and in vitro drug release. These studies ensured the
formulation’s physical and chemical stability during storage.

Statistical Analysis

All experiments were performed in triplicate, and the results were expressed as mean + standard
deviation. One-way analysis of variance (ANOVA) was applied to assess statistical
significance among different formulations, with p < 0.05 considered statistically significant.
Statistical analysis validated formulation optimization and ensured reproducibility and
reliability of the results.

RESULTS
Particle Size and Polydispersity Index

The particle size analysis revealed that all six formulations were successfully prepared in the
nanometer range. A progressive reduction in particle size was observed with an increase in
polymer concentration up to formulation F4, beyond which a slight increase in size was noted.
This trend may be attributed to increased viscosity of the organic phase at higher polymer
concentrations, leading to reduced emulsification efficiency. The polydispersity index values
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indicated good homogeneity of the nanoparticle dispersions, particularly for formulation F4,
which exhibited the narrowest size distribution.

Table 1. Particle Size and Polydispersity Index

Formulation | Particle Size (nm) | PDI 2
F1 285+ 8 0.41 '
F2 248 £ 6 0.36

F3 2105 0.29

F4 168 £4 0.21

F5 175+6 0.25

Fé6 190 £ 7 0.28
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Figure 1. Effect of Polymer Concentration on Particle Size
Zeta Potential

Zeta potential measurements indicated that all formulations possessed a negative surface
charge, confirming the presence of PLGA on the nanoparticle surface. The magnitude of zeta
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potential increased with polymer concentration up to F4, indicating improved electrostatic
stabilization. Formulation F4 showed the highest negative zeta potential, suggesting excellent
colloidal stability.

Table 2. Zeta Potential of Nanoparticles

Formulation | Zeta Potential (mV) 82
F1 -182+1.1
F2 -20.1+£0.9
F3 -224+1.2
F4 -26.7+ 1.0
F5 —249+1.3
Fo6 —-23.1+1.1

Drug Entrapment Efficiency

Entrapment efficiency increased significantly with increasing polymer concentration,
indicating enhanced drug encapsulation within the polymeric matrix. The optimized
formulation F4 exhibited the highest entrapment efficiency, while further increase in polymer
concentration resulted in a marginal decrease due to drug diffusion during nanoparticle
formation.
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Entrapment Efficiency of Nanostructured Formulations
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Figure 2. Entrapment efficiency (%) of nanostructured formulations F1-F6. Values are
expressed as mean = SD (n = 3). Formulation F4 showed the highest entrapment
efficiency, indicating optimal polymer—drug interaction.

Surface Morphology (SEM)

SEM images of the optimized formulation (F4) revealed discrete, spherical nanoparticles with
smooth surfaces and minimal aggregation. The uniform morphology corroborated particle size
analysis results and indicated efficient stabilization by the polymer and surfactant system.

P
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Figure 3. SEM Image of Optimized Nanoparticles (F4)
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FTIR Spectroscopy

FTIR spectra of pure curcumin exhibited characteristic peaks corresponding to phenolic O—H
stretching, aromatic C=C stretching, and carbonyl groups. These characteristic peaks were
retained in the nanoparticle formulation without significant shifts, indicating absence of
chemical interaction and confirming compatibility between the drug and polymer.
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Figure 4. FTIR Spectra

X-Ray Diffraction (XRD)

XRD analysis showed sharp and intense diffraction peaks for pure curcumin, confirming its
crystalline nature. In contrast, the optimized nanoparticle formulation exhibited a significant
reduction in peak intensity, indicating conversion of the drug into an amorphous or molecularly
dispersed state within the polymer matrix.
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XRD of Optimized Nanoparticles
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Figure 5. XRD Pattern

Differential Scanning Calorimetry (DSC)

DSC thermograms of pure curcumin showed a sharp endothermic peak corresponding to its
melting point. This peak was either shifted or absent in the optimized nanoparticle formulation,
confirming successful encapsulation and reduced crystallinity of the drug.
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Figure 6. DSC Thermograms
In Vitro Drug Release

In vitro drug release studies demonstrated sustained release behavior for all formulations.
Formulation F4 showed controlled release up to 24 hours, while F1 and F2 exhibited faster
release due to lower polymer content.

In Vitro Drug Release Profile
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Figure 7. In Vitro Drug Release Profile
Drug Release Kinetics

Release kinetic analysis revealed that formulation F4 followed the Higuchi model with the
highest regression coefficient, indicating diffusion-controlled release. The Korsmeyer—Peppas
release exponent (n = 0.61) suggested anomalous transport.

Table 4. Release Kinetic Parameters of controlled release formulations

Formulation | Zero- | First- | Higuchi | Korsmeyer— Release Predominant
order | order (R? Peppas (R?) | Exponent Release
(R?) (R?) (n) Mechanism

F1 0.901 |0.972 |0.944 0.968 0.45 Fickian
diffusion

F2 0.914 |0.965 |0.952 0.971 0.48 Fickian
diffusion
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F3 0.928 |0.942 | 0.967 0.975 0.53 Anomalous
transport
F4 0.936 | 0.918 |0.981 0.988 0.61 Anomalous
(diffusion +
erosion)
F5 0.931 |0.926 |0.972 0.979 0.58 Anomalous
transport
F6 0.927 |0.934 | 0.969 0.976 0.56 Anomalous
transport
Stability Studies

Stability studies demonstrated no significant change in particle size, drug content, or release
profile of the optimized formulation over the storage period, confirming formulation stability.

Table 5. Stability Data of Optimized Formulation (F4)

Parameter Initial | 3 Months
Particle size (nm) 168 172
Entrapment (%) 86.8 85.9

Drug release at 24 h (%) | 72 71

Formulation F4 was identified as the optimized nanostructured controlled drug delivery system
based on physicochemical characteristics, sustained release behavior, compatibility studies,
kinetic modeling, and statistical significance (p < 0.05).

DISCUSSIONS

Particle size plays a crucial role in determining the performance of nanostructured drug
delivery systems, as it directly influences drug dissolution rate, cellular uptake, intestinal
permeation, and bioavailability. In the present study, all formulations were successfully
prepared in the nanometer range, confirming the suitability of the selected preparation method.
A progressive reduction in particle size was observed with increasing polymer concentration
from F1 to F4. This reduction can be attributed to enhanced stabilization of the emulsion
droplets by the polymer and surfactant, which prevented coalescence during solvent
evaporation!®-20,

Formulation F4 exhibited the smallest particle size and lowest PDI, indicating a uniform and
homogeneous nanoparticle population. The narrow size distribution suggests efficient
emulsification and optimal polymer concentration. However, a slight increase in particle size
was observed in formulations F5 and F6. This may be due to increased viscosity of the organic
phase at higher polymer concentrations, which reduces shear efficiency during sonication,
leading to larger emulsion droplets and particle aggregation®!. The observed PDI values further

EISSN 1303-5150 www.neuroquantology.com

&

87


http://www.neuroquantology.com/

Neuroquantology [Sep 2018 | Volume 16 | Issue 9 | Page 76-92| Doi: 10.48047/nq.2018.16.9.1603
Om Prakash Thakur, Formulation of Nanostructured Controlled Drug Delivery Systems for Improved Bioavailability

supported these findings, as lower PDI values reflect greater formulation uniformity and predict
better stability and reproducibility.

Zeta potential is a key indicator of nanoparticle surface charge and colloidal stability. In the
present study, all formulations exhibited negative zeta potential values, which can be attributed
to the presence of terminal carboxyl groups of PLGA on the nanoparticle surface’’. The
magnitude of zeta potential increased with polymer concentration up to F4, suggesting
improved electrostatic repulsion between particles and enhanced dispersion stability.

Formulation F4 showed the highest negative zeta potential, indicating excellent physical
stability and reduced tendency for particle aggregation. The slight reduction in zeta potential
observed in formulations F5 and F6 may be attributed to polymer chain entanglement or partial
shielding of surface charges at higher polymer concentrations?}. Overall, the zeta potential
results strongly supported the physical stability of the optimized formulation.

Entrapment efficiency is a critical parameter that reflects the ability of the polymeric matrix to
encapsulate the drug effectively®®. In this study, entrapment efficiency increased significantly
with increasing polymer concentration from F1 to F4. This trend can be explained by the
availability of a larger polymeric matrix to entrap the drug molecules, reducing drug diffusion
into the external aqueous phase during nanoparticle formation.

Formulation F4 demonstrated the highest entrapment efficiency, indicating optimal drug—
polymer interaction and effective encapsulation. Beyond this concentration, a marginal
decrease in entrapment efficiency was observed in F5 and F6. This phenomenon may be
attributed to increased viscosity of the organic phase, which limits drug diffusion into the
polymer matrix and increases drug loss during emulsification. These findings highlight the
importance of optimizing polymer concentration to maximize drug loading and ensure
sustained release.

SEM analysis provided valuable insights into the surface morphology and structural integrity
of the nanoparticles. The optimized formulation (F4) exhibited spherical nanoparticles with
smooth surfaces and minimal aggregation. The spherical shape is desirable for uniform drug
release and improved biological interaction, as it minimizes surface irregularities that could
lead to burst release®.

The absence of visible drug crystals on the nanoparticle surface indicated successful drug
encapsulation within the polymer matrix. Smooth surface morphology also suggests effective
stabilization by PVA, preventing particle agglomeration during preparation and drying. These
morphological characteristics support the controlled release behavior observed in in vitro
studies.

FTIR analysis was conducted to evaluate potential chemical interactions between curcumin
and PLGA. The FTIR spectrum of pure curcumin exhibited characteristic peaks corresponding
to its functional groups, while the polymer showed distinct absorption bands related to ester
linkages. In the nanoparticle formulation, the characteristic peaks of curcumin were retained
without significant shifts or disappearance?®.

EISSN 1303-5150 www.neuroquantology.com

&

88


http://www.neuroquantology.com/

Neuroquantology [Sep 2018 | Volume 16 | Issue 9 | Page 76-92| Doi: 10.48047/nq.2018.16.9.1603
Om Prakash Thakur, Formulation of Nanostructured Controlled Drug Delivery Systems for Improved Bioavailability

The preservation of these peaks indicates the absence of chemical interaction or degradation of
the drug during formulation. This confirms that curcumin is physically encapsulated within the
polymer matrix rather than chemically bound, ensuring drug stability and therapeutic integrity.
FTIR results thus demonstrated compatibility between the drug and excipients.

XRD analysis provided insight into the crystalline behavior of the drug before and after
nanoparticle formulation. Pure curcumin exhibited sharp and intense diffraction peaks,
confirming its crystalline nature. In contrast, the optimized nanoparticle formulation showed a
marked reduction or disappearance of these peaks. This reduction in crystallinity indicates
transformation of curcumin into an amorphous or molecularly dispersed state within the
polymer matrix. Amorphization of the drug is advantageous, as it enhances solubility and
dissolution rate, thereby improving bioavailability. These findings strongly support the role of
nanostructured delivery systems in overcoming poor solubility issues?’.

DSC thermograms further supported the findings of XRD analysis. The pure drug exhibited a
sharp endothermic peak corresponding to its melting point, indicative of its crystalline nature.
In the nanoparticle formulation, this peak was either shifted or absent, suggesting successful
encapsulation and reduced crystallinity. The disappearance of the drug’s melting peak confirms
that curcumin is molecularly dispersed within the polymer matrix. This thermal behavior
indicates improved stability and supports enhanced dissolution and sustained release
characteristics of the formulation®®.

In vitro drug release studies revealed that all formulations exhibited controlled release
behavior, with the release rate decreasing as polymer concentration increased. Formulations F1
and F2 showed faster drug release due to insufficient polymer matrix to retard drug diffusion.
In contrast, formulation F4 exhibited sustained release over 24 hours, demonstrating effective
control of drug release. The controlled release behavior of F4 can be attributed to diffusion of
the drug through the polymeric matrix and gradual polymer erosion. This sustained release
profile is beneficial for maintaining therapeutic drug levels over an extended period and
improving patient compliance®.

Release kinetic modeling provided insight into the mechanism of drug release. The optimized
formulation F4 exhibited the highest correlation with the Higuchi model, indicating diffusion-
controlled drug release from the polymeric matrix. The release exponent obtained from the
Korsmeyer—Peppas model (n = 0.61) suggested anomalous transport, involving a combination
of diffusion and polymer relaxation. These findings indicate that the drug release mechanism
is governed by both diffusion through the polymer matrix and gradual erosion of the polymer,
contributing to sustained and controlled drug delivery.

Stability studies demonstrated that the optimized formulation maintained its physicochemical
properties and drug release behavior over the storage period. The absence of significant
changes in particle size, entrapment efficiency, and in vitro release profile indicates good
physical and chemical stability. This stability can be attributed to the strong polymer—drug
interaction, adequate surface charge, and effective stabilization by PVA. The stability results
confirm the suitability of the formulation for long-term storage and practical pharmaceutical
application®”.
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The collective evaluation results demonstrate that formulation F4 represents an optimized
nanostructured controlled drug delivery system. The synergistic effects of nanoscale particle
size, high entrapment efficiency, controlled release, reduced crystallinity, and excellent stability
contribute significantly to enhanced bioavailability of curcumin. These findings validate
nanostructured drug delivery as a promising strategy for improving the therapeutic
performance of poorly soluble drugs.

CONCLUSION

The present research successfully demonstrated the formulation and optimization of
nanostructured controlled drug delivery systems aimed at improving the bioavailability of a
poorly soluble drug, curcumin. Six polymeric nanoparticle formulations were developed using
PLGA by the emulsion solvent evaporation technique, and a systematic evaluation was carried
out to understand the influence of formulation variables on physicochemical characteristics,
drug encapsulation, release behavior, and stability. Among the developed formulations, F4
emerged as the optimized formulation, exhibiting nanoscale particle size with narrow size
distribution, high negative zeta potential ensuring colloidal stability, and superior drug
entrapment efficiency. Advanced characterization studies, including SEM, FTIR, XRD, and
DSC, confirmed spherical morphology, drug—polymer compatibility, successful encapsulation,
and transformation of the drug into a less crystalline or amorphous state, which is favorable for
enhanced solubility and dissolution.

In vitro drug release studies revealed a sustained and controlled release profile for the optimized
formulation over 24 hours, while release kinetic analysis indicated diffusion-controlled release
with anomalous transport behavior. Stability studies further established that the optimized
formulation maintained its physicochemical integrity and performance characteristics under
storage conditions. Overall, the findings clearly establish that nanostructured controlled drug
delivery systems based on polymeric nanoparticles represent an effective and promising
approach for enhancing the bioavailability of poorly soluble drugs. The optimized formulation
developed in this study has strong potential for further in vivo evaluation and clinical
translation, offering a viable strategy for improving therapeutic efficacy and patient
compliance.
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