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This study focuses on the development of luteolin-loaded niosomes aimed at enhancing
the therapeutic efficacy and bioavailability of luteolin for wound healing applications. Luteolin,
despite its potential, faces significant limitations such as low absorption, poor water solubility,
and reduced bioavailability. To overcome these challenges, a sustained-release formulation
of luteolin-loaded niosomes was developed for topical application. The formulation was
optimized using Design Expert software (Version 11) inBox-Behnken Design (BBD) through
response surface methodology. Niosomes were prepared via the thinfilm hydration method, with
three factors and two levels used in the optimization process. The niosomal preparationswere
evaluated by polydispersity index (PDI), zeta potential, vesicle size, entrapment efficiency (EE),
Fouriertransform infrared spectroscopy (FTIR), and in-vitro drug release profile. The optimized
luteolin-loaded niosomes showed a vesicle size of 267.2 nm, a PDI of 0.34, a zeta potential of
-20.25 mV, and an EE of 78.31%. In-vitro drug release studies established a sustained release of
67.08% over 12 hours. These results demonstrate that the developed luteolin-loaded niosomal
formulations have the potential for sustained release, improving the therapeutic efficacy of
luteolin in wound healing applications. This formulation shows promise in addressing the
bioavailability issues of luteolin and enhancing its effectiveness in wound management.
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Wound healing represents a formidable
dual challenge in the realms of therapy and
finance within medicine.! Growth hormones,
cytokines, antioxidants, the availability of metal
ions (calcium, magnesium, and zinc), and growth
hormones all play significant roles in the intricate
process of wound healing. Wounds result from the
integrity of the body’s tissue. It can be triggered
by physical, chemical, thermal, microbiological, or
immunological damage, resulting in major clinical
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problems.? Chronic wounds may occur as a result
of improper or interrupted healing. The whole
body may suffer as a consequence of cutaneous
damage that is either chronic (such as diabetes
ulcer) or acute (such as surgery, mechanical
injury, burns, etc.). As anoutcome, wound healing
multistep is crucial for human health maintenance
and comfort.>* Wound healing is a complex
biological process necessary for tissue restoration
and recovery. This intricate journey involves four
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sequential and overlapping steps: hemostasis,
inflammation, proliferation, and remodeling,
each playing a distinct role in achieving optimal
healing outcomes.’ Despite the well-defined
stages, the effectiveness of wound healing can
be influenced by multifaceted factors, including
patient-specific variables, the wound’s nature,
and underlying health conditions. Recognizing
and navigating these limitations is essential for
tailoring therapeutic strategies and advancing our
understanding of the intricacies involved in wound
healing.®’

Luteolin is a potential anti-inflammatory
and antioxidant bioflavonoid polyphenolic
phytoconstituent.® Additionally, reports of its
potential antibacterial, immunomodulatory,
gastroprotective, anti-tumour, cardioprotective,
and anti-diabetic activities have also been made. A
luteolin treatment led to faster wound healing, better
epithelium regeneration, more collagen, stronger
tensile strength, and reduced inflammation.®'°
Luteolin exhibits several limitations, including
low absorption, poor water solubility, and reduced
bioavailability. Lutein metabolism and absorption
have been studied in vitrousing microsome
and Caco-2 cellsobtained from the intestinal
or liver of rats and humans. In accumulation,
luteolin and luteolin-richplantswere the focus
of pharmacokinetic research in humans and
animals. However, few in vivo studies have been
conducted on luteolin’s distribution, absorption,
metabolism, and bioavailability. However, it has a
low bioavailability, which impacts its biological
characteristics and effectiveness.'"'? Many drug
delivery techniques employing lipid carriers and
nanoformulations have been developed to improve
drug bioavailability. To increase bioavailability and
efficacy, luteolin has been loaded into a variety
of nanoformulations, including nanoparticles",
NLCs'", ROS-responsive nanoparticles modified
by folic acid'®, and nanospheres.'s'®

The application of luteolin vesicles in
wound healing has not been documented in prior
research. Lipid-based nanovesicles for topical
distribution have increased the therapeutic effect
throughout the past few decades. Transferosomes,
ethosomes, niosomes, and cubosomes are a few
examples of the several forms of nanovesicles that
are employed for topical distribution. Cholesterol,
surfactants, phospholipids, and water make up

these vesicles. These carriers can encapsulate
drugs that are both hydrophobic and hydrophilic.
They can administer drugs to the bloodstream and
skin.'*?® Vesicles can shield medications from
inadequate absorption into the skin blood vessels.
It aids in maintaining the medicines at the skin’s
surface. Additionally, combining with the stratum
corneum and changing the lamellae facilitates
skin permeability through an intercellular lipid
matrix. Drugs with low, medium, or high molecular
weights can penetrate it.>"> Niosomes drug
delivery system is the best technique to overcome
luteolin’s bioavailability and poor water solubility
and improve its delivery. Cholesterol and non-ionic
surfactant self-assemble to generate niosomes,
which are bilayer-shaped non-ionic surfactant
vesicles.Niosomes reduce the cost of wound
management and enhance bioavailability by
addressing the issue of insolubility.”® The topical
application of luteolin-loaded niosomes improves
skin permeation.

This research aims to develop luteolin-
loaded niosomes using the thin film hydration
technique to improve wound healing. By
encapsulating luteolin within niosomes, we aim
to enhance drug bioavailability, minimize adverse
effects, and establish sustained drug release. This
approach offers a novel solution for expedited
wound healing with reduced side effects compared
to conventional methods. The thin film hydration
technique is chosen for its ability to produce
stable and uniform vesicles, ensuring optimal drug
encapsulation and release. Overall, this study seeks
to provide a rationale for the use of niosomes in
wound care therapeutics.

MATERIALS AND METHODS

Materials

Luteolin was sourced from Prince
Scientific (Hyderabad, India). Cholesterol,
chloroform, and Span 60 were acquired from
Loba Chemie Pvt. (Maharashtra, Mumbai, India).
Methanol and PBS (Phosphate Buffered Saline
pH 7.4) were obtained from Avantor Performance
Material India Ltd. (Thane, India).
Methods
Experimental design

While designing a drug delivery system,
independent variables affect the results of the
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objective function. BoxBehnken Design (BBD)
was utilised to formulation parameters optimize
for manufacturing LUT-loaded niosomes. The
optimization technique determines the link between
dependent and independent variables. LUT-loaded
niosomes were prepared by using cholesterol
(X)), surfactant (X,), and sonication time (X,) as
independent variable at low (-1) and high (+1)
levels. Vesicle size (R)), EE (R,), and DR (R))
were taken as dependent variables (Table 1). Each
composition had the same amount of LUT.

The experimental design gave 15runs
with 3center points (all with identical conformation
to check for errors), and their impacts on three
dependent variables, such as vesicle size (R1),
entrapment efficiency (R?), and DR (R?), were
evaluated. The Design Expert software generated
the polynomial quadratic equation, 3D response
surface plots, and contour plots. The polynomial
equation resulting from the factorial design is
shown in Eq. no 1.

R = Bo+ BIXI + B2X2+ B3X3 XX, +

477172

B5X1X3 + B6X2X3 + B7)(12 + BSXZZ + l39)<32

Where, B, B(i=1,2, ........... 9) and
X,, X,, X, are the response R’s intercept, linear
coefficients, and the interaction term, in that order.

Percentage bias was considered by the
following Eq. no 2.

%Bias = [(Predicted value-Experimental value) /
Predicted value] x 100

.(2)

Preparation of LUT-loaded Niosomes
Niosomeswereformulated by thinfilm
hydration technique. The LUT (50 mg), cholesterol
(X)), and surfactant (X,), which were administered
in the proportions specified as given in Table
2, were carefully weighed and dissolved in
chloroform and methanol (10 mL, 1:1) in a round
bottom flask. The organic solventwereevaporated
at 40 UC and 100 rpm speed for 30 minutes using
a rotary evaporation (IKA RV10 Digital Rotary
Evaporator, IKA Pvt. Ltd., India), resulting in a
thin film of surfactant formed on the flask wall.
From the evaporator, the flask was removed and
kept overnight in a desiccator under the vacuum
to trace to organic solvent and removed. The dried

thin film was rehydrated with PBD (pH 7.4) 10
mLat 55 UC for 30 min with gentle agitation. It
forms a milky niosomal dispersion.

The niosomal suspension was then
sonicated in a bath sonicator at different time
points, as shown in Table 2, to reduce the
vesicle size. The prepared niosomal suspensions
were stabilized by keeping them at refrigerator
temperature. According to the experimental design,
all the formulations were prepared using a similar
procedure.” The chosen ratios for components
and sonication times in niosomes preparation are
crucial for optimal vesicle formation, stability, and
drug encapsulation. They are determined through
empirical experimentation and optimization studies
to achieve desired characteristics. Cholesterol,
surfactant, and luteolin ratios are carefully
balanced for stability and drug release kinetics,
while sonication times are varied to achieve the
desired vesicle size distribution for effective drug
delivery. These parameters are selected based on a
combination of literature review and experimental
optimization to produce niosomes formulations
suitable for their intended application.
Characterization of the prepared luteolin-
loaded niosomes
Vesicle morphology

The samples were sputter-coated with
gold for 3 minutes under a vacuum to assess the
vesicles’ nanostructure and surface morphology.
Subsequently, they were examined using scanning
electron microscopy (SEM Coxem EM-30, Korea).
Vesicle size, PDI, and Zeta potential

ZetaSizer (Malvern Zeta Sizer Pro, UK)
was used to measure vesicle size, size distribution
(PDI), and surface charge (ZP).The formulation
(0.1 mL) was double distilled water diluted to
supply an appropriate scattering intensity and
scanned. PDI was examined to indicate the
homogeneity of the vesicle size, and ZP was used
to measure the surface charge. %

Entrapment Efficiency (EE) and Drug Loading

The centrifugation method measured
the %EE and %DL of LUT-loaded niosomes
(Eppendorf Centrifuge 5430 R, India, Ltd.). The
1.5 mL sample was centrifuged for 1 hour at 4°C
at 10,000 rpm. A UV spectrophotometer (Shimadzu
1800, Japan) was used to find the free-drug
concentration in supernatant liquid®*°.following
Eq., no 3. was used to calculate the %EE:
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%EE = [(C, - C)/C] x 100
.(3)
Where Ct represents drug concentration
total, and Cf represents free-drug concentration.
The %DL was calculated by the following Eq. no
4.

%DL = [(C,— C)) / Weight of the lipids] x 100
..(4)

Fourier transform infrared (FTIR)

FTIR spectrum analysis was conducted
utilizing a Bruker FTIR instrument (Bruker
FTIR Alpha 2, USA and USA and PerkinElmer
L1600300 Spectrum TWO LiTa, Llantrisant, UK)
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was used to check the compatibility between LUT,
span 60, cholesterol and LUT loaded Niosome
used.They were retaining the potassium bromide
(KBr) disc method. A background blank KBr pellet
was used for analysis, and the baseline was adjusted
accordingly. The samples were scanned within a
wave number range from 400 cm{ ' to 4000 cm!,
with a high-resolution set at 1.0 cm{ *. %
In-vitro Drug Release

The in vitro release of niosomes was
determinedutilizing a dialysis bag.The niosomes
that were prepared were placed separately in the
dialysis bag, which served as a donor compartment.
The dialysis bag was then dipped into a beaker
of 250 mL PBS pH 7.4containing receptor
compartment. The bag was kept at a constant

Table 1. Levels ofvariables utilised to optimize LUT-loaded niosomes

using BBD

Factors Units Code Levels
Low (-1)  High (+1)

Independent variables
Cholesterol mg X, 20 50
Span 60 mg X, 40 100
Sonication time min X, 3 5
Dependent variables
Vesicle size nm R,
EE % R,
DR % R

Table 2. The study investigates distinct batches of LUT-loaded niosomes, delineating the independent
variables, their specific levels, and the corresponding response values

Std Run Factors Response

X, (mg) X, (mg) X, (min) R (nm) R,(%) R, (%)
1 1 20 40 4 331 63.86 85.02
15 2 35 70 4 257 80 64.52
4 3 50 100 4 451 69.35 74.92
7 4 20 70 5 392 65.24 75.52
6 5 50 70 3 419 69.44 84.75
5 6 20 70 3 286 64.38 87.32
14 7 35 70 4 262 81.12 63.2
11 8 35 40 5 244 77.2 79.47
8 9 50 70 5 251 68.39 77.11
3 10 20 100 4 310 74.35 73.02
10 11 35 100 3 342 72.58 80.9
12 12 35 100 5 422 79 67.75
9 13 35 40 3 374 75.33 71.4
2 14 50 40 4 238 86 78.62
13 15 35 70 4 266 81.12 62.15
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Fig. 1. A) Response surface plots and B) Contour plots illustrate the effect of cholesterol
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R0

(X)), span 60 (X,), and sonication time (X,) on vesicle size, respectively.

EE (R2) (%)

B Span 60 mg)

B: Span 60 (mg)

Fig. 2. A) Response surface plots and B) Contour plots illustrate the effect of cholesterol (X)), span 60 (X,), and
sonication time (X,) on % entrapment efficiency, respectively.
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DR (R %)

DR (R3) (%)

B Span 60 (mg)

DR (R3) (%)

as

C: Sonication time (min)

B: Span 60 {mg)

Fig. 3. A) Response surface plots and B) Contour plots illustrate the effect of cholesterol (X)), span 60 (X,), and
sonication time (X3) on % drug release, respectively
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temperature of 37 £ 0.5°C and a stirring speed of
100 rpm using a magnetic stirrer for 12 hours. To
maintain a sink condition throughout the study,
2 mL samples were taken at specific intervals
of 1, 2, 4, 6, 8, and 12 hours and immediately
replaced with asimilar volume of PBS pH 7.4
freshly prepared. The quantity of drug released was

Predicted vs. Actual

Predicted vs. Actual

measured from the collected samples using a UV
spectrophotometer (Shimadzu 1800, Japan) (32).
Drug release mechanisms have been studied using
mathematical models, such as zero, first order,
KorsmeyerPeppas and Higuchi. The results of in
vitro drug release studies were verified to fit into
different kinetic models, and correlation coefficient
(R?) values were calculated®'.

Predicted vs. Actual
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Fig. 4. Effect of the actual and predicted value of independent variables on vesicle size (R,), EE (R,), and DR
R

Table 3. Summary for responses from regression
analysis R (Vesicle size), R, (EE), and R, (DR)

Statistical parameters R, R, R,
R? 0.9904  0.9652 0.9415
Adjusted R? 0.9732  0.9025 0.8362
Predicted R? 0.8543  0.4603 0.1068
SD 11.96 2.15 3.25
CV.% 3.70 2.92 4.33

Abbreviations: R? = Coefficient of correlation, SD = Standard
deviation, C.V. % = Coefficient variation.

Storage stability studies as per ICH guidelines
According to ICH regulatory requirements,
the final optimized batch was used for the stability
studies. Two different storage conditions were
utilized for niosomal formulations: refrigeration 4
+2°C temperature and room temperature 252°Cfor
three months. The formulations were kept in glass
vials with aluminum foil seals for the duration of
the study. The stability test was evaluated after 1, 2,
and 3 months based on physical changes, including
color, size of vesicles, zeta potential, and %EE. 333

Table 4. Analysis of variance (ANOVA) for Quadratic Model

Source Sum of squares df Meansquare  F-value  P-value

Response 1: Vesicle size (R1)

Model 73986.83 9 8220.76 57.47 0.0002 significant
Residual 715.17 5 143.03

Cor Total 74702.00 14

Response 2: EE (R2)

Model 642.88 9 71.43 15.40 0.0039 significant
Residual 23.19 5 7.45

Cor Total 666.06 14

Response 3: DR (R3)

Model 850.62 9 94.51 8.94 0.0133 significant
Residual 52.86 5 10.57

Cor Total 903.48 14




PURI et al., Biosci., Biotech. Res. Asia, Vol. 22(1), 375-394 (2025) 383

Statistical Analysis

Experiments were performed in triplicate
to determine the mean and standard deviation.
Utilising Design-Expert® Software (Version 11),
statistical analysis, response surface methodology,
and factorial optimization of the data were
accomplished. Data evaluations were done using
analysis of variance (ANOVA). When the applied
model and correlation factor (R?) were fitted,
the value was deemed with a p-value less than
significant.

(a)

RESULTS

The optimization data for the luteolin-
loaded niosomes, the evaluation of the various
statistical parameters and regression analysis
utilized to analyze the different models, including
linear, quadratic, 2FI, and cubic models, were
observed, and the most appropriate quadratic model
was found.The regression analysis response R?
values of vesicle size (R1), EE (R2), and DR (R3)
0.9904, 0.9652, and 0.9415, respectively shown in

SE 2023-05-29

(®)

Fig. 5. SEM Image of optimized LUT loaded niosome (a) at 200x, (b) at 500x

| —— Intensity

71 PRCPTI HESTIUTUUMES, (NSRS OIREt, | O | LR 3

Intensity (%)

20 4

0 T U L) U
0.1 1 10 100 1000 10000

Size (d.nm)

(2)

[=—Total Counts]

Total Counts (keps)

Zeta Potential (mV)

(b)

Fig. 6. (a) optimized batch of the Vesicle size (b)optimized batch of Zeta potential.
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Table 3, and the ANOVA for the quadratic model
was shown that R1, R2, and R3 were statistically
significant (p< 0.005) from the ANOVA test
depicted in Table 4. The R? and the ANOVA results
confirmed the model was significant. Response
surface and Contour plot Analysisas demonstrated
in Figures 1, 2, and 3, respectively, 3D response
surface plots, and contour plots are used to analyze
the interaction between two factors and how the
change in the amount of another factor would
change the impact of one component. (Figure 4)
illustrates the similarity between the actual and
expected values graphically.*
Responses Evaluation
Vesicle morphology

The optimized LUT-loaded nucleus was
found to have a spherical shape (Figure 5a and b)

[
8

e =l
= 2

Drug Entrapment Efficiency (%)
th
=

under a scanning electron microscope (SEM) at a
nanosize scale of 376.32 nm at 200x magnification
and 315.69 nm at higher magnification (500x).
Vesicle Size, PDI, and Zeta Potential

The vesicle sizes of all fifteen formulations
were found to be 238-451 nm range. The
formulation F14 showed the smallest vesicle
size, and the formulation F3 showed a larger size.
Resulting is the produced polynomial quadratic
equation for the vesicle size:

Vesicle size (R,) = +261.67 + 5.00 X, +42.25
X, - 14.00 X, + 58.50 X,X, - 68.50 X X, + 52.50
X,X, +31.17 X, 2+39.67 X2 + 44.17 X2

(5

40
30
20
10

0

F10 F11 F12 F13 Fl4 F15

Formulation code

100
90
80

-1
(=}

6
5
4

Drug Loading (%)
L7
=2 @ @ @

(=]
=

1

=]

F10 Fi11 Fi12 TF13 Fi14 F15

Formulation code

Fig. 7. Graph of (a)% Entrapment efficiency, (b) % Drug loading
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The optimized formulation PDI value
was found to be 0.34. PDI value 0-1 influence
pharmacokinetic parameter of medicated NPs
formulation on therapeutic performance®.The
optimized formulation’s zeta potential was
discovered to be -20.25 mV, less than -30 mV,
indicating that the niosomal formulation is
stable.***7 The graphs of vesicle size and ZP of
the optimized LUT-loaded niosomes are shown in
Figures 6 (a)and (b), respectively.

Table 5. Percentage drug EE and percentage DL

Percentage Entrapment Efficiency and Drug
Loading

The % EE and % DL valueof the LUT-
loaded niosomes are presented in Table 5. The %EE
depends on the type of encapsulated component,
the vesicle material’s characteristics, and the
surfactants’ qualities. It was observed that with the
increasing lipid concentration, the % EE increased;
the following is the produced polynomial quadratic
equation for the EE:

EE (R,) = +80.75 +3.17 X, - 0.8888 X, + 1.01

of formulations X,-6.79 X X, - 04775 X X, + 1.14 X X, - 8.26
- X2+09042 X 2-5.62X?2
Formulation Entrapment Drug ! 2 3 (6)
code efficiency (%) loading (%)
F1 63.86 5322 The % EE and % drug loading graphs are
F2 20 38.09 shown in Figure 7.
F3 69.35 23.12 Fourier Transform Infra-Red
F4 65.24 36.24 FTIR spectrum was conducted utilizing
F5 69.44 28.93 a Bruker FTIR instrument (Bruker FTIR Alpha
Fé 64.38 35.77 2, USA and USA and PerkinElmer L1600300
F7 81.12 38.62 Spectrum TWO LiTa, Llantrisant, UK) was used
F8 772 >1.58 to check the compatibility between LUT, span 60,
F9 68.39 28.13 : "
F10 74.35 30.98 cholesterol, and LUT loaded Niosome used.*® The
F11 72.58 26.88 spectral peaks of Luteolin exhibited a wavenumber
F12 79 2925 of 3205.70 cm’!, ascribed to the OH group
F13 75.33 35.87 stretching vibration. The C=0O stretching peaks
F14 86 47.77 were shown at 1666.15 cm!. The peaks of the
F15 81.12 38.62 aromatic ring, CH=CH stretching, C H, and ether
Table 6. Percentage In-vitro drug release profile of LUT loaded niosomes for
different formulations at specific time 1,2,4,6,8 and 12 hours

Formulation Time (hours)

Code 1 2 4 6 8 12

F1 26.35 32.65 48.27 64.57 72.47 85.02

F2 18.34 243 329 40.02 48 64.52

F3 27.1 39.52 46.77 55.52 61.02 74.92

F4 13.45 20.25 37.52 49.65 58.47 75.52

F5 27.45 38.05 49.1 57.22 66.52 84.75

F6 21.27 36.22 49.72 62.57 74.37 87.32

F7 12.25 15.5 26.3 38 47.6 63.20

F8 30.92 35.54 4522 54.82 62.8 79.47

F9 26.45 344 49.02 56.57 65.82 77.11

F10 28.77 37.35 43.77 56.1 61.37 73.02

F11 22.27 29.75 47.8 56.02 68.07 80.90

F12 10.32 15.6 24.6 37.82 46.97 67.75

F13 17.77 24.57 35.22 49.8 57.65 71.40

Fl14 28.82 31.04 42.53 53.55 60.39 78.62

F15 15.27 22 37.37 443 51.42 62.15
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group are imputed at 633.73 cm’!, 1306.02 cm™,
798.14 cm™, and 1124.24 cm™ respectively, which
was within the standard range. It is confirmed
that the sample was luteolin (Figure 8 a). Span 60

NCNR

100

94 9% 98

Transmittance [%]
90 92

88

showed spectra the OH group at wavenumber
3330.96 cm™, aromatic rings and alkanes at 1449.25
cm’! and ether group at 1114.88 cm™' (Figure 8b).
Cholesterol OH group appears at wavenumber
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Fig. 8. (a). FTIR spectra of luteolin (b) Span 60 (c) cholesterol and (d) LUT loaded Niosome

3341.85 cm™ and aromatic rings and alkanes at
1454.60 cm™ (Figure 8c). LUT-loaded Niosomes
FTIR spectra, a significant absorption peak at 3206
cm{ ' signifies the presence of an OH group. Within
the spectral range of 1716-1509 cm{ !, peaks are

observed, C=0 stretching and C-H stretching
vibrations. The region spanning 1432-1260 cm{
! Moreover, at 1267-1249 cm{ ', a distinct peak
is evidence of a carbonyl group integrated within
the ring structure. These findings, derived from
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the FTIR spectral analysis, offer scientifically
significant insights into the compound’s chemical
composition and the specific functional groups it
contains, shown in (Figure 8d).
In-vitro Drug Release

The in vitro release of LUT from all
Niosome preparations was investigated over 12
hours using the dialysis bag technique in PBS at pH
7.4. Pure LUT exhibited a rapid release ofaround
91% within the 3-hourinitial. This highlights
the effectiveness of employing a dialysis bag to
observe the release pattern of LUT from a prepared
Niosome. Figure 9 shows the release profiles of
LUT from different formulations (F1-F15) of
Niosome. Notably, no immediate burstrelease of
drug was observed in the Niosome formulations

Table 7. In-vitro release of the optimized
LUT loaded niosomes in PBS pH 7.4 at

during the first 6 hours.The prepared LUT-loaded
noisome and pure LUT for drug release is presented
in Table 6. In the study’s first 12 hours, the pure
LUT had a poor drug release rate (23 percent)
due to its poor solubility in water at the studied
temperature. However, it is recommended to
optimize the drug’s release from the niosomes to
better synchronize with the elevated solubility of
LUT in the niosomes vesicle. The % DR of the
optimised LUT-loaded niosomal suspension was
67.08% in 12 h (Table 7). The polynomial quadratic
equation generated for the DR is given as follows:

Drug release (R,) = +63.29 - 0.6850 X - 2.24 X,
-3.07X,+2.08 X X, +1.04 X X,-530 XX, +
1045 X2 +4.16 X >+ 7.43 X2

(7

In the first four hours, about 40% of

the drug was released; after that, the release was
sustained

37+0.5°C
Drug release kinetic model
Time Cumulative The in vitro release kinetics of the
(hours) drug release (%) optimized LUT-loaded phytosomes were examined,
and their release patterns were analyzed using the
1 11.24 Higuchi, Zero Order, Korsmeyer Peppas andFirst
2 16.82 Ordermodels. The coefficient (R?) values for
4 26.41 the release of simple LUT-loaded niosomes F1
6 38.11 are 0.954, 0.997, 0.989, and 0.986 (n = 0.5).
8 46.39 . . .
12 67.08 These results are summarized in Table 8, which
includes data for F1-F15. The model with an R?
Table 8. Release kinetic models of niosomal formulations
Formulation Release kinetic models
code Zero-order First order Higuchi Korsmeyer-Peppas
R? K, R? K, R? K, R? N
F1 0.954 5.519 0.997 -0.064 0.989 25.192 0.986 0.500
F2 0.997 4.101 0.985 -0.034 0.980 18.231 0.986 0.492
F3 0.961 4.034 0.988 -0.039 0.989 18.353 0.976 0.376
F4 0.975 5.679 0.996 -0.049 0.997 25.747 0.955 0.716
F5 0.986 4975 0.969 -0.058 0.991 22.378 0.993 0.435
Fo6 0.951 5.841 0.995 -0.070 0.994 26.787 0.990 0.562
F7 0.993 4.790 0.994 -0.035 0.981 21.346 0.981 0.690
F8 0.998 4.426 0.979 -0.047 0.982 19.697 0.631 0.531
F9 0.959 4.564 0.997 -0.045 0.997 20.866 0.997 0.438
F10 0.970 3.955 0.994 -0.037 0.991 17.927 0.165 0.251
F11 0.962 5.365 0.996 -0.055 0.995 24.466 0.994 0.535
F12 0.998 5.254 0.977 -0.039 0.971 23.246 0.990 0.761
F13 0.977 4.962 0.997 -0.042 0.992 22.425 0.992 0.575
F14 0.995 4.630 0.975 -0.047 0.975 20.561 0.953 0.414
F15 0.948 4.226 0.986 -0.031 0.993 19.399 0.992 0.580
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Fig. 9. In-vitro release profile of various LUT-loaded niosomes formulations (F1-F15) in PBS pH 7.4 at 37 +
0.5°C.

Table 9. Comparison of the predicted and observed values of the LUT-loaded niosomes

Response Optimized formula Predicted Observed Bias %
variables Cholesterol Span Sonication value value

(mg) 60 (mg) time (min)
Vesicle size (nm) 285.39 267.2 6.37
EE (%) 34.05 51.40 3.50 79.53 78.31 1.53
DR (%) 68.25 67.08 1.71

(EE) (79.53%), and DR (68.25%) in Table 9 closely matched the observed values

Table 10. Stability study of the optimized formulation 3 at 4 +2

Parameter studies Initial After 3 months
Color Off white No change
Vesicle size (nm) 267.2 269.5
Zeta potential (mV) -20.25 -19.51
Drug entrapment efficiency (%) 78.31 76.93

Table 11. Stability study of the optimized formulation 3 at 25 + 2

Parameter studies Initial After 3 months
Color Off white No change
Vesicle size (nm) 267.2 274.7
Zeta potential (mV) -20.25 -17.29
Drug entrapment efficiency (%) 78.31 72.59

value of one was measured the bestfit model for
the formulations. According to the findings, all
formulations with the first-order model were fairly
linear. According to the KorsmeyerPeppas model,

the value of n should be in the range of 0.45-0.89 of
the standard value. The release exponent (n) value
was found to be 0.25 to 0.71, indicatingFickian
(class 1) diffusion.
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Point prediction

Optimized method using the point
prediction, the formulation of the optimal niosomes
was chosen. It provides a recipe for creating
optimal niosomes. The ideal niosomes formulation
was found to contain the following components:
cholesterol (X,) 34.05 mg, span 60 (X,) 51.40 mg,
and sonication time (X,) 3.50 min. In the optimized
formulation, the vesicle size measured 267.2 nm,
with an entrapment efficiency of 78.31% and a drug
release (DR) of 67.08% (Table 9). The predicted
values for vesicle size (285.39 nm), entrapment
efficiency (EE) (79.53%), and DR (68.25%) in
Table 9 closely matched the observed values.
Storage stability studies as per ICH guidelines

The optimized formulation’s stability
was studied by storingit at 4 + C (refrigeration)
and 25C “room temperature” for 3 months. The
color, vesicle size, zeta potential, and EE (%) were
determined. The results indicated that the EE of the
drug was more abundant in niosomal preparations
stored at 4C (76.93% in Table 10) and 25C (72.59%
in Table 11). An increase in temperature decreases
the drug’s EE capability due to the degradation of
lipids. From the obtained data, it can be concluded
that the optimum storage condition for niosomes
was 4°C.

DISCUSSION

The optimization data for the luteolin-
loaded niosomes was evaluated using various
statistical parameters and regression analysis. The
analysis considered multiple models, including
linear, quadratic, 2FI, and cubic models, to
determine the best fit. Among these, the quadratic
model was identified as the most appropriate,
demonstrating superior regression coefficients
and statistical significance.The regression analysis
revealed high R? values for the responses: vesicle
size (R1 =0.9904), encapsulation efficiency (EE,
R2=0.9652), and drug release (DR, R3=0.9415),
as detailed in Table 3. These values indicate a
strong correlation between the independent and
dependent variables, confirming the quadratic
model’s suitability. Adjusted R? values of 0.9732
for R1, 0.9025 for R2, and 0.8362 for R3 further
support the model’s reliability. However, predicted
R? values were notably lower (0.8543, 0.4603,
and 0.1068 for R1, R2, and R3, respectively),

suggesting some limitations in the predictive
accuracy for certain responses. The ANOVA results
(Table 4) corroborated the statistical significance of
the quadratic model for all responses, with p-values
<0.005. For vesicle size (R1), the model achieved
an F-value of 57.47, and for EE (R2), the F-value
was 15.40, indicating the strong influence of the
independent variables on these responses.

This nanosized, spherical morphology
is crucial for topical wound healing applications,
as it allows for deeper penetration and enhanced
cellular interaction within the wound bed. The
surface area to volume ratio increased of these
nanoparticles improves lutein’s bioavailability,
promoting its antioxidant and anti-inflammatory
effects, essential for accelerating wound healing.
The factors cholesterol and span 60 showed a
positive effect, and the factor sonication time
negatively impacted the vesicle size. When the lipid
concentration increases, vesicle size also increases.
The polydispersity index provides insight into the
particle size distribution’s uniformity. A value of
<0.5 suggests a homogeneous and monodisperse
formulation, indicating consistent particle sizes.
Conversely, a polydispersity index >0.5 indicates
less uniform size distribution or polydispersity
within the formulation. Optimized preparations
were successfully made, as predicted by the
experimental design. PDI value 0-1 influences
pharmacokinetic parameter of medicated NPs
formulation on therapeutic performance [39].The
lower value denotes a more uniform dispersion.
Colloidal dispersion stability is often assessed
through the measurement of zeta potential.
Typically, a zeta potential outside the range
of £30 mV indicates the potential for particle
aggregation can be mitigated through electrostatic
repulsion. However, it is worth noting that various
studies have demonstrated stable dispersions
even with zeta potential values lower than this
threshold, especially during storage. less than -30
mV, indicating that the niosomal formulation is
stable®. The % EE and % DL values of the LUT-
loaded niosomes. The %EE depends on the type
of encapsulated component, the vesicle material’s
characteristics, and the surfactants’ qualities.
It was observed that with the increasing lipid
concentration, the % EE increased. FTIR spectral
analysis offers scientifically significant insights
into the compound’s chemical composition and
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the specific functional groups it contains. There
is no drug and excipient chemical interaction, as
evidenced by the drug’s LUT-loaded Niosomes
FTIR spectra showed no change in their functional
group regions.

The in vitro release of LUT from all
Niosome preparations was investigated over 12
hours using the dialysis bag technique in a PBS at
pH 7.4. Notably, no immediate brust release of drug
was observed in the Niosome formulations during
the first 6 hours.However, it is recommended to
optimize the drug’s release from the niosomes to
better synchronize with the elevated solubility of
LUT in the niosomes vesicle. According to the
findings, all formulations with the first-order model
were fairly linear. According to the Korsmeyer
Peppas model, the value of 7 should be in the range
of 0.45-0.89 of the standard value. The release
exponent (n) value was found to be 0.25 to 0.71,
indicating Fickian (class I) diffusion.Optimized
method using the point prediction, the formulation
of the optimal niosomes was chosen. The optimized
formulation’s stability was studied by storing it at
4 + C (refrigeration) and 25C “room temperature”
for 3 months. An increase in temperature decreases
the drug’s EE capability due to the degradation of
lipids. From the obtained data, it can be concluded
that the optimum storage condition for niosomes
was 4°C.

CONCLUSIONS

This study focused on developing and
thoroughly evaluating luteolin-loaded niosomes
for their potential application in wound healing
delivery. Using the Box-Behnken Design (BBD),
we successfully optimized the formulation of
luteolin-loaded niosomes using the Thin Film
Hydration Method. Notably, the concentrations of
surfactant and cholesterol significantly influenced
both the encapsulation efficiency (EE) and release
kinetics of luteolin, with higher lipid concentrations
leading to increased EE. Our optimized niosome
formulation exhibited favorable characteristics,
including a vesicle size 0f 267.2 nm, a polydispersity
index (PDI) of 0.34, a zeta potential of -20.25 mV,
and an EE of 78.31%. Fourier-transform infrared
(FTIR) spectra confirmed the presence of luteolin
functional groups without any alterations in other
excipients. Furthermore, our release studies

conducted in phosphate-buffered saline (pH 7.4)
demonstrated that the optimized luteolin-loaded
niosomal suspension exhibited a drug release
of 67.08% within 12 hours. The release kinetics
followed a first-order reaction and exhibited
Fickian diffusion, indicating prolonged drug
release over 12 hours. This sustained release profile
suggests the potential of our niosomes formulation
to reduce dosing frequency, thereby enhancing
therapeutic efficacy and patient adherence. Novelty
in the study can be introduced by coating the
niosomes to improve stability at 25UC.Further
investigations could explore the in vivo efficacy and
safety of the optimized luteolin-loaded niosomes
in animal wound healing models. Additionally,
efforts to fine-tune formulation parameters and
explore alternative drug delivery methods could
contribute to advancing the clinical translation of
this promising approach. Ultimately, our study lays
a solid foundation for future research endeavors to
leverage the therapeutic potential of luteolin-loaded
niosomes for enhanced wound healing outcomes.
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