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ABSTRACT

Doxorubicin hydrochloride is a potent anticancer agent whose clinical application is limited by
dose-dependent cardiotoxicity, poor tumor selectivity, and rapid systemic clearance. Lipid—
polymer hybrid nanoparticles (LPHNs) combine the structural integrity of polymeric
nanoparticles with the biocompatibility of lipid systems, offering a promising platform for
controlled and targeted drug delivery. The present study aimed to design, formulate, and
optimize lipid—polymer hybrid nanoparticles for controlled delivery of doxorubicin
hydrochloride, with improved encapsulation efficiency, sustained drug release, and enhanced
physicochemical stability. Doxorubicin-loaded LPHNs were prepared using a modified
nanoprecipitation—self-assembly technique. Six formulations (F1-F6) were developed by
varying polymer—lipid ratios. The formulations were evaluated for particle size, polydispersity
index (PDI), zeta potential, drug content, encapsulation efficiency, morphology, in-vitro drug
release, release kinetics, stability studies, and statistical optimization. All formulations
exhibited nanoscale particle size (145-298 nm), negative zeta potential, and high encapsulation
efficiency (68-92%). Among them, formulation F4 demonstrated optimized characteristics
with particle size 162.4 £ 4.3 nm, PDI 0.214 + 0.02, zeta potential —28.6 = 1.4 mV, and
sustained drug release up to 48 h (92.1 £ 2.1%). Release kinetics followed the Korsmeyer—

Peppas model, indicating anomalous transport. Optimized lipid—polymer hybrid nanoparticles
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significantly improved the controlled delivery profile of doxorubicin hydrochloride and
represent a promising nanocarrier system for cancer chemotherapy.

Keywords: Doxorubicin hydrochloride, Lipid—polymer hybrid nanoparticles, Controlled drug
delivery, Nanoprecipitation, Cancer therapy

INTRODUCTION

Cancer remains one of the leading causes of mortality worldwide, necessitating the
development of efficient drug delivery systems capable of enhancing therapeutic efficacy while
minimizing systemic toxicity'>. Doxorubicin hydrochloride, an anthracycline antibiotic, is
widely used in the treatment of solid tumors and hematological malignancies. However, its
clinical utility is constrained by severe cardiotoxicity, non-specific biodistribution, and rapid
clearance from systemic circulation®*,

Nanotechnology-based drug delivery systems have emerged as a strategic approach to

overcome these limitations®

. Polymeric nanoparticles offer controlled drug release and
mechanical stability, whereas lipid-based systems provide superior biocompatibility and
reduced immunogenicity®®. Lipid-polymer hybrid nanoparticles (LPHNs) integrate the
advantages of both systems by consisting of a polymeric core encapsulating the drug and a
lipid shell that enhances stability and biological performance®!!.

LPHNSs enable high drug loading, reduced burst release, prolonged circulation time, and
improved tumor accumulation via the enhanced permeability and retention (EPR) effect. In this
context, the present investigation focuses on the rational design and optimization of
doxorubicin-loaded LPHNSs for controlled anticancer drug delivery'>-4,

MATERIALS AND METHODS

Materials

Doxorubicin hydrochloride was selected as the model anticancer drug and obtained as a gift
sample from a reputed pharmaceutical manufacturer in India. Poly(lactic-co-glycolic acid)
(PLGA 50:50) was used as the polymeric core material due to its biodegradability and
biocompatibility. Soya lecithin served as the lipid component for forming the outer lipid layer,
while cholesterol was incorporated as a membrane stabilizer to enhance structural integrity and
stability of the nanoparticles. Polyvinyl alcohol (PVA) was employed as a stabilizing agent in
the aqueous phase to prevent particle aggregation during formulation. Acetone and ethanol of
analytical grade were used as organic solvents for dissolving the polymer and lipid components,

respectively, and distilled water of laboratory grade was used throughout the study.
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Methods

Experimental Design

Six formulations (F1-F6) were prepared by varying the polymer-to-lipid ratio while keeping
drug concentration constant.

Table 1. Composition of Doxorubicin-Loaded LPHNs 933

Formulation | PLGA (mg) | Soya Lecithin (mg) | Cholesterol (mg) | Drug (mg)
Fl1 50 10 5 5
F2 75 10 5 5
F3 100 10 5 5
F4 75 20 10 5
F5 100 20 10 5
F6 125 20 10 5

Preparation of Lipid—Polymer Hybrid Nanoparticles

LPHNs were prepared by a modified nanoprecipitation—self-assembly method. PLGA and
doxorubicin hydrochloride were dissolved in acetone to form the organic phase. The lipid phase
consisting of soya lecithin and cholesterol was dissolved in ethanol and heated to 60 °C. The
organic polymeric solution was slowly injected into the aqueous phase containing PVA under
magnetic stirring. Spontaneous self-assembly of lipid around the polymeric core occurred upon
solvent diffusion. The dispersion was stirred for 4 h to allow solvent evaporation and
subsequently centrifuged to collect nanoparticles'>!®.

Evaluation of LPHNs

Particle Size and Polydispersity Index (PDI)

The mean particle size and size distribution of the prepared nanoparticles were determined
using dynamic light scattering (DLS). Samples were suitably diluted with distilled water to
avoid multiple scattering effects. Measurements were carried out at 25 °C, and results were
expressed as mean + standard deviation. Polydispersity index values were used to assess the
uniformity of nanoparticle size distribution'”.

Zeta Potential Measurement

Zeta potential analysis was performed to evaluate the surface charge and colloidal stability of
the nanoparticles. The diluted samples were subjected to electrophoretic light scattering, and
the zeta potential values were recorded. A higher magnitude of zeta potential was considered

indicative of better physical stability due to electrostatic repulsion'®,
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Drug Content and Encapsulation Efficiency

The drug content and encapsulation efficiency of doxorubicin hydrochloride in the
nanoparticles were determined by indirect estimation. Accurately measured nanoparticle
dispersions were centrifuged, and the free drug present in the supernatant was quantified
spectrophotometrically at 480 nm. Encapsulation efficiency and drug content were calculated
using standard mathematical equations'®2°.

Scanning Electron Microscopy (SEM)

The surface morphology and shape of the optimized lipid—polymer hybrid nanoparticles were
examined using scanning electron microscopy. A small quantity of dried nanoparticle sample
was mounted on an aluminum stub using double-sided carbon tape. The samples were then
sputter-coated with a thin layer of gold under vacuum to render them electrically conductive.
SEM analysis was performed at an appropriate accelerating voltage, and micrographs were
recorded to assess particle shape, surface texture, and aggregation behavior?!.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was carried out to investigate possible chemical interactions between
doxorubicin hydrochloride and formulation excipients. FTIR spectra of pure drug, individual
excipients, and optimized nanoparticle formulation were recorded using the KBr pellet method.
Samples were scanned over the range of 4000400 cm™. The characteristic functional group
peaks of doxorubicin hydrochloride were compared with those of the formulation to confirm
drug compatibility and absence of chemical interaction during nanoparticle preparation??.
Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry was employed to study the thermal behavior and physical
state of doxorubicin hydrochloride in the lipid—polymer hybrid nanoparticles. Accurately
weighed samples of pure drug, polymer, lipid mixture, and optimized formulation were sealed
in aluminum pans. The samples were heated at a controlled rate under an inert nitrogen
atmosphere over a specified temperature range. Thermograms were analyzed to detect changes
in melting point, crystallinity, and possible drug—excipient interactions, thereby confirming
successful drug encapsulation®’.

In-Vitro Drug Release Studies

In-vitro drug release studies were performed using the dialysis bag diffusion method. A known
quantity of nanoparticle dispersion equivalent to a fixed dose of doxorubicin hydrochloride
was placed in a pre-soaked dialysis membrane. The membrane was immersed in phosphate

buffer pH 7.4 maintained at 37 + 0.5 °C with continuous stirring. At predetermined time
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intervals, aliquots were withdrawn and replaced with fresh medium. The samples were
analyzed spectrophotometrically to determine cumulative drug release®*.

Drug Release Kinetic Analysis

The in-vitro drug release data of the optimized formulation were fitted to various kinetic
models including zero-order, first-order, Higuchi, and Korsmeyer—Peppas equations.
Regression coefficients (R?) were calculated to determine the best-fit model and elucidate the
mechanism of drug release from the lipid—polymer hybrid nanoparticles®”.

Stability Studies

Stability studies were conducted on the optimized formulation according to ICH guidelines.
The nanoparticles were stored at 4 °C and 25 °C for a period of three months. Samples were
periodically evaluated for changes in particle size, drug content, and physical appearance to
assess formulation stability?®.

RESULTS

Particle Size and Polydispersity Index

Particle size analysis revealed that all lipid—polymer hybrid nanoparticle formulations were
within the nanometer range, confirming successful nanoparticle formation. A progressive
decrease in particle size was observed with an increase in lipid concentration, indicating
enhanced surface stabilization and reduced aggregation. Polydispersity index (PDI) values
below 0.3 for most formulations indicated narrow and uniform size distribution.

Table 1. Particle Size and PDI of Doxorubicin-Loaded LPHNs

935

Formulation | Particle Size (nm) | PDI

Fl1 298.6 £ 6.1 0.382 +0.03
F2 2413+ 5.4 0.316 £0.02
F3 210.7+4.9 0.284 £0.02
F4 162.4+4.3 0.214+£0.01
F5 176.9 £ 4.6 0.241 +£0.02
F6 189.5+5.2 0.268 £ 0.02

Optimized formulation F4 exhibited the smallest particle size with the lowest PDI and was

selected for further studies.
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Particle Size of Lipid-Polymer Hybrid Nanoparticles

936

Particle Size (nm)

F1 F2 F3 F4 F5 F6
Formulation

Figure 1. Particle size distribution of optimized formulation (F4)

Zeta Potential Analysis

Zeta potential values of all formulations were negative, attributed to the presence of PLGA and
lipid components on the nanoparticle surface. The magnitude of zeta potential increased with
higher lipid concentration, enhancing electrostatic repulsion and physical stability.

Table 2. Zeta Potential of LPHNs

Formulation | Zeta Potential (mV)
F1 -19.2+1.2
F2 -224+1.0
F3 -248+1.3
F4 —28.6+t1.4
F5 —-279+1.2
F6 -26.1 £ 1.1

Drug Content and Encapsulation Efficiency
Drug content and encapsulation efficiency were significantly influenced by polymer—lipid
ratio. Increased polymer and lipid concentrations enhanced drug entrapment by reducing drug

diffusion during nanoparticle formation.
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Table 3. Drug Content and Encapsulation Efficiency

Formulation | Drug Content (%) | Encapsulation Efficiency (%)
F1 82.4+2.1 68.2+1.8
F2 86.7+1.9 74.5+2.0
937
F3 89.3+£1.6 81.6+1.7
F4 94.1+14 923+1.2
F5 91.8+1.5 89.7+14
F6 88.9+1.8 852+ 1.6

Scanning Electron Microscopy (SEM)
SEM images of the optimized formulation (F4) revealed spherical nanoparticles with smooth

surfaces and uniform morphology. No significant aggregation was observed, confirming

efficient lipid coating over the polymeric core.

Figure 2. SEM image of optimized LPHNs (F4)

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of pure doxorubicin hydrochloride exhibited characteristic peaks corresponding
to functional groups such as O—H stretching, C=0 stretching, and aromatic C=C vibrations.
These peaks were retained in the optimized formulation with slight shifts, indicating physical

encapsulation without chemical interaction.
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Table 4. FTIR Peak Assignment

Functional Group | Pure Drug (cm™) | Optimized F4 (¢cm™)
O-H stretching 3421 3412
C=O0 stretching 1725 1718
C=C aromatic 1587 1581
O-H — Pure Doxorubicin
— Doxorubicin LPHNs (F4)
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Figure 4. FTIR spectra comparison

Differential Scanning Calorimetry (DSC)

00 400

DSC thermogram of pure doxorubicin hydrochloride showed a sharp endothermic peak at its

melting point, confirming its crystalline nature. This peak was absent in the optimized

formulation, indicating conversion of the drug into an amorphous or molecularly dispersed

state within the nanoparticles.

EISSN 1303-5150

&

www.neuroquantology.com

938


http://www.neuroquantology.com/

Neuroquantology | Dec 2011 | Volume 09 | Issue 04 | Page 931-946| Doi:. 10.48047/nq.2011.09.4.nq25031
Om Prakash Thakur. Design and Optimization of Lipid—Polymer Hybrid Nanoparticles for Controlled Delivery of Doxorubicin

DSC Thermogram Comparison of Pure Drug and Optimized Formulation (F4)
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Figure 5. DSC thermograms
In-Vitro Drug Release Studies
All formulations exhibited biphasic release profiles characterized by an initial mild burst

release followed by sustained drug release. Formulation F4 demonstrated controlled release up
to 48 h.

Comparative In-Vitro Cumulative Drug Release of Doxorubicin-Loaded LPHNs
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Figure 6. In-vitro drug release profile
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Drug Release Kinetics

Release kinetics analysis revealed the highest correlation with the Korsmeyer—Peppas model,

suggesting anomalous (non-Fickian) transport.

Table 5. Comparative Drug Release Kinetics of Doxorubicin-Loaded LPHNs (F1-F6)

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

F1 0.884 |0.931 |[0.912 0.946 0.42 Fickian
diffusion

F2 0.896 |0.924 |0.926 0.958 0.47 Quasi-Fickian
diffusion

F3 0.907 |0.912 |0.942 0.972 0.54 Anomalous
transport

F4 0.921 |0.883 |0.964 0.987 0.61 Anomalous

(Optimized) (Diffusion +
Erosion)

F5 0914 |0.895 |0.956 0.979 0.58 Anomalous
transport

F6 0.909 |0.901 |0.948 0.971 0.56 Anomalous
transport

Stability Studies

No significant changes in particle size, drug content, or physical appearance were observed

during stability testing, confirming formulation robustness.

Table 6. Stability Data of Optimized Formulation (F4)

Parameter Initial 3 Months

Particle size (nm) | 162.4+4.3 | 165.1 £4.6

Drug content (%) | 94.1+14 |93.5+1.6
DISCUSSIONS

Particle Size and Polydispersity Index

Particle size is a critical determinant of nanoparticle performance, influencing cellular uptake,
biodistribution, circulation time, and tumor accumulation via the enhanced permeability and
retention (EPR) effect. In the present study, all formulations exhibited particle sizes within the
nanometer range, confirming successful formation of lipid—polymer hybrid nanoparticles. The
observed reduction in particle size from formulation F1 to F4 can be attributed to the increasing
lipid concentration, which provided effective surface coverage over the polymeric core. The

lipid shell reduced interfacial tension between the organic and aqueous phases during
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nanoprecipitation, leading to rapid nucleation and formation of smaller particles. Furthermore,
the presence of cholesterol improved lipid packing density, thereby stabilizing the nanoparticle
surface and preventing coalescence. Polydispersity index values decreased with increasing
lipid content, indicating improved homogeneity of the nanoparticle population. Lower PDI
values in formulation F4 reflect uniform self-assembly and controlled growth kinetics during
nanoparticle formation. In contrast, higher PDI values observed in formulations with lower
lipid content suggest insufficient surface stabilization, resulting in broader size distribution®”-%,
Zeta Potential Analysis

Zeta potential serves as an indicator of colloidal stability by reflecting surface charge and
electrostatic repulsion between particles. All formulations exhibited negative zeta potential
values, primarily due to the presence of carboxyl end groups of PLGA and negatively charged
phospholipid head groups of soya lecithin. The gradual increase in the magnitude of zeta
potential with increasing lipid concentration indicates improved surface charge density and
enhanced electrostatic repulsion. Formulation F4 showed the highest negative zeta potential,
suggesting superior physical stability and reduced tendency for aggregation. This enhanced
stability is particularly important for maintaining nanoparticle integrity during storage and
systemic circulation?’.

Drug Content and Encapsulation Efficiency

Encapsulation efficiency is a key performance parameter that reflects the ability of the carrier
system to entrap and retain the drug. The progressive increase in encapsulation efficiency from
F1 to F4 can be explained by the synergistic effect of the polymeric core and lipid shell. PLGA
provides a hydrophobic matrix that facilitates drug entrapment, while the lipid layer acts as a
diffusion barrier, minimizing drug leakage during nanoparticle formation. Higher lipid
concentrations enhanced sealing of the polymeric core, thereby reducing drug loss into the
external aqueous phase. Additionally, cholesterol contributed to membrane rigidity, further
preventing premature drug diffusion. The slightly reduced encapsulation efficiency observed
in formulations with excessive polymer concentration (F6) may be attributed to increased
viscosity of the organic phase, which can hinder efficient nanoparticle formation and drug
en‘[rapmen‘[30’3 L

Scanning Electron Microscopy (SEM)

SEM analysis provided visual confirmation of nanoparticle morphology and surface
characteristics. The optimized formulation (F4) exhibited spherical particles with smooth
surfaces and minimal aggregation, indicating efficient lipid coating and structural integrity. The

spherical morphology observed is a direct consequence of the self-assembly process, where
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lipid molecules orient themselves around the polymeric core to minimize interfacial energy.
Smooth surface texture suggests uniform lipid coverage, which is essential for controlled drug
release and biological compatibility. Absence of aggregation further confirms the stabilizing
effect of the lipid layer and adequate surface charge™.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was performed to investigate potential chemical interactions between
doxorubicin hydrochloride and formulation excipients. The characteristic functional group
peaks of doxorubicin were retained in the optimized formulation, with only minor shifts in peak
positions. These slight shifts can be attributed to physical interactions such as hydrogen
bonding and van der Waals forces rather than chemical bond formation. The absence of new
peaks or disappearance of characteristic drug peaks confirms that the drug remained chemically
intact during nanoparticle preparation. This indicates that encapsulation occurred via physical
entrapment within the polymeric matrix and lipid shell without chemical modification®*3*,
Differential Scanning Calorimetry (DSC)

DSC thermograms provided insight into the thermal behavior and physical state of the drug.
The sharp endothermic peak observed in pure doxorubicin hydrochloride corresponds to its
crystalline melting point. The absence of this peak in the optimized formulation suggests that
the drug exists in an amorphous or molecularly dispersed state within the nanoparticles.

This transformation from crystalline to amorphous form is advantageous as it enhances drug
solubility and dissolution rate. The amorphous dispersion within the polymeric matrix results
from strong physical confinement and uniform distribution of the drug molecules, contributing
to improved encapsulation efficiency and sustained release behavior®>.

In-Vitro Drug Release Studies

All formulations exhibited biphasic drug release profiles characterized by an initial mild burst
release followed by sustained release. The initial burst release can be attributed to the release
of drug molecules adsorbed or weakly bound near the nanoparticle surface. The subsequent
sustained release phase is governed by diffusion of the drug through the polymeric matrix and
gradual erosion of PLGA. The presence of the lipid shell significantly modulated the release
rate by acting as an additional diffusion barrier. Formulation F4 demonstrated the most
controlled release profile due to its optimal polymer—lipid balance, which ensured efficient
drug entrapment and regulated diffusion pathways*%37.

Drug Release Kinetics

Kinetic modeling revealed that the release data best fitted the Korsmeyer—Peppas model,

indicating anomalous (non-Fickian) transport. This suggests that drug release from the
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nanoparticles is governed by a combination of diffusion and polymer relaxation or erosion
mechanisms. The release exponent (n value) greater than 0.5 supports the contribution of both
diffusion through the polymer matrix and structural relaxation of PLGA chains. This controlled
release mechanism is desirable for maintaining therapeutic drug levels over extended periods
and reducing dosing frequency®.

Stability Studies

Stability studies demonstrated minimal changes in particle size, drug content, and physical
appearance over the study period. This stability can be attributed to the protective lipid shell,
which shields the polymeric core from environmental stress and prevents nanoparticle
aggregation. The maintenance of physicochemical properties over time confirms the robustness
of the optimized formulation and its suitability for long-term storage and potential clinical
application. The systematic evaluation of six formulations clearly demonstrated that
formulation F4 achieved an optimal balance between particle size, stability, encapsulation
efficiency, and controlled drug release. The superior performance of F4 is attributed to its
optimized polymer—lipid ratio, which facilitated efficient self-assembly, enhanced drug
entrapment, and sustained release behavior. Collectively, these findings confirm that lipid—
polymer hybrid nanoparticles represent a rational and effective platform for controlled delivery
of doxorubicin hydrochloride, with potential to enhance therapeutic efficacy while minimizing
systemic toxicity>**°.

CONCLUSION

The present study successfully demonstrated the design and optimization of lipid—polymer
hybrid nanoparticles for controlled delivery of doxorubicin hydrochloride. Among the six
formulations developed, formulation F4 exhibited optimal physicochemical characteristics,
high encapsulation efficiency, excellent stability, and sustained drug release behavior. The
results confirm that lipid—polymer hybrid nanoparticles are a promising nanocarrier system for
improving the therapeutic performance of doxorubicin in cancer chemotherapy.
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