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Abstract
Purpose  >Luteolin, a naturally occurring flavonoid, exhibits potent anticancer activity but is limited by poor aqueous solu-
bility and low oral bioavailability. This study aimed to develop and optimize a niosomal drug delivery system to enhance the 
solubility, stability, and therapeutic efficacy of luteolin against breast cancer.
Methods  Luteolin-loaded niosomes were prepared using the ethanol injection method and lyophilized with 2.5% mannitol 
as a cryoprotectant. A Central Composite Design (CCD) was used to optimize formulation variables, including the Span 60: 
cholesterol molar ratio, lipid concentration, and sonication time. The optimized formulation was evaluated for particle size, 
polydispersity index (PDI), zeta potential, entrapment efficiency, surface morphology (via TEM), drug release behavior, and 
in vitro cytotoxicity against MCF-7 breast cancer cells.
Results  The optimized niosomal formulation demonstrated a mean particle size of 162.67 ± 2.87 nm, PDI of 0.173 ± 0.01, 
zeta potential of -34.63 ± 1.07 mV, and entrapment efficiency of 87.07 ± 1.69%. TEM confirmed spherical, nanosized par-
ticles. XRD analysis revealed reduced crystallinity of luteolin in the formulation, suggesting improved solubility. The 
in vitro release study showed sustained drug release over 24  h in both simulated gastric (78.26 ± 3.87%) and intestinal 
(81.13 ± 2.85%) fluids. Cytotoxicity study showed significantly enhanced cytotoxicity across all tested concentrations for 
luteolin-loaded niosomes compared to pure luteolin (LUT), indicating improved anti-cancer potential.
Conclusion  The developed luteolin-loaded niosomal formulation significantly improved the physicochemical properties and 
anticancer efficacy of luteolin. These findings suggest that niosomal encapsulation is a promising strategy for enhancing the 
oral bioavailability and therapeutic potential of luteolin in breast cancer treatment.
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Introduction

Luteolin (3,4,5,7-tetrahydroxyflavone) is a naturally occur-
ring flavonoid abundantly found in various fruits, veg-
etables, and medicinal herbs. It has attracted significant 
attention due to its potent antioxidant, anti-inflammatory, 
and anticancer properties [1]. Several studies have dem-
onstrated its efficacy against a wide range of malignancies, 
including colon, cervical, lung, liver, breast, prostate, skin, 
and head and neck cancers [2]. The anticancer activity of 
luteolin has been attributed to mechanisms such as cell cycle 
arrest, induction of apoptosis, cellular senescence, and inhi-
bition of survival pathways like PI3K/Akt and NF-κB [3]. 
For instance, luteolin has shown synergistic effects when 
combined with chemotherapeutic agents such as cisplatin, 
resulting in enhanced apoptosis and reduced tumor growth 
in breast and gastric cancer models [4].

While such synergistic outcomes are promising, the cur-
rent study focuses on luteolin as a standalone therapeutic 
agent. The rationale originates from its pleiotropic antican-
cer effects, non-toxic profile, and the need to improve its 
pharmacokinetic limitations. Luteolin suffers from poor 
aqueous solubility (~ 50.6 µg/mL) and low oral bioavailabil-
ity (< 5%), leading to insufficient systemic absorption and 
therapeutic inefficacy following conventional oral adminis-
tration [5–7]. Consequently, designing an efficient delivery 
system is essential to maximize its clinical potential.

To address these issues, various advanced drug delivery 
systems have been explored, such as co-crystals [5], solid dis-
persion [8], supersaturable self-nanoemulsifying drug deliv-
ery systems (S-SNEDDS) [1, 9], solid lipid nanoparticles 
(SLNs) [7], nanoemulsions [10], and cyclodextrin inclusion 
complexes [11]. These approaches have shown improvements 
in solubility, permeability, and bioavailability of luteolin. 
However, each system presents limitations: nanoemulsions 
may suffer from poor long-term stability [12], S-SNEDDS 
and co-crystals are prone to drug recrystallization [13], SLNs 
often exhibit low drug loading [14, 15], and cyclodextrin com-
plexes face scalability challenges [16, 17].

In this context, niosomes, a vesicular nanocarrier 
composed of non-ionic surfactants and cholesterol, 
emerge as a versatile and scalable alternative. Niosomes 
have been extensively studied for improving the deliv-
ery of hydrophobic drugs due to their ability to encapsu-
late both hydrophilic and lipophilic agents, protect drug 
molecules from enzymatic degradation, and prolong 
circulation time [18, 19]. Compared to liposomes, nio-
somes offer greater chemical stability, ease of steriliza-
tion, lower production cost, and enhanced shelf-life [19]. 
Notably, in oral drug delivery, niosomes possess mul-
tiple advantages like, protection of encapsulated drugs 
from gastric acid and digestive enzymes due to bilayer 

structure, enhanced intestinal absorption via endocytosis 
or transcellular routes due to nanosize, bypass first-pass 
metabolism to promote lymphatic uptake, and improved 
therapeutic performance by modifying the release [20]. 
Examples such as paclitaxel- and griseofulvin-loaded 
niosomes have shown significantly improved oral bio-
availability and pharmacokinetic profiles [21, 22]. 
Given luteolin’s hydrophobic nature and anticancer rel-
evance, particularly in breast cancer, its formulation into 
niosomes is expected to improve oral delivery, enhance 
stability, and maximize its therapeutic potential.

In this study, we report the formulation and optimiza-
tion of luteolin-loaded niosomes using a Central Compos-
ite Design (CCD) to systematically study the influence 
of formulation variables. The developed formulation 
was evaluated for its physicochemical characteristics, in 
vitro drug release, and cytotoxic potential against MCF-7 
breast cancer cells, an estrogen receptor-positive human 
breast cancer cell line commonly used to screen antican-
cer agents [23]. This approach is aimed at developing 
a scalable, effective, and orally bioavailable niosomal 
delivery system for luteolin that can be further translated 
into clinical applications.

Materials and Methods

Materials

Luteolin was generously provided by Sami Labs Ltd., 
Bengaluru, India. Span 60, cholesterol, mannitol, etha-
nol (analytical grade), sodium hydroxide, and monobasic 
potassium dihydrogen phosphate were purchased from 
Loba Chemie Pvt. Ltd., Mumbai, India. All reagents and 
solvents used in this study were of analytical grade and 
used as received.

Formulation of Luteolin-Loaded Niosomes

Luteolin-loaded niosomes were prepared using the etha-
nol injection method [24]. A lipid phase consisting of 
Span 60 and cholesterol (at specific molar ratios) was 
dissolved in 5 mL of ethanol, followed by the addition of 
10 mg of luteolin. This resultant clear ethanolic solution 
was injected slowly using a 22-gauge needle syringe at a 
controlled rate of 0.5–1.5 mL/min into a preheated 10 mL 
distilled water maintained at 60 °C under continuous mag-
netic stirring (Remi Instruments, India) at 500 rpm. The 
resulting niosomal dispersion was probe-sonicated using 
a probe sonicator (Dakshin, Mumbai) operated at 40 W 
for 2 min with an off-time of 3 s to reduce particle size 
and get a milky white dispersion. Ethanol was removed 
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under reduced pressure using a rotary evaporator (Buchi 
Laboratory Equipment, Switzerland). The final volume of 
niosomal dispersion was maintained at 10 mL, and it was 
left to mature overnight at 4 °C and stored at refrigerator 
temperature for further studies.

Optimization of Luteolin-Loaded Niosomes

Before optimizing the luteolin-loaded niosomes, vari-
ous formulation and process parameters were screened to 
identify the critical material attributes (CMAs) and critical 
process parameters (CPPs) influencing the critical quality 
attributes (CQAs) of the niosomes. The CMAs investi-
gated included concentration of cholesterol, concentration 
of Span 60, molar ratio of Span 60: cholesterol, and drug 
concentration, while the CPPs examined comprised sonica-
tion time. The CQAs evaluated included the amount of an 
entrapped drug, particle size, and stability of the niosomes. 
Following this preliminary screening, a CCD was employed 
to optimize the formulation and investigate the effects of 
the CMAs and CPP on the CQAs. The experimental range 
for each factor was determined based on the results of the 
preliminary screening experiments. The design details are 
listed in the supplementary file (Table S1).

CCD was generated using Design Expert software (Ver-
sion 7.1.6, Stat-Ease Inc., MN) to investigate the effects 
of CMAs and CPPs on the CQAs of the niosomal formu-
lation. A total of 20 experiments were designed and per-
formed to study the relationships between the variables. 

The experimental design and corresponding results are 
presented in Table 1. Analysis of variance (ANOVA) was 
employed to analyze the statistical significance of the data 
and identify the most influential factors affecting the CQAs.

Optimization of Design and Model Validation

The experimental data obtained from the 20 designed 
experiments were analyzed using multiple linear regression 
to develop a predictive model for the responses. The best-
fitting mathematical model was selected based on the high-
est values of multiple correlation coefficient (R²), adjusted 
R², and predicted residual sum of squares (PRESS), as well 
as the lowest coefficient of variation (CV). The significance 
of the model was evaluated at a probability level of p < 0.05. 
Three-dimensional response surface curves and two-dimen-
sional overlay plots were generated using the Design Expert 
software to visualize the relationships between the indepen-
dent variables and the responses. These plots facilitated the 
identification of the optimal formulation conditions and the 
prediction of the corresponding response values.

Physicochemical Characterization

The developed niosomes were characterized with respec-
tive to physicochemical properties like particle size, zeta 
potential, surface morphology, entrapment efficiency (% 
EE), solid-state characterization (IR, and XRD), in vitro 
drug release, and in vitro cytotoxicity.

Table 1  CCD design and responses for luteolin-loaded niosome optimization
Batch no. (X1)

Span 60: Cholesterol ratio
(X2)
Lipid conc. (mg)

(X3) Sonication Time (min) (Y1)
Particle size (nm)

(Y2)
Zeta potential (mV)

(Y3)
EE (%)

1 0.16 300 4 241 −35.9 89.3
2 1 300 4 185.3 −36.3 81.86
3 1.5 400 2 169.9 −38.9 83.44
4 0.5 200 2 214.8 −33.9 82.78
5 0.5 400 2 202.1 −37.3 83.22
6 1.84 300 4 211.6 −37.6 82.56
7 1 300 7.4 208.9 −33.3 86.72
8 1 131.82 4 188.5 −41.7 76.39
9 0.5 200 6 314 −32.7 79.64
10 1.5 200 2 247 −39.6 71.12
11 1 300 4 157.5 −36.2 83.79
12 1 300 4 195.7 −38.3 82.49
13 1.5 400 6 236 −27.8 82.97
14 1 300 4 208.9 −41.39 84.45
15 1 300 4 219.8 −42.3 86.97
16 1 468.18 4 1414 −40.6 79.84
17 0.5 400 6 1190 −31.1 76.21
18 1 300 0.6 235.5 −36.1 79.65
19 1 300 4 216.8 −33.6 80.26
20 1.5 200 6 206.6 −32.2 75.59
Span 60: cholesterol ratios are expressed as molar values (1 = 1:1, 0.5 = 0.5:1, 1.5 = 1.5:1)
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diffraction and FTIR analysis were performed. As these 
techniques require the sample in solid form, the luteolin-
loaded niosomes were freeze-dried specifically for this pur-
pose. Prior to analysis, the luteolin-loaded niosomes were 
freeze-dried (Freeze dryer, Ad Vantage EL, Virtis SP Sci-
entific, USA) using 2.5% mannitol as a cryoprotectant to 
preserve the structural integrity of the niosomes during the 
drying process. This allowed accurate assessment of crystal-
linity and drug–excipient interactions without compromis-
ing particle morphology.

X-ray Diffraction (XRD)

The crystalline structures of pure luteolin, blank niosomes, 
and freeze-dried luteolin-loaded niosomes were investi-
gated using an X-ray diffractometer (Bruker D2 Phaser 2nd 
Gen, Germany). The samples were mounted on a sample 
holder and subjected to XRD analysis. The diffraction pat-
terns were recorded over a 2θ range of 5°–60°, with a scan 
rate of 5°/min, using a voltage of 40 kV and a current of 
100 mA. The XRD analysis was performed on the follow-
ing samples: (1) pure luteolin, (2) blank niosomes, and (3) 
freeze-dried luteolin-loaded niosomes [5].

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectrum of luteolin was recorded using a FTIR spec-
trophotometer (Shimadzu 8400 S, Japan). A pellet of luteo-
lin was prepared by mixing the compound with IR-grade 
potassium bromide (KBr) in a 1:100 ratio. The mixture was 
compressed into a 13 mm diameter disk and scanned over a 
wavenumber range of 4000–400 cm− 1. The resulting FTIR 
spectrum was analyzed to identify the characteristic absorp-
tion peaks of luteolin [28].

Drug-excipient Interaction Study

A drug-excipient interaction study was conducted to inves-
tigate potential interactions between luteolin and the excipi-
ents used in the formulation. A physical mixture of luteolin 
and excipients was prepared in an amber-colored glass vial 
and stored under accelerated stability conditions (40 ± 2 °C 
and 75 ± 5% RH) for a period of 4 weeks. After storage, the 
samples were analyzed using FTIR spectroscopy to detect 
any changes in the spectral patterns, indicating potential 
interactions between the drug and excipients [29].

In Vitro Drug Release

The in vitro drug release behavior of the optimized luteolin-
loaded niosomes was analyzed using the dialysis bag diffu-
sion method [30]. Release studies were carried out in two 

Particle Size, Polydispersity Index (PDI), and Zeta 
Potential Analysis

The particle size, polydispersity index (PDI), and zeta poten-
tial of the luteolin-loaded niosomes were determined using 
a Malvern Zetasizer (Nano ZS 90, Malvern Ltd., UK) based 
on the principle of dynamic light scattering (DLS). Prior to 
analysis, the niosomal formulations were diluted 1:100 with 
double-distilled water. This dilution was performed to ensure 
the sample concentration was within the optimal range for 
DLS analysis, minimizing multiple scattering effects and 
ensuring accurate measurement of particle size, PDI, and zeta 
potential. The measurements were carried out at 25 ± 1 °C in 
triplicate, and the mean values were reported [25].

The zeta potential, which measures the electrostatic charge 
on the surface of the particles, was determined by evaluating 
the electrophoretic mobility using the same instrument. This 
analysis provided valuable insights into the surface properties 
and stability of the luteolin-loaded niosomes.

Transmission Electron Microscopy (TEM)

The morphology and structure of the optimized luteolin-
loaded niosomes were examined using a transmission elec-
tron microscope (Morgagni 268D, FEI, USA) operated at an 
accelerating voltage of 100 kV. A suitably diluted dispersion 
of the niosomes was placed on a 400-mesh carbon film-
coated copper grid. The grid was stained with 1% phospho-
tungstic acid for 10 s to enhance contrast. The TEM images 
provided valuable information on the size, shape, and mor-
phology of the optimized niosomal formulation [26].

Entrapment Efficiency (% EE)

The % EE of luteolin in niosomes was determined using 
the dialysis bag method [27]. A measured amount of drug-
loaded niosomal formulation was placed in a dialysis bag 
(12 kDa molecular weight cut-off, Thermo Scientific, 
Waltham, MA, USA) and immersed in a dialysis medium. 
At predetermined time intervals up to 4 h, samples were col-
lected from the external dialysis medium, and the free drug 
content was analyzed using a UV-visible spectrophotometer 
(UV 1700, Shimadzu, Japan). The % EE of luteolin in nio-
somes was calculated using the following equation:

% EE = Amount of luteolin added − Amount of luteolin in media

Amount of luteolin added
× 100

Solid-State Characterization of Niosomes

To confirm the encapsulation of luteolin within the niosomal 
particles, solid-state characterization techniques like X-ray 
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from each well, and 50 µL of DMSO was added to dissolve 
the formazan crystals. The contents were pipetted up and 
down gently to ensure complete solubilization, followed 
by a 10 min incubation at 37 °C. Finally, the absorbance 
was measured at 550 nm using a microplate reader. The per-
centage of cell viability was calculated by comparing the 
absorbance of treated wells with that of the untreated con-
trol group. The IC₅₀ value (the concentration of formulation 
that inhibits 50% of cell proliferation) was determined using 
dose–response curve fitting [34].

Stability Study

The optimized luteolin-loaded niosomal dispersion was 
subjected to stability evaluation in accordance with ICH 
Q1A (R2) guidelines. The dispersion was aseptically filled 
into clean, sterile amber glass vials, sealed with rubber stop-
pers, and crimped with aluminium caps to ensure an air-
tight closure and minimize light exposure. The sealed vials 
were stored under the refrigerated (4 °C ± 2 °C) and Accel-
erated (40 °C ± 2 °C/75% ± 5% RH) conditions. The sta-
bility study was conducted for a duration of three months. 
Samples were withdrawn at predetermined time intervals: 
0 (initial), 1 month, and 3 months. At each time point, the 
samples were evaluated for particle size, PDI, zeta potential, 
entrapment efficiency and drug content. All measurements 
were performed in triplicate, and results were expressed as 
mean ± standard deviation.

Statistical Analysis

All experiments were carried out in triplicate (n = 3) unless 
otherwise specified. Data are presented as mean ± standard 
deviation (SD). Sample size (n = 3) was selected based on 
standard practice in preliminary formulation and cytotox-
icity studies to provide sufficient statistical power while 
maintaining experimental feasibility. Statistical analyses 
were performed using one-way/two-way ANOVA followed 
by Tukey’s post hoc test for comparisons among multiple 
groups, and Student’s t-test for pairwise comparisons. A 
p-value < 0.05 was considered statistically significant. Design 
Expert® software (version 12.03.0, Stat-Ease Inc., Minneapo-
lis, MN) was used for the statistical analysis of data.

Results

Formulation of Luteolin-Loaded Niosomes

The ethanol injection method was selected for the prepara-
tion of luteolin-loaded niosomes due to its simplicity, repro-
ducibility, and suitability for large-scale production. This 

media: simulated gastric fluid (SGF, pH 1.2), prepared using 
0.1 M HCl, and simulated intestinal fluid (SIF, pH 6.8), pre-
pared using phosphate buffer. Because luteolin has limited 
aqueous solubility, 1.5% w/v hydroxypropyl-β-cyclodextrin 
(HP-β-CD) was added to each release medium to maintain 
proper sink conditions. HP-β-CD enhances luteolin solubil-
ity through inclusion-complex formation without generat-
ing micelles, thereby preventing membrane pore blockage 
and eliminating the risk of local supersaturation or drug 
precipitation. This modification ensures reliable sink condi-
tions and a more accurate evaluation of release behavior. 
Prior to use, the dialysis membrane (MWCO ~ 12–14 kDa, 
HiMedia, India) was activated by soaking in double-distilled 
water for 12 h to remove glycerine and preservatives, fol-
lowed by thorough rinsing to ensure uniform permeability. 
The dialysis bag containing the niosomal formulation was 
immersed in the respective release medium and maintained 
at 37 ± 0.5 °C under continuous stirring. At predetermined 
time intervals (2, 4, 8, 12, 18, and 24 h), 5 mL of the release 
medium was collected and replaced with an equal volume of 
fresh medium. The collected samples were filtered, appro-
priately diluted, and analyzed for luteolin content at 268 nm 
using a UV spectrophotometer.

In Vitro Cytotoxicity

The cytotoxicity of the developed formulation was evalu-
ated in vitro using the MCF-7 human breast cancer cell line, 
obtained from the National Centre for Cell Science (NCCS), 
Pune, India [31]. The cells were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) (high glucose, Cat. No. 
11965-092), supplemented with 10% fetal bovine serum 
(FBS) and 1% penicillin/streptomycin. The cell line was 
maintained in 25 cm² culture flasks at 37 °C in a humidi-
fied atmosphere containing 5% CO₂ until ~ 80% confluency 
was achieved. Upon reaching the desired confluency, the 
cells were trypsinized, followed by centrifugation at 1300 
× g for 7 min. The pellet was then re-suspended in fresh 
culture medium. Cells were counted using a hemocytometer 
and seeded in 96-well tissue culture plates at a density of 1 × 
10⁴ cells/well in 100 µL of culture medium. The plates were 
incubated for 24 h at 37 °C in a 5% CO₂ incubator (Thermo 
Scientific BB150) to allow cell attachment [32].

After incubation, different volumes (10, 40, and 100 µL) 
of the test formulation were added to the respective wells 
[33]. Control wells received 0.2% DMSO in PBS. Post-
treatment, the plates were incubated for another 24 h under 
the same conditions. Following exposure, the medium was 
removed and replaced with 20 µL of MTT reagent (5 mg/
mL in PBS) in each well. The plates were incubated for 4 
h to allow the formation of purple formazan crystals. After 
incubation, 85 µL of the supernatant was carefully removed 
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Y 3 (%EE) = +83.40 − 1.47∗A + 1.65∗B + 0.42∗C + 2.84∗A∗

B + 1.77∗A∗C − 1.10∗B∗C + 0.30∗A2 − 2.46∗B2 − 0.67∗C2

The relationship between CMAs and CQAs was further ana-
lyzed using regression coefficients. A negative sign in the 
regression equation indicates an inverse relationship between 
the variables, whereas a positive sign reflects a synergistic effect.

For response Y₁ (particle size), an increase in lipid concen-
tration resulted in a corresponding increase in particle size, 
indicating a positive correlation. Conversely, the negative 
coefficient for sonication time suggested that higher sonica-
tion durations led to a reduction in particle size. In the case 
of Y₂ (zeta potential), the negative coefficient for cholesterol 
concentration indicated that an increase in cholesterol up to 
an optimal level enhanced the stability of the niosomes, as 
reflected by a more negative zeta potential. Regarding Y₃ (% 
EE), a decrease in cholesterol concentration led to a decline 
in %EE, confirming the importance of cholesterol in parti-
cle integrity and drug loading. Three-dimensional response 
surface plots (Fig. 1 A) illustrate the combined effects of the 
independent variables (A: cholesterol concentration, B: Span 
60: cholesterol ratio, and C: sonication time) on the mea-
sured responses. Figure 1 A (a & b) show that particle size 
increased with rising Span 60: cholesterol ratios and lipid 
concentrations. Figure 1 A (c & d) depict the zeta potential 
trends, where the maximum stability (most negative zeta 
potential) was observed at a Span 60: cholesterol ratio of 1 
and a lipid concentration of 300 mg. Deviation from these 
optimal values in either direction led to reduced zeta poten-
tial values, indicating decreased stability.

Figure 1 A (e & f) illustrates the influence on %EE. As the 
Span 60: cholesterol ratio increased beyond 1, a decline in %EE 
was observed. Lipid concentration at 200 mg showed a slight 
negative effect, while at the optimal level of 300 mg, it dem-
onstrated a positive effect. However, further increases in lipid 
concentration beyond 300 mg led to a gradual decline in %EE.

The Design-Expert® software’s point prediction opti-
mization tool was employed to generate the overlay plot 
(Fig. 1B) and derive the optimized formulation based on 
the defined criteria: minimum particle size, maximum zeta 
potential (for enhanced stability), and highest possible %EE. 
The optimized formulation was then experimentally vali-
dated. The observed experimental values closely matched 
the predicted values, confirming the reliability and accuracy 
of the CCD model (Table S2, Supplementary File). Thus, 
the CCD was successfully validated for the optimization of 
the luteolin-loaded niosomal formulation.

Particle Size, PDI, and Zeta Potential Analysis

Particle size is a critical parameter in niosomal formula-
tions, as it significantly influences drug release, permeation, 
and absorption. Smaller particles offer a larger surface area, 

method supports the fabrication of vesicular systems with 
controlled particle size and enhanced encapsulation effi-
ciency. Ethanol acts as an efficient solvent for both the active 
compound and formulation excipients, contributing to parti-
cle formation by increasing the bilayer’s fluidity during self-
assembly [35]. Span 60, a non-ionic surfactant, was utilized 
owing to its elevated phase transition temperature (~ 53 °C), 
which aids in producing structurally stable niosomes. Its 
critical packing parameter (CPP), ranging between 0.5 and 
1, and hydrophilic-lipophilic balance (HLB) value near 4.7, 
favor the formation of spherical particles with reduced drug 
leakage and improved drug entrapment [36]. Additionally, 
cholesterol was incorporated into the formulation to rein-
force the bilayer’s rigidity and mechanical strength, which 
further supports particle integrity and minimizes the risk of 
drug leakage [37].

Optimization of Luteolin-Loaded Niosomes

The optimization of critical formulation parameters—zeta 
potential (stability indicator), particle size, and % EE was 
performed using a CCD. Among the various experimental 
designs available, CCD was selected due to its widespread 
application and efficiency in reducing the number of experi-
mental runs compared to a traditional three-level full fac-
torial design. This design framework includes three key 
components: (a) factorial design points, (b) axial points, and 
(c) center points.

A total of 20 experimental runs were generated using 
CCD, and the corresponding responses are presented in 
Table 1. The observed ranges for the three dependent vari-
ables were as follows: zeta potential from − 42.3 to − 27.8 
mV, particle size from 157.5 to 1414 nm, and % EE from 
71.12% to 89.3%. Model selection for response analy-
sis was guided by the sequential model sum of squares, 
lack-of-fit tests, and model summary statistics. The sig-
nificance of each variable’s effect on the responses was 
determined using analysis of variance (ANOVA). The 
analysis revealed that lipid concentration, surfactant-to-
cholesterol ratio, and sonication time significantly influ-
enced particle size. In contrast, cholesterol concentration 
was identified as the critical factor affecting both zeta 
potential and %EE.

The mathematical equation for responses Y1, Y2, and Y3 
are as follows:

Y1 (Particle Size)
= + 199.99 − 81.34∗A + 210.64∗B
+78.21∗C − 113.87∗A∗B − 132.68∗A∗

C + 124.40∗B∗C − 7.13∗A2
+196.14∗B2 − 8.58∗C2

Y2 (Zeta Potential) = −37.74 − 0.1 − 0.47∗A + 0.38∗ B + 10.44∗C + 0.86∗A∗

B + 1.39∗A∗C + 1.09∗B∗C − 1.34∗A2 − 2.89∗B2 + 11.16∗C2
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The narrow PDI (< 0.2) indicates high uniformity, which 
reduces the likelihood of particle aggregation and ensures 
consistent pharmacokinetics. The negative zeta potential of 
− 34.63 mV further contributes to the electrostatic repulsion 
between particles, minimizing aggregation and enhancing 
the physical stability of the formulation over time. These 
attributes collectively indicate that the optimized formula-
tion has favorable physicochemical properties suitable for 
enhancing the oral bioavailability of luteolin. Moreover, 
the high entrapment efficiency suggests strong affinity of 
the hydrophobic drug for the lipid bilayer of the niosomes, 
likely supported by the appropriate Span 60: cholesterol 
ratio used in formulation.

Transmission Electron Microscopy (TEM)

The morphology and internal structure of the optimized nio-
somes was examined using TEM. As depicted in Fig. 2, the 
particles appeared spherical with smooth, well-defined edges, 
confirming uniform morphology. The particle size observed via 
TEM was approximately 100 nm, which was slightly smaller 
than the size determined by DLS using a Zetasizer [39].

This variation in size measurement can be attributed to 
the fundamental differences in the analytical techniques. The 
Zetasizer measures the hydrodynamic diameter of particles 

which can enhance mucosal interaction and improve drug 
absorption, ultimately contributing to better bioavailability. 
Additionally, the PDI serves as an indicator of the homoge-
neity of particle size distribution; lower PDI values reflect 
more uniform and stable formulations [38].

As shown in Table 2, the optimized luteolin-loaded nio-
somes exhibited a mean particle size of 162.67 ± 2.87 nm, 
with a PDI of 0.173 ± 0.01, indicating a narrow and uniform 
size distribution. The %EE was found to be 87.07 ± 1.69%, 
suggesting effective encapsulation of the drug within the 
particles. The zeta potential was measured at − 34.63 ± 1.07 
mV, signifying good colloidal stability due to sufficient sur-
face charge repulsion between particles. The influence of 
independent formulation variables on particle size was fur-
ther visualized through three-dimensional response surface 
and contour plots, as presented in Fig. 1 A (a & b).

The particle size below 200 nm is considered ideal for 
oral drug delivery, as such particles can enhance intestinal 
uptake via endocytosis or passive diffusion mechanisms. 

Table 2  Particle size, PDI, zeta potential, and entrapment efficiency of 
optimized luteolin-loaded niosomes
Particle size
(nm)

PDI Zeta potential
(mV)

Entrapment efficiency
(%)

162.67 ± 2.87 0.173 ± 0.01 −34.63 ± 1.07 87.07 ± 1.69
Data are presented as mean ± SD (n = 3)

Fig. 1  A: Response surface and contour plots showing the effects of 
Span 60:cholesterol ratio (X₁), lipid concentration (X₂), and sonication 
time (X₃) on (a, b) particle size, (c, d) zeta potential, and (e, f) entrap-

ment efficiency of luteolin-loaded niosomes. B: Overlay plot showing 
the optimized formulation region (yellow) based on minimized par-
ticle size and zeta potential, and maximized entrapment efficiency.
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However, while an optimal cholesterol concentration 
enhances %EE, excessive cholesterol may disrupt the 
bilayer arrangement. Beyond a certain threshold, increased 
cholesterol content can interfere with the regular packing 
of surfactant molecules, destabilizing the vesicular structure 
and ultimately leading to reduced drug entrapment [42]. 
Therefore, careful optimization of the Span 60: cholesterol 
molar ratio is essential to achieve a stable formulation with 
high %EE. Similar findings were observed in thiocolchco-
side loaded niosomal system where concentration of cho-
lesterol and molar ratio of Span 60 and cholesterol play an 
important role in the encapsulation of thiocolchicoside [43].

X-ray Diffraction

X-ray diffraction (XRD) analysis was performed to evaluate 
the crystalline nature of luteolin before and after encapsu-
lation within the niosomal vesicles. This study also aimed 
to confirm the successful incorporation of the drug and any 
changes in its physical state upon formulation.

Figure 3 presents the XRD patterns of pure luteolin, 
freeze-dried luteolin-loaded niosomes, and blank niosomes. 
The diffractogram of pure luteolin revealed sharp, intense 
peaks at 2θ values of 8.77°, 10.17°, 17.21°, and 25.64°, indi-
cating its crystalline nature. In contrast, these characteristic 
crystalline peaks of luteolin were absent in the XRD pattern 
of the freeze-dried drug-loaded niosomes, suggesting a loss 
of crystallinity and possible conversion to an amorphous or 
molecularly dispersed state upon encapsulation [8].

The XRD pattern of blank niosomes displayed broad 
peaks of low intensity, which were also observed in the 
freeze-dried formulation, albeit with slight shifts and reduced 
intensities. This reduction in peak sharpness and intensity is 
indicative of the presence of amorphous or semi-crystalline 
components such as Span 60 and cholesterol. The disappear-
ance of luteolin characteristic peaks in the niosomal formu-
lation confirms the successful entrapment of the drug within 
the vesicles and suggests a reduction in crystallinity, which 
could potentially enhance solubility and bioavailability [44]. 
Similar findings have been reported by Akbari et al. (2021) 
for diclofenac-loaded niosomal systems [45].

FTIR-spectroscopy

The FTIR spectrum of luteolin was recorded using the KBr 
disk method over a scanning range of 4000–400 cm⁻¹ with 
a resolution of 1 cm⁻¹. The resulting spectrum is presented 
in Figure S1, and the corresponding characteristic peaks are 
summarized in Table S3 (Supplementary File).

The FTIR analysis of luteolin revealed a strong car-
bonyl (C = O) stretching band at 1611.80 cm⁻¹, indica-
tive of the ketone functional group. The absence of C–H 

in their hydrated, dispersed state, including the solvation 
layer surrounding each particle. In contrast, TEM provides 
the size of the dried particles under vacuum conditions, 
thereby yielding a smaller apparent diameter. Despite this 
difference, the TEM findings support the nanometric size 
range and uniformity of the formulation observed through 
DLS analysis [40].

Entrapment Efficiency

The %EE of luteolin-loaded niosomes, prepared using Span 
60 and cholesterol, was observed to range from 71.12% to 
89.3%. Among the critical formulation components, choles-
terol concentration was found to significantly influence the 
%EE. As illustrated in Fig. 1 A (e & f), varying the molar 
ratio of Span 60 to cholesterol impacted the ability of the 
niosomes to encapsulate luteolin. The optimized formula-
tion exhibited a high %EE of 87.07 ± 1.69% at a 1:1 molar 
ratio of Span 60 to cholesterol.

Cholesterol plays a crucial role in the structural and 
functional stability of niosomal vesicles. As a key mem-
brane component, cholesterol integrates into the bilayer 
and enhances its rigidity and mechanical strength, thereby 
maintaining vesicle integrity and preventing drug leak-
age. This stabilizing effect contributes to improved drug 
entrapment by minimizing vesicle disruption during prep-
aration and storage. Additionally, the ordered arrangement 
of surfactant and cholesterol molecules facilitates efficient 
drug partitioning into the vesicular bilayers [41].

Fig. 2  TEM image of optimized luteolin-loaded niosomes showing 
spherical morphology and uniform vesicular structure
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cm⁻¹, further supporting the presence of the aromatic 
framework in the molecule [46].

The FTIR spectra of Span 60 and cholesterol were 
also recorded to ensure the compatibility of the excipi-
ents with the drug. Their respective spectra are shown in 
Figures S2 and S3, and the key characteristic peaks are 
listed in Tables S4 and S5. No significant shifts or disap-
pearance of peaks were observed in the physical mixture, 
indicating no major interaction between luteolin and the 
excipients at the molecular level. Similar findings were 
also reported by Zaid Alkilani et al. for azithromycin 
loaded niosomes [47].

stretching in this region confirmed that the carbonyl 
group is not part of an aldehyde, thus clearly distin-
guishing the ketone structure in luteolin. A broad O–H 
stretching band appeared at 3419.35 cm⁻¹, shifted from 
the typical alcohol O–H range (~ 3600 cm⁻¹), which is 
attributed to the hydrogen bonding and resonance effects 
within the aromatic ring system. This shift is consistent 
with the presence of phenolic hydroxyl groups, thereby 
confirming the phenolic structure of luteolin. Addition-
ally, C–O stretching vibrations characteristic of ether 
functionalities were observed at 1031.03 cm⁻¹, while 
aromatic C = C stretching bands appeared at 1499.89 

Fig. 3  XRD patterns of pure lute-
olin, freeze-dried luteolin-loaded 
niosomes, and blank niosomes
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In contrast, the luteolin-loaded niosomes demon-
strated a sustained and controlled release pattern. In 
SGF (pH 1.2), approximately 78–82% of luteolin was 
released over 24 h, whereas in SIF (pH 6.8), the cumula-
tive release was approximately 80–85% at the same time 
point. The slower release of luteolin from the vesicles 
can be attributed to the rigid and highly ordered bilayer 
structure formed by Span 60. Its high phase transition 
temperature supports the formation of stable vesicles 
with limited permeability, thereby restricting the rapid 
diffusion of the encapsulated drug [48]. Similar findings 
have also been reported by Jain et al. for the pilocarpine 
hydrochloride-loaded niosomes [49].

To explain the drug release mechanism, the release data 
were fitted into various kinetic models. As shown in Table 3, 
kinetic modeling gave clearer insight into how the formula-
tions behaved during the release study.

Pure luteolin showed a strong fit to the first-order 
model (R² ≈ 0.958), confirming that its release was 
mainly concentration-dependent and occurred rapidly. 
In contrast, the niosomal formulation best aligned with 
the Higuchi (R² ≈ 0.960) and Korsmeyer–Peppas (R² ≈ 
0.960) models. This shift toward diffusion-controlled 

Drug-Excipient Interaction Study

A drug–excipient interaction study was conducted to evalu-
ate any potential physical or chemical incompatibilities 
between luteolin and the selected formulation excipients. 
Such compatibility assessments are essential to ensure the 
stability, efficacy, and safety of the final dosage form. This 
study also provides critical insights during the formulation 
development phase.

The physical mixture of luteolin with the excipients 
(Span 60 and cholesterol) was prepared and stored under 
accelerated conditions as per ICH guidelines (Q1A[R2])—
specifically at 40 ± 2 °C and 75 ± 5% relative humidity—for 
a period of four weeks. At the end of the storage period, 
the samples were subjected to Fourier Transform Infrared 
(FTIR) spectroscopy to detect any possible interactions at 
the molecular level.

The FTIR spectrum of pure luteolin exhibited promi-
nent characteristic bands, including a carbonyl (C = O) 
stretching band at 1611.80 cm⁻¹, a broad O–H stretching 
band at 3419.35 cm⁻¹ (indicative of phenolic hydroxyl 
groups), an ether (C–O–C) stretching band at 1031.03 
cm⁻¹, and an aromatic C = C stretching band at 1499.89 
cm⁻¹. All these characteristic peaks were found to be 
present and unaltered in the FTIR spectrum of the luteo-
lin–excipient physical mixture, as shown in Supplemen-
tary Figure S4.

The retention of these functional group peaks in the 
physical mixture indicates the absence of significant chemi-
cal interactions between the drug and excipients during the 
storage period. These findings confirm the compatibility of 
luteolin with Span 60 and cholesterol, supporting their suit-
ability for further development of a stable niosomal formu-
lation [5].

In Vitro Drug Release

The in vitro drug release profile of luteolin-loaded nio-
somes was evaluated in simulated gastric fluid (SGF, pH 
1.2) and simulated intestinal fluid (SIF, pH 6.8) to replicate 
the physiological conditions encountered following oral 
administration. To maintain appropriate sink conditions 
and overcome the poor aqueous solubility of luteolin, both 
media were supplemented with 1.5% w/v hydroxypropyl-
β-cyclodextrin (HP-β-CD). The cumulative drug release 
profiles are shown in Figs. 4 and 5.

In both media, pure luteolin exhibited a rapid and almost 
complete release, confirming that the presence of HP-β-CD 
successfully maintained true sink conditions and enabled 
complete solubilization of the drug throughout the release 
period. This ensured reliable assessment of the release behav-
ior of the niosomal formulation relative to the pure drug.

Fig. 5  Drug release profile of pure luteolin and luteolin-loaded nio-
somes in SIF (pH 6.8)

 

Fig. 4  Drug release profile of pure luteolin and luteolin-loaded nio-
somes in SGF (pH 1.2)
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Quantitative analysis revealed that the IC₅₀ value for niosomal 
luteolin was 25.76 µg/mL, significantly lower than that of 
pure luteolin (50.08 µg/mL) and comparable to 5-FU (21.91 
µg/mL). Two-way ANOVA followed by Tukey’s post hoc test 
confirmed statistically significant differences between free 
and niosomal luteolin (P < 0.01), supporting the enhanced 
cytotoxic effect imparted by the niosomal delivery system.

However, further evidence of anti-proliferative activity was 
provided by morphological examination using an inverted 
phase-contrast microscope (Fig. 7). MCF-7 cells treated 
with luteolin-loaded niosomes exhibited prominent features 
of apoptosis, including cell shrinkage, rounding, detachment 
from the surface, and an increased number of floating cells. 
These observations suggest that the niosomal formulation not 
only improves drug delivery but also effectively induces apop-
totic cell death. The enhanced cytotoxic effect of the niosomal 
luteolin may be attributed to multiple mechanisms, including 
increased cellular uptake, sustained intracellular drug release, 
and the activation of apoptosis pathways [52]. Similar find-
ing has also been reported by Barani M. et al. for thymoqui-
none [53] and lawsone [54] loaded niosomes where improved 
activity of thymoquinone and lawsone were observed against 
MCF-7 breast cancer cell line when these molecules has been 
administered in the form of niosomes.

While direct mechanistic assays such as apoptosis markers, 
ROS generation, and caspase activity were not conducted in the 
present study, literature evidence suggests that luteolin and its 
nanoformulations exert anticancer activity through these path-
ways, including activation of caspase enzymes [55], regulation 
of reactive oxygen species (ROS) [56], DNA damage induc-
tion, and inhibition of oncogenic protein kinases [52]. These 
mechanisms have been reported to contribute synergistically 
to the suppression of cancer cell proliferation, angiogenesis, 
and metastasis [44]. In this work, the enhanced cytotoxicity 
and morphological changes observed with luteolin-loaded nio-
somes are consistent with these reported mechanisms, although 
further mechanistic validation will be required.

kinetics is common for vesicular delivery systems and 
indicates that luteolin is released gradually as it diffuses 
through the hydrated surfactant layers of the niosomes.

The n value obtained from the Korsmeyer–Peppas model 
further clarifies the release mechanism. Pure luteolin exhib-
ited an n value of approximately 0.23, indicative of Fick-
ian diffusion, where drug release is driven predominantly 
by passive diffusion into the surrounding medium. On the 
other hand, luteolin-loaded niosomes exhibited an n value of 
around 0.54, reflecting non-Fickian (anomalous) diffusion. 
This means that drug release is influenced not only by diffu-
sion but also by structural relaxation or reorganization of the 
niosomal bilayer, an expected behavior in lipid-based nano-
carriers as they hydrate and interact with the medium. Over-
all, the niosomal system successfully extended the release of 
luteolin over 24 h and prevented any substantial initial burst 
release. These findings confirm that the sustained release of 
luteolin from niosomes is governed by both diffusion of drug 
molecules through the vesicle bilayer and matrix relaxation 
or erosion over time. Such release behavior is desirable for 
oral administration, where prolonged drug availability can 
improve bioavailability and therapeutic outcomes [50].

In Vitro Cytotoxicity

The cytotoxic potential of luteolin-loaded niosomes was 
assessed in vitro using the MTT assay against the MCF-7 
human breast cancer cell line, with comparisons made to pure 
luteolin and the standard chemotherapeutic agent, 5-fluoro-
uracil (5-FU). As shown in Fig. 6, all test samples exhibited 
a concentration-dependent reduction in cell viability. Nota-
bly, luteolin-loaded niosomes (N-LUT) demonstrated sig-
nificantly enhanced cytotoxicity across all concentrations 
tested (10, 40, and 100 µg/mL) compared to pure luteolin 
(LUT), indicating improved anti-cancer potential [33, 51]. 

Table 3  Drug release kinetics of pure Luteolin and Luteolin-loaded 
niosomes in SGF (pH 1.2) and SIF (pH 6.8)
Parameter SGF (pH 1.2) SIF (pH 6.8)

Pure Luteolin Luteolin-
loaded 
niosomes

Pure 
Luteolin

Luteolin-
loaded 
niosomes

Zero-order 
(R²)

0.521 0.830 4.425 0.787

First-order 
(R²)

0.933 0.948 0.958 0.928

Higuchi 
(R²)

0.791 0.975 0.704 0.960

Kors-
meyer–Pep-
pas (R²)

0.891 0.970 0.842 0.960

n- value 0.288 0.592 0.229 0.538
Best-fit 
Model

First-order Higuchi/Peppas First-order Higuchi/
Peppas

Fig. 6  Percentage cell viability of MCF-7 cells after treatment with 
luteolin and luteolin-loaded niosomes (10, 40, and 100 µg/mL). 
Where, **p < 0.01
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scalable alternative. Nonetheless, as with all nanocarriers, 
in vivo studies remain essential for translational validation. 
Taken together, the current findings provide preliminary 
biological evidence supporting the therapeutic potential of 
the optimized formulation, which warrants more detailed 
mechanistic and in vivo investigations.

Stability Study

Table 4 presents the results of the stability evaluation 
of the optimized luteolin-loaded niosomal dispersion. 
Throughout the three-month study period, no statisti-
cally significant changes were observed in particle size, 

In a broader context, it is also important to compare the 
performance of niosomes with clinically relevant nanocar-
riers. Liposomes, while clinically established, are often 
limited by oxidative instability and high production cost 
[57]. Polymeric nanoparticles offer controlled release but 
involve complex synthesis and potential toxicity concerns 
[58]. Polymeric micelles are effective solubilizers but may 
suffer from premature drug release [59], while dendrimers, 
despite their structural precision, face scalability and cyto-
toxicity challenges [60, 61]. In contrast, the optimized 
luteolin-loaded niosomes in this study combined favorable 
stability, high entrapment efficiency, and enhanced cyto-
toxicity, highlighting their potential as a cost-effective and 

Fig. 7  Morphological changes 
in MCF-7 cells under control, 
5-fluorouracil, luteolin, and 
niosomal luteolin treatments 
(magnification = 20×)

 

Storage 
condition

Appearance Particle size 
(nm)

PDI Zeta potential 
(mV)

Entrapment 
efficiency
(%)

Initial Milky white 162.67 ± 2.87 0.173 ± 0.01 −34.63 ± 1.07 87.07 ± 1.69
Refrigerated (4 °C ± 2 °C)
1 month Milky white 167.38 ± 1.17 0.201 ± 0.01 −32.63 ± 2.17 85.70 ± 1.32
3 months Milky white 170.54 ± 1.82 0.175 ± 0.02 −33.63 ± 2.1 84.22 ± 2.44
Accelerated (40 °C ± 2 °C/75% ± 5% RH)
1 month Milky white 159.69 ± 2.97 0.169 ± 0.02 −31.63 ± 1.74 84.23 ± 2.65
3 months Milky white 169.47 ± 2.48 0.182 ± 0.01 −30.63 ± 2.11 82.56 ± 2.34

Table 4  Stability evaluation of 
optimized luteolin-loaded Nio-
somal dispersion

Data expressed as mean ± SD, 
n = 3
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