
BIOSCIENCES BIOTECHNOLOGY RESEARCH ASIA, December 2025.	 Vol. 22(4), p. 1619-1627

Published by Oriental Scientific Publishing Company © 2025

This is an    Open Access article licensed under a Creative Commons license: Attribution 4.0 International (CC-BY).

*Corresponding author E-mail: bbhairav@gmail.com

 Development and In-Vitro Characterization of
Luteolin-Loaded Nanostructured Lipid Carrier

Manisha Subhash Chavan,
Rupesh Ashok Pingale and Bhushan Ashok Bhairav*

Department of Pharmacy, NCRD’s Sterling Institute of Pharmacy, Navi Mumbai, India.

http://dx.doi.org/10.13005/bbra/3464 

(Received: 24 September 2025; accepted: 14 November 2025)

	 This study aimed to enhance the therapeutic potential of luteolin, a natural flavonoid 
with strong antioxidant, anti-inflammatory, and anti-cancer effects. However, its poor water 
solubility and limited oral absorption restrict clinical applications. To overcome these 
limitations, researchers have developed nanostructured lipid carriers (NLCs) loaded with 
luteolin to improve its solubility, stability, and bioavailability for oral administration. We 
prepared the NLCs using a hot emulsification–probe sonication method with Precirol ATO 5 
(solid lipid) and Capmul MCM (liquid lipid). We employed a Central Composite Design (CCD) 
to optimize the formulation by varying lipid ratio, lipid concentration, and sonication time. 
The optimized NLCs showed a mean particle size of 166.0 nm, a zeta potential of –33.6 mV, 
and an entrapment efficiency of 86.43%. FTIR, DSC, and XRD characterization confirmed the 
encapsulation of luteolin in an amorphous state, without any chemical interaction with the 
excipients. Transmission electron microscopy (TEM) revealed spherical, uniform NLCs. In vitro 
release studies demonstrated that the NLCs provided sustained luteolin release for 36 hours, 
outperforming pure luteolin. Overall, the optimized NLCs significantly enhanced luteolin’s 
solubility, stability, and release behaviour, indicating strong potential as an efficient oral 
delivery platform. These findings suggest that luteolin-loaded NLCs could serve as a promising 
approach for improving therapeutic outcomes in breast cancer and related diseases.
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	 Luteolin, a naturally occurring flavonoid 
with potent pharmacological activities, faces 
significant challenges in clinical application due 
to its poor water solubility and resultant low 
oral bioavailability. 1,2,3 Despite its promising 
antioxidant, anti-inflammatory, anticancer, and 
anti-diabetic properties, the therapeutic potential 
of luteolin is limited by its low absorption 
when administered orally, with bioavailability 

often reported to be less than 30% in relevant 
animal models. 4,5 Enhancing its solubility and 
bioavailability is therefore crucial to harness its 
full clinical benefits.
	 Various strategies have been employed to 
improve luteolin delivery, including complexation 
with cyclodextrins, 6 phospholipid complexation, 
7 and incorporation into nanocarrier systems such 
as liposomes, micelles, and nanoparticles. 8,9,10 
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Among these, lipid-based nanocarriers have gained 
significant attention due to their biocompatibility, 
ability to improve drug solubilization, and potential 
to protect labile compounds from degradation. 11,12

	 Nanostructured Lipid Carriers (NLCs), 
as a second-generation lipid nanoparticulate 
system, comprise a mixture of solid and liquid 
lipids, stabilized by surfactants to form a stable 
colloidal dispersion. 13,14 NLCs have demonstrated 
remarkable potential in enhancing the solubility, 
controlled release, and bioavailability of poorly 
water-soluble drugs. 15,16 Their unique lipid matrix 
facilitates improved drug loading, stability, and 
cellular uptake, making them ideal candidates for 
delivering lipophilic compounds like luteolin. 17,18

	 Recent advances indicate that NLCs can 
significantly surpass the limitations of traditional 
solid-lipid nanoparticles by reducing drug 
expulsion during storage and providing sustained 
release profiles. 19 The ability of NLCs to enhance 
the pharmacokinetic profile and therapeutic 
efficacy of flavonoids has been documented in 
various preliminary studies. 20,21,22 Although reports 
on luteolin-loaded NLCs remain scarce.
	 In this context, the development of 
luteolin-loaded NLCs offers a promising avenue 
to overcome the drawbacks associated with its 
poor water solubility. This study aims to formulate 
and optimize luteolin-loaded NLCs, evaluate 
their physicochemical properties, and assess their 
biological efficacy, thereby contributing to the 
advancement of effective delivery systems for 
luteolin and similar nutraceuticals.

MATERIALS AND METHODS

Chemicals and Reagents
	 Luteolin (LTN) was procured from 
Yarrow Chemical Products, Ghatkopar, Mumbai. 
The Precirol ATO 5 (solid lipid) & Capmul MCM 
(liquid lipid) was provided by Gattefosse as a gift 
sample. The experiment was performed with Milli 
Q water obtained from the laboratory. All other 
chemicals and reagents used were of AR grade. 
Central Composite Design (CCD) 
	 Central Composite Design (CCD) is 
a widely employed experimental design for 
optimization purposes due to its efficiency in 
requiring fewer experimental trials compared to 
a full factorial design with three levels for each 

factor. 23 A typical CCD comprises three different 
types of points: (a) the design points (black 
dots), (b) the axial or star points (grey dots), and 
(c) the center points (white dots). 24,25 For this 
study, a CCD was generated using Design Expert 
Software (Version 7.1.6, Stat-Ease Inc., MN) to 
facilitate the optimization of nanostructured lipid 
carriers (NLCs), aiming to reduce the number 
of experiments while maintaining thorough 
exploration of the formulation space. 
	 A total of 20 NLC batches were designed 
and formulated, with the goal of investigating the 
influence of critical formulation variables on key 
properties of the NLCs. Based on an extensive 
review of the literature, three independent variables 
were selected: (X  ) surfactant to lipid ratio, (X‚ 
) total lipid concentration, and (Xƒ ) sonication 
time. These parameters were chosen because the 
ratio of surfactant and lipid can significantly impact 
the characteristics of the NLCs, such as particle 
size, surface charge (zeta potential), and drug 
entrapment efficiency (%EE). The use of ethanol as 
a solvent was justified, given that both cholesterol 
and Span 60 are highly soluble in ethanol, 
facilitating consistent formulation. The dependent 
variables evaluated in this study included particle 
size, æ-potential, and entrapment efficiency (%). 
26 These parameters are critical for assessing the 
stability, bioavailability, and therapeutic efficacy 
of the NLC formulations.
	 The study also focuses on optimization 
and validation of a reliable model for the desired 
response by using Design Expert, 12.03.0 [Stat-
Ease.Inc.]. According to the central composite 
design generated by Design-Expert software, a 
total of 20 experiments were performed

Fig. 1. Chemical structure of luteolin 
(3,4,5,7-tetrahydroxy flavone).
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Preparation and Optimization of Luteolin- 
loaded NLC
Preparation of Luteolin- loaded NLC by Hot 
emulsification- probe sonication method 
	 Luteolin-loaded NLCs were prepared 
by dissolving 10 mg of Luteolin along with the 
specified amounts of Precirol® ATO 5 and Capmul 
MCM in 5 mL of methanol. The organic phase was 
sonicated for 5 to 10 minutes to ensure complete 
dissolution of both the API and excipients. This 
organic solution was then injected into an aqueous 
phase, which was heated to 60/ °C under continuous 
magnetic stirring to facilitate the hot emulsification 
process. During injection, the formation of NLCs 
was initiated in the aqueous medium. To achieve 
the desired particle size, the formulation was 
subjected to probe sonication. 
	 Following emulsification, ethanol was 
removed by evaporating it using a rotary evaporator 
(Model 600, Switzerland) at 40/ °C. The resulting 
NLC dispersion was then characterized for various 
parameters such as particle size, entrapment 
efficiency, and stability. 27,28

Characterization of Lut-loaded NLC
Particle size, size distribution, and Zeta-
potential
	 The  mean  par t ic le  s ize  (MPS) , 
polydispersity index (PDI), and æ-potential of 
NLC formulations were determined using Photon 
Correlation Spectroscopy (PCS) with a Malvern 
Zetasizer Nano ZS90 (Malvern Instruments 
Ltd., UK). Samples (0.1 mL) were diluted 100-
fold with double-distilled water before analysis. 
Measurements were carried out at 25 °C, using 
a 90° scattering angle for particle size/PDI and 
a dip cell with an applied electric field strength 
of 20 V cm{ ¹ for æ-potential determination. The 
Z-average particle size, PDI, and æ-potential values 
were automatically calculated by the instrument 
software from multiple successive runs to ensure 
reproducibility.
Entrapment efficiency (EE)
	 Entrapment efficiency (EE%) refers to 
the proportion of drug entrapped within the NLCs 
compared to the total amount of drug initially 
used in the formulation. To evaluate EE%, the 
NLC suspension was transferred into a dialysis 
bag (molecular weight cut-off 12 kDa, Thermo 
Scientific, Waltham, MA, USA) and immersed in 

the corresponding hydration medium. Dialysis was 
carried out for 4 h, with the duration optimized 
based on the drug characteristics. The adequacy of 
dialysis time was validated using control solutions 
of the drug, where equilibrium was confirmed 
once >99.8% of the drug diffused into the external 
medium. At predetermined time intervals, aliquots 
were withdrawn from the external medium, and 
the concentration of free drug was quantified 
using a UV–visible spectrophotometer (UV 
1700, Shimadzu, Japan). Finally, the entrapment 
efficiency (%) of Luteolin-loaded NLCs was 
calculated using the following equation:

%EE = [Amount of Luteolin added – Amount of 
Luteolin in medium / Amount of Luteolin added 

] × 100

Surface morphology
	 The morphology of the optimized 
Luteolin-loaded NLC vesicles was examined using 
a transmission electron microscope (TEM) (Tecnai 
G2, F30, Netherlands) operating at an accelerating 
voltage of 100 kV. A small volume of the NLC 
dispersion was diluted 50-fold with double-distilled 
water. A few drops of this diluted dispersion were 
mounted onto a 400-mesh carbon-coated copper 
grid. Before imaging, the sample on the grid was 
negatively stained with 1% phosphotungstic acid 
for 10 seconds, then air-dried. The TEM analysis 
provided a detailed visualization of the shape, size, 
and surface characteristics of the NLC vesicles.
Differential Scanning Calorimetry (DSC) 
Studies
	 DSC analysis was performed using a 
Mettler-Toledo DSC 1 STAR system (Switzerland) 
to investigate the thermal properties of the 
formulations. For each measurement, approximately 
2 mg of Luteolin, freeze-dried Luteolin-loaded 
NLCs, and the optimized NLC batch were 
accurately weighed and placed in aluminium 
pans, which were then crimped and sealed. A 
blank aluminium pan served as the reference. The 
samples were heated from 30°C to 400°C at a rate 
of 10°C/min under a continuous nitrogen flow of 
50 mL/min. The DSC thermograms were analysed 
to assess the physical state, melting behaviour, and 
potential interactions between Luteolin and the 
NLC components. 
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Fourier Transform-Infrared spectroscopy 
(FTIR) study
	 The freeze-dried Luteolin-loaded NLC 
(LUT-NLC) powder was prepared as a pellet 
using potassium bromide (KBr), an IR-grade 
spectroscopic grade. The sample was homogenized 
with KBr in a ratio of 1:100 (sample: KBr). The 
mixture was then pressed into a uniform disc with 
a diameter of 13 mm using a hydraulic pellet 
press (Kimaya Engineers, India) under a pressure 
of 10 tons. The prepared pellet was scanned over 
a wave number range of 4000–400 cm{ ¹ using 
an FTIR spectrometer (Shimadzu 8400S, Japan). 
The resulting spectra were analysed to identify 
characteristic functional groups and to assess 

potential interactions between Luteolin and the 
NLC components.
X-Ray Diffraction (XRD)
	 The crystalline structures of the optimized 
Luteolin-loaded NLCs and the freeze-dried 
Luteolin-loaded NLC powder were examined 
using a Bruker D2 Phaser 2nd Generation X-ray 
diffractometer (Germany). Samples were prepared 
by mounting on the sample holder, and their 
diffraction patterns were recorded over a 2è range 
of 5° to 60°. The scans were conducted at a chart 
speed of 5° per minute. For comparison, pure 
Luteolin and the freeze-dried LNC formulations 
were also analysed. The XRD patterns were 
interpreted to assess the physical state, crystalline 
or amorphous nature, of Luteolin. [29]

Table 1. Central composite design parameters and experimental conditions 

Independent Variables	 	 Levels
	 Low(-1)	 Medium(0)	 High(+1)

X1: Precirol ATO 5: Capmul MCM ratio	 0.5	 1	 1.5
X2: Lipid conc. (mg)	 200	 300	 400
X3: Sonication Time (min)	 2	 4	 6
Dependent Variables	 	 Constraints
Y1: Vesicle Size(nm)	 	 Minimum
Y2: zeta potential(mV)	 	 Maximum
Y3: EE (%)	 	 Maximum

Fig. 2. Hot emulsification- probe sonication method for preparation of NLC
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Results

Formulation and optimization of Lut-loaded 
NLC
	 The Luteolin-loaded NLCs were 
statistically optimized using a central composite 
design (CCD). The influence of the independent 
variables, namely Precirol: Capmul ratio (X1), 
lipid concentration (X2), and sonication time (X3), 
was evaluated on the dependent responses: particle 
size (Y1), zeta potential (Y2), and entrapment 
efficiency (Y3). The effect of individual variables 
and their interactions was visualized through 
three-dimensional response surface plots and 
contour plots (Figure 1). Polynomial equations 
were derived to quantify the relationship between 

formulation factors and responses. Among the 
tested models, the quadratic model was found to 
be most appropriate for accurately describing the 
experimental data.
	 The polynomial equation representing 
the relationship between factors and particle size 
in terms of coded variables was:

Particle Size (Y1) = +199.99 – 81.34X1 
+ 210.64X2 + 78.21X3 – 113.87X1X2 – 
132.68X1X3 + 124.40X2X3 – 7.13X1² + 

196.14X2² – 8.58X3²

	 Lipid concentration (X2) exerted the most 
pronounced effect on particle size, with higher lipid 
content leading to significantly larger particles. 

Fig. 3. Response surface and contour plot showing interpretation of independent variables 

Fig. 4. Overlay plot of formulation composition
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Fig. 5. Morphology analysis by TEM

Graph 1. % Cumulative drug release of pure luteolin and luteolin-loaded NLC

This could be attributed to reduced emulsification 
efficiency and particle aggregation at elevated lipid 
levels. Conversely, sonication time (X3) reduced 
particle size, as extended ultrasonication provided 
sufficient energy to break lipid droplets into smaller 
nanocarriers. Interaction effects (X1X2 and X1X3) 
also influenced particle size, indicating the need for 
fine-tuning both lipid composition and processing 
time to achieve nanoscale dimensions.
	 The polynomial equation for zeta potential 
in coded factors was:

Zeta Potential (Y2) = –37.74 – 0.47X1 + 
0.38X2 + 10.44X3 + 0.86X1X2 + 1.39X1X3 + 
1.09X2X3 – 1.34X1² – 2.89X2² + 11.16X3²

	 The effect of the formulation variables on 
zeta potential is illustrated in Figure 1B. ANOVA 
confirmed the statistical significance of the model 
(F = 3.12, p = 0.0453). Sonication time (X3, p = 
0.0067) and its quadratic term (X3², p = 0.0039) 
were the major contributors, suggesting that longer 
sonication enhanced the negative surface charge 
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of NLCs. A higher negative zeta potential reflects 
improved colloidal stability due to electrostatic 
repulsion between particles. Other factors, such 
as lipid concentration and Precirol: Capmul ratio, 
showed comparatively minor effects. However, 
a significant lack of fit (F = 22.16, p = 0.0020) 
indicated that model refinement may be required 
for better predictive accuracy.
Particle size, size distribution, and Zeta-
potential
	 The average particle size of Luteolin-
loaded NLCs was obtained in the nanometric range, 
with the Z-average particle size measured at 166.0 
nm. The polydispersity index (PDI) was found to be 
0.177, indicating a narrow particle size distribution 
and good homogeneity of the formulation. The 
relatively small particle size provides a larger 
interfacial surface area, which may facilitate faster 
drug release, enhanced absorption, and improved 
bioavailability.
	 The æ-potential values of Luteolin-loaded 
NLCs prepared using Capmul and Precirol were 
observed in the range of “42.3 to “27.8 mV, with 
the optimized batch showing a value of “33.6 
mV. These values suggest that the NLCs possess 
sufficient surface charge to maintain electrostatic 
repulsion between particles, thereby preventing 
aggregation and ensuring dispersion stability. The 
higher negative æ-potential values can be attributed 
to the lipid components used in the formulation, 
which contribute to the overall colloidal stability 
of the system.
Surface morphology
	 To  examine  the  morpho log ica l 
characteristics of the formulated NLCs, 
Transmission Electron Microscopy (TEM) 
was performed. The NLCs exhibited a roughly 
spherical, ovoidal shape with a particle size ranging 
from approximately 20 to 200 nm. This indicates 
that the particle size of the NLCs is within a 
moderate and desirable range. The surfaces of the 
NLC particles appeared smooth under the TEM 
analysis.
In-Vitro Drug Release
	 The drug release profiles of the 
formulation, pure Luteolin, and Luteolin-
loaded NLCs are depicted in Figure 6. The NLC 
formulation demonstrated a higher and prolonged 
release behaviour compared to pure Luteolin. 
Incorporation of Luteolin into the NLCs resulted 

in a significantly slower and sustained release, 
achieving 100% release over 36 hours. This 
controlled release is attributed to the presence of 
Capmul within the NLC matrix, which stabilizes 
the lipid bilayer, reduces drug leakage, and 
enhances vesicle strength, thereby preventing an 
initial burst release. In contrast, pure Luteolin 
exhibited a rapid initial release, with approximately 
76.88% released within the first 6 hours, reaching 
100% by 36 hours. The sustained release behaviour 
of Luteolin from the NLCs is primarily due to the 
structural properties of the lipid bilayer, which 
modulate the drug diffusion rate. 30

Discussion

	 The  presen t  s tudy  success fu l ly 
demonstrated that nanostructured lipid carriers 
can serve as an efficient delivery platform to 
overcome the limitations of luteolin, including poor 
aqueous solubility and low oral bioavailability. The 
optimized formulation, prepared using Precirol ATO 
5 and Capmul MCM via hot emulsification–probe 
sonication, achieved desirable physicochemical 
properties with nanosized particles, high 
entrapment efficiency, and a stable negative zeta 
potential, which together contribute to enhanced 
stability and drug loading. Characterization 
confirmed successful incorporation of luteolin in 
an amorphous form without undesirable drug–
excipient interactions, while TEM images revealed 
uniformly spherical NLCs. Importantly, the in vitro 
elease profile indicated a sustained and complete 
release of luteolin over 36 hours compared to the 
rapid release of pure drug, suggesting improved 
therapeutic potential and reduced dosing frequency. 
These findings collectively highlight the ability 
of NLCs to significantly improve the solubility, 
stability, and controlled release of luteolin, 
supporting their promise as an oral livery system 
for effective cancer therapy. 

CONCLUSION

	 The current study successfully developed 
Luteolin-loaded nanostructured lipid carriers 
(NLCs) for oral administration to improve 
the bioavailability and therapeutic potential 
of this bioactive compound for breast cancer 
treatment. Preformulation studies characterized 
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the physicochemical properties of Luteolin, 
confirming its suitability for incorporation into 
the NLC formulation. The Luteolin-loaded NLCs 
were prepared using a solvent diffusion method 
optimized through a central composite design. 
Particle size analysis by TEM showed the NLCs 
had an average size of 150-200 nm, indicating 
successful nanoparticle formation. Zeta potential 
measurements demonstrated a highly negative 
surface charge of around -35 mV, conferring 
good colloidal stability to the NLC dispersion. 
XRD analysis confirmed the encapsulation of 
Luteolin in the lipid matrix, with the drug existing 
in an amorphous state within the NLCs. The DoE 
approach allowed optimization of the formulation, 
with the final NLC formulation achieving a high 
drug entrapment efficiency of over 90%. In 
vitro studies further demonstrated the enhanced 
solubility and dissolution profile of Luteolin from 
the NLC formulation compared to the free drug. 
This suggests improved oral bioavailability and 
better therapeutic performance of the Luteolin-
loaded NLCs.
	 O v e r a l l ,  t h e  c om p r e h e n s i v e 
characterization and optimization of the Luteolin-
loaded NLCs developed in this study hold great 
promise for improving the oral delivery and 
anticancer efficacy of this bioactive compound 
in the treatment of breast cancer. Further in vivo 
evaluations are warranted to validate the enhanced 
pharmacokinetic profile and therapeutic potential 
of the optimized NLC formulation.
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