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Abstract: In the present study, luteolin (LT)-loaded nanosized vesicles (LT-NVs) were prepared by a
solvent evaporation–hydration method using phospholipid and edge activator. The formulation was
optimized using three factors at a three-level Box–Behnken design. The formulated LT-NVs were
prepared using the three independent variables phospholipid (A), edge activator (B) and sonication
time (C). The effect of used variables was assessed on the vesicle size (Y1) and encapsulation effi-
ciency (Y2). The selection of optimum composition (LT-NVopt) was based on the point prediction
method of the software. The prepared LT-NVopt showed the particle size of 189.92 ± 3.25 nm with
an encapsulation efficiency of 92.43 ± 4.12% with PDI and zeta potential value of 0.32 and −21 mV,
respectively. The formulation LT-NVopt was further converted into Carbopol 934 gel (1% w/v) to
enhance skin retention. LT-NVoptG was further characterized for viscosity, spreadability, drug con-
tent, drug release, drug permeation and antioxidant, antimicrobial and cytotoxicity assessment. The
evaluation result revealed optimum pH, viscosity, spreadability and good drug content. There was
enhanced LT release (60.81 ± 2.87%), as well as LT permeation (128.21 ± 3.56 µg/cm2/h), which
was found in comparison to the pure LT. The antioxidant and antimicrobial study results revealed
significantly (p < 0.05) better antioxidant potential and antimicrobial activity against the tested or-
ganisms. Finally, the samples were evaluated for cytotoxicity assessment using skin cancer cell line
and results revealed a significant difference in the viability % at the tested concentration. LT-NVoptG
showed a significantly lower IC50 value than the pure LT. From the study, it can be concluded that
the prepared LT-NVoptG was found to be an alternative to the synthetic drug as well as conventional
delivery systems.

Keywords: luteolin; vesicles; irritation study; optimization; topical gel

1. Introduction

Cancer is a major health issue all over the globe caused by abnormal cell growth
with invasive potentials [1]. There are multiple influencing factors such as genetic factors,
environmental factors, alcohol consumption, smoking, exposure to radiation and heredity.
Melanoma is a type of skin cancer with the highest metastatic effect rate. It can spread to
the other sites of the body by entering into the lymphatic system and bloodstream [2]. It can
originate from the malignant transformation of melanocytes and is the most aggressive
skin cancer. It has a low survival rate, high multidrug resistance and common relapse.
Nowadays, nanoformulations are the most widely explored delivery systems for skin-
related disease. They can bypass the effect of the first pass through the liver, with high
stability and low dose, and can target the affected area [3,4].

Nowadays much attention has been given to the bioactive compounds with antiox-
idant properties in the treatment of cancer. The flavonoid luteolin (LT) is an important
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natural antioxidant that has potent anticancer effects. It is a natural flavonoid, present in
different plant species. It has been reported to have a wide range of pharmacological actions
such as anti-inflammatory, anti-allergic, antioxidant and anticancer properties. The anti-
inflammatory activity of LT is related to its anticancer properties [5]. There are numerous
research studies that reported cell line activity against different cancers [1]. It acts by exhibit-
ing cell cycle arrest during the G1 phase linked to suppression of CDK2 activity [6]. It helps
to reduce the epidermal growth factor-induced markers as well as restoration of cell–cell
junctions [1,7]. LT-loaded nanoformulations such as folacin-modified nanoparticle [8],
nanoparticles [9,10], NLCs [11], folic acid-modified ROS-responsive nanoparticles [12], and
nanospheres [13] have been prepared and enhanced bioavailability and efficacy have been
reported. However, the application of LT vesicles in the skin cancer has not been reported.

The application of nanoformulations has been found effective in the enhancement of
solubility of poorly soluble drugs [14]. Over the last decades, lipid-based nanovesicles for
topical delivery have been used to improve therapeutic efficacy. There are different types of
nanovesicles such as transferosomes, ethosomes, niosomes and cubosomes which are used
as topical delivery [15]. These vesicles are composed of cholesterol, phospholipids, surfac-
tants and water. These carrier systems can encapsulate both hydrophilic and hydrophobic
drugs. They can deliver drugs to both topical as well as systemic circulation [16]. The use
of an edge activator in the formulation of lipid vesicles gives flexibility to the lipid bilayer
and can permeate into a very low skin pore size [17]. It is also termed an ultra-deformable
vesicle with an aqueous core surrounded by the lipid bilayer. Due to the ultra-flexibility, it
can penetrate into the intact human skin and act as non-invasive targeting. The vesicles
have the ability to protect a drug from unfavorable absorption into the cutaneous blood
vessels. This helps to retain the drug at the skin site [18,19]. The edge activator promotes
skin permeation through an intercellular lipid matrix by mixing with stratum corneum
as well as by altering the lamellae [18,20,21]. It can permeate with low-, medium- and
high-molecular-weight drugs [22].

The object of the present study was to prepare luteolin-loaded nanovesicles (LT-NVs)
and characterize them for different parameters. The present delivery systems were op-
timized by using three factors, phospholipid 90 G (A), edge activator (B) and sonication
time (C), at three levels (−, 0, +). The different formulation compositions were assessed
on the particle size (PS) and encapsulation efficiency (EE) to select the optimized formula-
tion. From the formulation design approach, optimized luteolin nanovesicles (LT-NVopt)
were selected and characterized for permeation, drug release, antioxidant activity and
cytotoxicity activity.

2. Material and Methods
2.1. Materials

Luteolin was purchased from Beijing Mesochem Technology Co. Pvt. Ltd. (Beijing,
China). Phospholipid 90G was received as a gift sample from Lipoid GmbH, Ludwigshafen,
Germany. Sodium cholate, methyl paraben, triethanolamine and tween 80 were purchased
from Sigma Aldrich, St Louis, MO, USA and Loba Chemie, Mumbai, India. Optimization
of the formulation was performed using Design Expert software (Stat-Ease, Minneapolis,
MN, USA). The cells were procured from the National Centre for Cell Science, Pune, India.
Carbopol 934 and disodium hydrogen phosphate were procured from Loba Chemie Pvt.
Ltd. Mumbai, India and Planet Science, Vadodra, India. The solvents methanol, chloroform,
ethanol and water were used at analytical grade.

2.2. Optimization

The prepared LT-NVs were statistically optimized by a three factors, three level
Box–Behnken design. LT-NVs were prepared using the variables phospholipid (A), edge
activator (B) and sonication time (C) at three-levels, i.e., low (−), medium (0) and high (+)
(Table 1). The design showed fifteen formulation runs with three center points (the same
composition to check the error) and their effects were assessed on PS (Y1) and EE (Y2).
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The polynomial equation and 3D and contour plots were generated for all the variables
to evaluate the individual as well as combined effects. The actual and predicted values
were also generated from the software to confirm the results. The selection of formulation
variables was done based on the preliminary study. The dose of LT was fixed in all
compositions.

Table 1. Independent variables used to optimize luteolin nanovesicles (LT-NVopt) using a Box–
Behnken design.

Independent Variables Code Low (−1) Medium (0) High (+1)

Phospholipid 90 G (% w/v) A 70 80 90
Edge activator (% w/v) B 10 20 30
Sonication time (min) C 3 6 9

Dependent Variables

Particle size (nm) Y1
Encapsulation efficiency (%) Y2

2.3. Formulation of Luteolin Nanovesicles (LT-NVs)

LT-NVs were prepared using a solvent evaporation hydration method as per a reported
procedure with slight modifications [23]. The ingredients phospholipid 90 G (A) and edge
activator (B, sodium cholate—tween 80 blends, 50:50) were taken in specified amount
as shown in Table 2. Each ingredient including LT (25 mg) was accurately weighed and
transferred to a round bottom flask containing chloroform:methanol (10 mL, 1:1). The
flask was attached to a rotary evaporator and the organic solvent was removed at low
temperature (40 ◦C) to form a thin lipid film. The flask was removed from the evaporator
and kept overnight to remove the traces of organic solvent. LT-loaded thin lipid film was
hydrated with phosphate buffer saline (10 mL, pH 6.8) at 100 rpm for 30 min. The prepared
luteolin lipid vesicles (LT-NVs) were kept overnight at room temperature for stabilization
of vesicles. Finally, the LT-NVs were probe sonicated in ice condition (4 ◦C) for different
time points with 5 min interval to reduce the size. The prepared samples were transferred
to a vial and then stored for further characterization.

Table 2. Low, medium and high levels of experimental independent variables phospholipid 90 G (A),
edge activator (B), sonication time (C) with their effects on size (Y1, nm) and encapsulation efficiency
(Y2, %).

Code A (%, w/v) B (%, w/v) C (min) Y1 (nm) Y2 (%)

1 80.00 20.00 6.00 213.8 ± 1.1 81.11 ± 3.3
2 80.00 20.00 6.00 215.1 ± 1.9 80.24 ± 3.9
3 90.00 10.00 6.00 222.4 ± 4.3 73.56 ± 2.6
4 90.00 30.00 6.00 214.2 ± 1.5 89.87 ± 4.1
5 80.00 20.00 6.00 212.6 ± 2.1 81.21 ± 3.5
6 70.00 10.00 6.00 148.5 ± 3.7 81.11 ± 3.2
7 80.00 30.00 3.00 155.2 ± 2.9 76.87 ± 4.1
8 90.00 20.00 3.00 187.2 ± 1.8 77.28 ± 4.7
9 90.00 20.00 9.00 254.6 ± 2.3 69.11 ± 3.2

10 80.00 10.00 9.00 166.6 ± 4.1 63.56 ± 1.9
11 70.00 30.00 6.00 202.4 ± 3.2 73.44 ± 2.1
12 80.00 30.00 9.00 231.1 ± 1.5 80.12 ± 1.7
13 80.00 10.00 3.00 164.7 ± 1.7 77.32 ± 2.3
14 70.00 20.00 9.00 182.4 ± 2.3 73.32 ± 3.2
15 70.00 20.00 3.00 173.3 ± 3.5 75.65 ± 2.7

2.4. Vesicle Characterization

The prepared LT-NVs were evaluated for particle size (PS), size distribution (PDI)
and surface charge (ZP). The samples were analyzed by a particle size analyzer (Malvern
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zeta sizer, Malvern, UK). The samples (0.1 mL) were taken, diluted with double distilled
water and scanned for PS and PDI. ZP was also evaluated using a similar method with an
electrode-containing cuvette to measure the surface charge. The ideal ZP and PDI value
must be ±30 mV and less than 0.7 to get uniform vesicle size distribution [24,25].

2.5. Encapsulation Efficiency (EE)

LT encapsulation from the prepared LT-NVs was evaluated by an ultracentrifugation
method [26]. The formulations (5 mL) were taken in centrifuge tube and centrifuged at
10,000 rpm for 1 h. The supernatant containing LT was collected and diluted further to
evaluate LT content in each sample by using UV spectrophotometer (Shimadzu 1800, Kyoto,
Japan). The concentration of LT was calculated by the equation:

EE (%) = (
Wa − Wb

Wa
) × 100 (1)

Wa: Initial LT content; Wb: Free LT content.

2.6. Formulation of Luteolin Nanovesicles Based Gel (LT-NVoptG)

The optimized formulation (LT-NVopt) was converted into the semisolid gel formula-
tion using carbopol 934 as gelling agent. The previously optimized gelling agent Carbopol
(1%, w/v) was dispersed into the distilled water and kept aside for 24 h for complete
swelling. The prepared LT-NVopt was added to polymer dispersion with continuous
stirring to get a uniform homogenous gel. Triethanolamine and methyl paraben was added
to maintain the pH and preservation to the gel system [27].

2.7. LT-NVoptG Characterization

The prepared LTNVoptG was characterized for different parameters to evaluate the
characteristics of the gel. The different parameters such as drug content, pH, viscosity
and spreadability were evaluated. The drug content was evaluated to calculate the LT
amount in the gel formulation. The difference in the amount of LT added and the amount
of LT present was calculated. The prepared LT-NVoptG (50 mg) was taken and dissolved
in methanol. The sample was centrifuged at 10,000 rpm for 10 min and the supernatant
was collected. The supernatant was further diluted, filtered and the drug content was
estimated by UV spectrophotometer. The pH of prepared gel was evaluated using a digital
pH meter [28]. The gel sample was taken in a small beaker and the pH meter was dipped
into it until it showed a stable value. The viscosity was evaluated to check the flow property
of the prepared LT-NVoptG by a viscometer at room temperature [29]. The gel was further
evaluated for extrudability and spreadability. The gel sample was taken and kept on the
glass slide with a pre-marked area. Then, another slide was placed over the sample and
weight was applied. The spread of gel after application of weight was noted and the
difference between the initial area and final area was calculated [30]. The extrudability of
the gel was evaluated by filling the gel sample into the tube and weight was applied. The
tube was pressed from the crimp side end and the extruded gel was collected to calculate
the extrudability.

2.8. Drug Release

The release study from the prepared LT-NVoptG, LT-NVopt and pure LT were eval-
uated using a dialysis bag [31]. A 2 mL (5 mg LT) sample was filled in the dialysis bag
and both the ends were tied. The bags were dipped into the dissolution medium (500 mL
with 1% tween 80, pH 6.8) and temperature was set at 37 ± 0.5 ◦C with stirring speed
of 50 rpm. At specific time intervals, the released LT content (5 mL) was collected and
replenished with the same volume to maintain the uniform condition throughout the study.
The released content from the samples was evaluated by UV spectrophotometer.



Pharmaceutics 2021, 13, 1749 5 of 17

2.9. Permeation Study

The comparative permeation study was performed using egg membrane following a
reported procedure with slight modifications [32]. Egg membrane has similar properties to
stratum corneum of human skin [33,34]. The different samples of pure LT, LT-NVopt and
LT-NVoptG were taken and filled to the diffusion cell with effective surface area of 3 cm2

and receptor volume of 20 mL. The egg membrane was carefully removed and checked for
any damage [35]. The samples (~5 mg LT) were filled in the donor compartment and the
receptor compartment was filled with phosphate buffer saline. The study was performed
at 37 ◦C with continuous stirring. After specific time points, the permeated content (1 mL)
was collected and replenished with fresh release media. The permeated contents were
filtered and diluted further with appropriate solvent. The drug content at each time point
was measured using spectrophotometer in triplicate (n = 3).

2.10. Antioxidant Assessment

The prepared LT-NVopt, LT-NVoptG and pure LT were evaluated for DPPH-based
antioxidant activity. The samples were reacted with ά,ά-diphenyl-β-picrylhydrazyl (DPPH)
standard to change the color from violet to colorless [36]. The antioxidant has the property
to donate the hydrogen ion and decrease the absorbance of the test compounds. The pure
LT and LT-NVoptG were prepared in different concentration ranges and sample volume
100 µL was transferred to small glass vials. The samples were incubated with standard
DPPH solution and kept aside for 30 min to complete the reaction mixture. Finally, the
sample plate was assessed at 517 nm. The study was performed in triplicate and the effects
were calculated using the equation:

AA % =
(Absorbance of control − Absorbance of test)

Absorbance of control
× 100 (2)

2.11. Antimicrobial Activity

The prepared LT-NVoptG was evaluated for antibacterial activity and results were
compared with pure LT. The study was performed using the microdilution test with a
slightly modified reported method [37]. The samples were tested against the microorgan-
isms S. Aureus, E. coli and B. subtilis. The organism’s broth culture was added to the growth
medium and transferred to a clean sterilized Petriplate at 121 ◦C (15 PSI). The plates were
kept aside for the solidification of the media. The wells were prepared with a sterilized
stainless-steel borer. Each sample was transferred to the well and plates were kept aside
at room temperature to diffuse the sample into the medium. The plates were kept in an
incubator and the zone of inhibition was measured to check the effect of sample.

2.12. Cytotoxicity Study

The cytotoxicity assessment was evaluated to check the effect of the prepared LT-
NVoptG, LT-NVopt and pure LT on the skin cancer cell line (B16F1). The cells were
collected and stored in CO2 (5%) and oxygen (95%) at 37 ◦C by using Dulbecco Modified
Eagle media with the support of serum of fetal calf (5%). The experiments were performed
with asynchronous populations in the phase of exponential and rapid growth, 24 h after the
plating of a sample [38]. B16F1 cells (3 × 103) were added to DMEM (200 µL) and placed in
the microplate (96 plate). The fresh medium was replaced after 24 h incubation time with
serum-free DMEM. The cell line was incubated with pure LT, LT-NVopt and LT-NVoptG in
the media corresponding to a concentration between 10–1000 µM for 24 h. Then, MTT was
added into the well of the microplate and further incubated for 4 h at 37 ◦C. The formazan
crystals were formed after the lysis of cells and then dissolved using DMSO (100 µL). The
absorbance of the pure LT and LT-NVoptG were evaluated at 570 nm using the microplate
reader. The IC50 values of the samples were calculated to compare the difference between
them. IC50 was expressed as the concentration of drug needed to kill 50% of the cells. The
study was performed in triplicate.
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2.13. Irritation Study

The chorioallantoic membrane (HET-CAM) method was used to study the irrita-
tion [39]. This method is commonly used because no animal is required to perform the
study. It is a sensitive alternative to the Draize test [40]. The study was performed with
negative control, positive control and prepared LT-NVoptG to compare the results. Hen
eggs were taken and kept in an incubator for 10 days at 37 ◦C with 55 ± 2% RH. The eggs
were regularly rotated after 24 h for 10 days. On the 10th day, the eggs were taken out
from the chamber and then the outer eggshell was removed from the air chamber side.
For clear visibility of CAM from the air chamber side, sterilized normal saline solution
was added. The samples negative control, positive control and prepared LT-NVoptG were
added to the CAM and the cumulative scoring was noted at different time points. The
cumulative irritation score from each treated egg was compared with the standard irritant.
The scoring of irritation was done as per the scale of hemorrhage, lysis and coagulation.
The score was calculated between 0 (no reaction) to 3 (strong reaction). The irritation score
was classified as slight irritation (≤); moderate irritation (>0.8–<1.2); irritation (≥1.2–≤2);
severe irritation (≥2) [39].

2.14. Statistical Analysis

The data are presented in triplicate and shown as mean ± SD. Graph pad Instat
was used to analyze the data (GraphPad Software Inc., La Jolla, CA, USA). Data were
subjected to one-way ANOVA followed by Bonferroni multiple tests to analyze statistically
significant differences between samples.

3. Results and Discussion
3.1. Optimization

The prepared luteolin nanovesicles (LT-NVs) were prepared by a solvent evaporation–
film hydration method. BBD optimization techniques give the maximum variables at
different levels along with a lower number of experimental runs [41]. The formulations
were optimized using phospholipid (A), edge activator (B) and sonication time (C) as
independent variables. The lower and upper levels of the independent variables were
taken as phospholipid 90 G (70–90% w/v), edge activator (10–30% w/v) and sonication time
(3–9 min). The design had fifteen different formulation compositions with three common
compositions to check the error in the results. The used formulation variables showed a
significant effect on the size (Y1) and encapsulation efficiency (Y2). The effect of formulation
variables was observed by the application of the polynomial equation and response surface
plot (Figures 1 and 2). The independent variables showed individual as well as a combined
effect on the size (Y1) and encapsulation efficiency (Y2). The different statistical parameters
such as linear, cubic, quadratic and 2F models were evaluated and the best fit model was
found to be quadratic. The maximum R2 values were found to be for the quadratic model.
From the results, a closer value of predicted as well as practical value confirms that the
used method composition is ideal for the prepared delivery systems. The closeness of
the actual and predicted value is also shown graphically in Figure 3. Regression analysis
was used to analyze the different models for dependent variables and was found to be
quadratic as shown in Table 3.
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Table 3. Regression analysis summary for responses Y1 (PS) and Y2 (EE).

Model R2 Adjusted R2 Predicted R2 SD

(Y1)
Linear 0.6021 0.4924 0.2149 21.91

2F1 0.8406 0.7210 0.4411 16.25
Quadratic 0.9987 0.9963 0.9835 1.88

(Y2)
Linear 0.2857 0.0909 −0.4251 6.68

2F1 0.8383 0.7170 0.5789 3.73
Quadratic 0.9985 0.9959 0.9876 0.45

R2 = Coefficient of correlation; SD = Standard deviation.

3.2. Effect of Formulation Factors on PS

The prepared LT-NVs showed vesicle size in the range of 155.2 ± 2.9 nm (F7) to
254.6 ± 2.3 nm (F9). There was a significant (p < 0.05) difference in the size observed
between the prepared LT-NVs. The formulation F7 with the composition of phospholipid
80%, edge activator 30% and sonication time 3 min showed the lowest size. The formulation
F9 showed the highest size with the composition of phospholipid 90% w/v, edge activator
20% w/v and sonication time 9 min. The used composition depicted a significant effect on
the size. The polynomial equation, 3D response surface plot and contour plot (Figure 1)
showed the effect of phospholipid (A), edge activator (B) and sonication time (C) on the
vesicle size:

Particle size: +231.33 + 21.5 A − 12.75 B + 19.25 C − 15.5 AB + 14.5 AC + 18.5 BC +
1.58 A2 − 18.42 B2 − 15.92 C2.

The used factors lipid (A) and sonication time (C) showed a positive effect on the
size, whereas edge activator (B) showed a negative effect. As the lipid concentration
(A) increases, the vesicle size (Y1) increases. The enhancement in the size was thus due
to the increase in the lipid concentration. At high concentration of lipid, the greater
availability of lipid can entrap higher amounts of drug and the size increases. Therefore,
the optimum concentration of lipid is important to get the optimum vesicle size. The lack
of sufficient concentration of edge activator leads to low drug solubility and it also reduces
the surface tension. With an increase in sonication time, the size of vesicles decreases. The
phospholipid of the vesicles might rearrange to form smaller size vesicles. However, with
a longer sonication time, the vesicles break into smaller size. These smaller size vesicles
fold up into thermodynamically stable vesicles and the formed unstable vesicles during
probe sonication may fuse together to form larger vesicles [42,43].
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3.3. Effect of Formulation Factors on EE

The prepared LT-NVs showed the encapsulation efficiency in the range of 63.56 ± 1.9%
(F10) to 89.87 ± 4.1% (F4). There was a significant (p < 0.05) difference in the encapsulation
efficiency observed due to the variation in the composition. The formulation F10 with the
composition of phospholipid 80% w/v, edge activator 10% w/v and sonication time 9 min
showed the minimum encapsulation and the formulation F4 showed the maximum size
with composition of lipid 90%, edge activator 30% and sonication time 6 min. The effects
of used composition lipid (A), edge activator (B) and sonication time (C) are depicted by
the polynomial equation, 3D response plot and contour plot (Figure 2). The below given
polynomial equation showed the effect on the encapsulation efficiency:

Encapsulation efficiency: +80.8 + 0.4875 A − 4.26 B − 2.48 C + 8.5 AB − 1.48 AC +
4.52 BC − 2.4 A2 − 1.9 B2 − 4.88 C2.

The used factor phospholipid (A) showed a positive effect on the encapsulation
efficiency (Y2). With the increase in lipid concentration (A), the encapsulation efficiency
of LT increases. The presence of a high concentration of lipid (A) accommodates a high
concentration of lipophilic drugs, LT. The optimum concentration of lipid is important to
get the optimum encapsulation efficiency because the linear increase in lipid concentration
also affects the EE. The edge activator (B) showed a negative effect on the encapsulation
efficiency. With the gradual increase in the edge activator concentration, the encapsulation
of LT decreased. At high concentration, a greater amount of LT leaches out from the vesicles.
In the case of the third factor, with the increase in sonication time (C), the encapsulation
efficiency decreases. At longer sonication time, the disruption of vesicle structures as well
as degradation of phospholipids takes place, resulting in higher amounts of drug leakage
which leads to low EE [42].

3.4. Point Prediction

The selection of optimized formulation (LT-NVopt) was performed using the point
prediction optimization method by further changing the independent variables. The slight
change in composition also depicted changes in vesicle size and encapsulation efficiency.
The optimized composition (LT-NVopt) was found to be lipid 85% w/v, edge activator
15% w/v and sonication time 4 min. This optimized composition revealed a vesicle size
of 189.92 ± 3.25 nm with an encapsulation efficiency of 92.43 ± 4.12%. The software also
gives predicted vesicle size of 185.11 nm with an encapsulation efficiency of 91.12%.

The used composition was also evaluated by the desirability value of the individual
as well as combined independent variables. The desirability value of the prepared LT-NVs
was found to be closer to 1 (0.991). The value closer to unity confirms that the used method
is robust. Therefore, the LT-NVopt formulation was further converted into Carbopol gel
and was characterized for different parameters.

3.5. Particle Size and Surface Charge

The prepared LT-NVs showed vesicle sizes in the range of 155.2 ± 2.9 nm (F7) to
254.6 ± 2.3 nm (F9). The optimized composition was a vesicle size of 189.92 ± 3.25 nm
(Figure 4). PS less than 500 nm (100–500 nm) is ideal for cellular uptake via the endocytic
pathway. In our study, prepared LT-NVopt size was found to be in the desired range
of internalization by cancer cells [44,45]. The PDI and surface charge of the prepared
LT-NVopt was 0.32 and −21 mV (Figure 5). Thus, less than 0.7 is considered as suitable for
the delivery systems [24].
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3.6. Formulation of Gel

The prepared LT-NVs had low viscosity and rheological properties so it was difficult
to apply the skin layer. For better application, its viscosity was enhanced by the addition of
Carbopol as a gelling agent. The semisolid gel system will better adhere to the skin layer.
Carbopol is the most common and widely used gelling agent due to its compatibility with
skin layers. The optimized concentration of Carbopol was found to be 1% w/v. At this
concentration, LTNVoptG showed good rheological properties so was selected as the final
gelling agent. Triethanolamine was used as a neutralizing agent to enhance the stability of
the formulation [46].

3.7. Characterization of Gel

The prepared LT-NVopG was evaluated for different parameters such as pH, drug
content, viscosity, spreadability and release study. The drug content results indicated
the presence of LT in the prepared gel formulation. The prepared LT-NVoptG showed
a high drug content (98.8 ± 2.12%). The high drug content is good for the adopted
method as well as a delivery system. pH of the prepared LT-NVoptG was evaluated
and the result was found to be closer to skin pH. The variation in pH value may lead to
skin irritation. The prepared LT-NVoptG had a pH value of 6.6 ± 0.44, which is within
the limit of skin formulation and does not produce any toxicity [47]. The viscosity is
also one of the important parameters for the semisolid formulation. The viscosity was
found to be 534 ± 1.22 cps. The particle size and PDI of a nanoformulation significantly
affect the viscosity of the gel formulation. A higher particle size and PDI gives greater
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viscosity [48]. The prepared LT-NVoptG showed extrudability and spreadability values
of 13.11 ± 1.23 g/cm2 and 6.2 ± 0.41 cm, respectively. The optimum range gives better
application to the affected skin membrane. The high viscosity of the gel formulation gives
low spreadability and extrudability values. The optimum viscosity, spreadability and
extrudability results will give better adherence to the skin [49].

3.8. Drug Release

The prepared LT-NVopt, LT-NVoptG and pure LT were evaluated for drug release and
the results are presented in Figure 6. The pure LT showed poor drug release (23.98 ± 1.12%)
in 12 h of the study. The poor release of LT is due to the poor solubility of LT. The prepared
LT-NVopt and LT-NVoptG showed a significantly (p < 0.001) enhanced drug release profile
with a maximum drug release of 79.81 ± 3.15% and 60.81 ± 2.12%, respectively. The
enhanced drug release was achieved from both the prepared formulations, which may
be due to the nano size and enhanced solubility of LT in the presence of the surfactant.
The nanosized vesicle has a greater surface area available to solubilize in the presence
of a surfactant. There was also a significant (p < 0.01) difference in the release observed
between the LT-NVopt and LT-NVoptG. In the case of gel formulation, the drug release
was found to be slower due to the presence of one extra layer of Carbopol which slowly
diffuses the drug into the release media. Therefore, the LT release was found to be slower
with LT-NVoptG than LT-NVopt. The slower release pattern is ideal for topical delivery
because the initial fast release helps to achieve the drug concentration at the target site and
later slow release helps to maintain the therapeutic concentration [50].
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3.9. Permeation Study

The comparative permeation study of LT-NVoptG, LT-NVopt and pure LT was per-
formed to check the amount of LT which permeated across the membrane (Figure 7).
The result revealed significant variation in the drug permeation profile. LT-NVopt and
LT-NVoptG showed the amount of drug permeated was 231.92 ± 3.23 µg/cm2/h and
128.21 ± 3.56 µg/cm2/h in the tested 6 h study, whereas the pure LT dispersion showed
the flux value of 64.59 ± 2.11 µg/cm2/h. There was about a 2–3.6-fold enhancement in
the permeation flux achieved from LT-NVoptG and LT-NVopt. The poor permeability of
pure LT is due to its poor solubility. LT-NVopt also had about 1.7-fold enhancement in the
permeation compared to LT-NVoptG. LT-NVopt has enhanced permeation across the mem-
brane due to the nanovesicle size which can easily penetrate the small pore size. LT-NVopt
is prepared with sodium cholate (edge activator) which has the property to deform the
membrane and penetrate across the membrane. It helps to maintain the structure of the
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vesicles during permeating through the tight junction of the membrane and carry the drug
into the systemic circulation. [51,52]. NVoptG showed less permeation due to the slow
release of LT from the gel which prolongs the drug permeation. This behavior suggests
a long-lasting delivery due to the formation of a drug reservoir into the skin, which can
reduce the frequency of application, thus improving patient compliance [53].
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3.10. Antioxidant Activity

The antioxidant potential of the prepared LT-NVopt and LT-NVoptG was evaluated
using the DPPH method and the results were compared with the pure LT (Figure 8).
The antioxidant potential plays an important role in the biological activity of the bioactive
compound. The comparison was performed to check the effect of excipients. A significant
effect was observed in the tested groups. The result was found to be concentration-
dependent, so as the concentration of LT increases antioxidant potential also increases.
The formulations LT-NVopt and LT-NVoptG showed significantly higher activity than the
pure LT. LT-NVopt, LT-NVoptG and pure LT showed the maximum antioxidant activity of
89.18 ± 3.95%, 84.43 ± 3.11% and 70.23 ± 2.98% at 500 µg/mL, respectively. There was
a significant difference in the activity observed (p < 0.001) at the highest concentration
(500 µg/mL) in comparison to pure LT. The result was also compared between LT-NVopt
and LT-NVoptG and the difference was found to be non-significant. LT-NVopt showed
slightly higher activity than LT-NVoptG. The presence of gelling agents in LT-NVoptG
slows the release of LT and leads to lower activity. From the results, it was observed that the
DPPH-scavenging activity of LT was increased after encapsulation into lipid vesicles [36].
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Figure 8. Antioxidant effects of pure luteolin (LT), luteolin nanovesicles (LT-NVopt) and lute-
olin nanovesicles gel (LT-NVoptG). The study was performed in triplicate and data are shown
as mean ± SD.
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3.11. Antibacterial Activity

The antibacterial activity of prepared LT-NVoptG was evaluated and results were
compared with pure LT dispersion. The pure LT-treated well showed a zone of inhibition
of 13.56 ± 1.8 mm, 14.23 ± 2.1 mm and 11.76 ± 1.1 mm against S. aureus, E. coli and
B. subtilis, respectively. The LT-NVoptG-treated well showed higher ZOI of 16.11 ± 2.2 mm,
15.32 ± 1.4 mm and 15.22 ± 1.9 mm, respectively. There was marked enhancement in the
ZOI observed from LT-NVoptG-treated organisms. The enhancement in the activity may be
due to the higher solubility of LT in the presence of the used edge activator as well as the
nano size of vesicles. Due to the higher solubility of LT, it showed activity by destroying
the cell wall and cell membrane and inhibiting nucleic acid synthesis [54].

3.12. Cell Viability

The comparative cell viability study results showed greater activity in LT-NVoptG and
LT-NVopt compared to pure LT (Figure 9). LT-NVoptG and LT-NVopt revealed significantly
(p < 0.01) greater activity than pure LT. The comparison performed between LT-NVoptG
and LT-NVopt also showed significant (p < 0.05) differences among them. LT-NVoptG
showed slower activity than LT-NVopt due to slower LT release from gel. LT-NVoptG- and
LT-NVopt-treated cells showed higher IC50 values of 428.11 µM and 380 µM compared to
pure LT (780.55 µM) after 24 h of treatment. The effect on the cell viability is concentration
dependent. With the increase in concentration of LT, the viability % changes. The pure LT-
treated cells showed the cell viability % at different concentrations of 250 µM (92.11 ± 3.2),
500 µM (69.44 ± 4.4) and 1000 µM (38.11 ± 3.8). LT-NVopt showed the cell viability
% at concentration of 100 µM (85.54 ± 2.9), 250 µM (71.74 ± 4.7), 500 µM (38.54 ± 5.9)
and 1000 µM (21.87 ± 2.4). LT-NVoptG-treated cells showed significant (p < 0.001) effects
at each concentration. LT-NVoptG showed the cell viability % at 100 µM (82.54 ± 2.9),
250 µM (73.65 ± 2.4), 500 µM (41.21 ± 3.6) and 1000 µM (31.11 ± 1.2). During the com-
parison, the difference was found to be significantly (p < 0.001) higher among both the
groups. LT-NVoptG showed enhanced growth inhibitory effects in the treated cells at lower
concentration in comparison to pure LT.
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Figure 9. Cell viability study of pure luteolin, luteolin nanovesicles (LT-NVopt) and luteolin nanovesi-
cles gel (LT-NVoptG). The study was performed in triplicate and data are shown as mean ± SD.

3.13. Irritation Study

The HET CAM method is a well-accepted method to check the irritation potential
of a sample. The negative and positive control-treated sample showed a response that
comes under the category of non-irritating, irritating and severely irritating. This method
was applied to check the irritation potential of the prepared LT-NVoptG. The cumulative
irritation score was calculated for LT-NVoptG, negative control (NaCl 0.9% w/v) and
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positive control (SLS, 1% w/v) to compare the results (Table 4). Visual observation was
done for the lysis, hemorrhage and coagulation of blood vessels. A score between 0–0.8
is considered as non-irritant with no sign of abnormality after treatment. The negative
control and prepared LT-NVoptG showed no sign of lysis, hemorrhage or coagulation. The
negative control and LT-NVoptG-treated samples showed a cumulative score of 0 and 0.15
after the treatment with CAM. The positive control sample showed a cumulative score of
2.8 after treatment with CAM. The high score was shown by the positive control due to the
hemorrhage and coagulation observed at different time points.

Table 4. HET-CAM irritation score treated with different groups.

Test Sample Egg
Time (min) Overall Score

0 0.5 2 5

LT-NVopG

Egg 1 0 0 0 0

0.15
Egg 2 0 0 0 0
Egg 3 0 0 0.2 0.4
Egg 4 0 0 0 0

Mean score 0 0 0.05 0.1

SLS, 1% w/v
(Positive control)

Egg 1 0 0.8 0.8 2
Egg 2 0 0.8 1.2 2

2.8
Egg 3 0 0.8 1.2 1
Egg 4 0 0 0.8 0

Mean score 0 0.6 1 1.2

NaCl 0.9% w/v
(Negative control)

Egg 1 0 0 0 0
Egg 2 0 0 0 0

0
Egg 3 0 0 0 0
Egg 4 0 0 0 0

Mean score 0 0 0 0

4. Conclusions

LT-NVs were prepared by solvent evaporation–hydration method using phospholipid,
edge activator and sonication time as independent variables. The optimization of LT-NVs
was performed using a Box–Behnken design with three factors at three levels. The prepared
LT-NVs showed the nanometric vesicle size with high encapsulation efficiency. The opti-
mized formulation LT-NVopt was converted to gel (LT-NVoptG) using Carbopol as a gelling
agent. LT-NVoptG showed optimum viscosity, pH, spreadability, and prolonged-release
profile with enhanced permeation compared to pure LT. The irritation, antibacterial and
cytotoxicity results showed that the prepared LT-NVoptG was found to be non-irritating,
with good antibacterial properties and lower cytotoxicity. The overall formulation design
showed that the prepared LT-NVs-based gel delivery system acts as a potential delivery
system in the treatment of skin diseases.
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4. Kryczyk-Poprawa, A.; Kwiecień, A.; Opoka, W. Photostability of Topical Agents Applied to the Skin: A Review. Pharmaceutics

2020, 12, 10. [CrossRef]
5. Lin, Y.; Shi, R.; Wang, X.H.; Shen, H. Luteolin, a flavonoid with potentials for cancer prevention and therapy. Curr. Cancer Drug

Targets 2008, 8, 634–646. [CrossRef]
6. Martin, K.R. Targeting apoptosis with dietary bioactive agents. Exp. Biol. Med. 2006, 231, 117–129. [CrossRef]
7. Tai, Z.; Lin, Y.; He, Y.; Huang, J.; Guo, J.; Yang, L.; Zhang, G.; Wang, F. Luteolin sensitizes the antiproliferative effect of interferon

α/β by activation of Janus kinase/ signal transducer and activator of transcription pathway signaling through protein kinase
A-mediated inhibition of protein tyrosine phosphatase SHP-2 in cancer cells. Cell. Signal. 2014, 26, 619–628.

8. Wu, C.; Xu, Q.; Chen, X.; Liu, J. Delivery luteolin with folacin-modified nanoparticle for glioma therapy. Int. J. Nanomed. 2019, 14,
7515–7531. [CrossRef]

9. Wang, L.; Zhong, C.; Zu, Y.; Zhao, X.; Deng, Y.; Wu, W.; Sun, X.; Wang, L.; Wu, M. Preparation and characterization of
luteolin nanoparticles for enhance bioavailability and inhibit liver microsomal peroxidation in rats. J. Funct. Foods 2019, 55,
57–64. [CrossRef]

10. Shinde, P.; Agraval, H.; Singh, A.; Yadav, U.C.S.; Kumar, U. Synthesis of luteolin loaded zein nanoparticles for targeted cancer
therapy improving bioavailability and efficacy. J. Drug Deliv. Sci. Technol. 2019, 52, 369–378. [CrossRef]

11. Gilani, S.J.; Bin-Jumah, M.; Rizwanullah, M.; Imam, S.S.; Imtiyaz, K.; Alshehri, S.; Alam, M.R.M. Chitosan Coated Luteolin
Nanostructured Lipid Carriers: Optimization, In Vitro-Ex Vivo Assessments and Cytotoxicity Study in Breast Cancer Cells.
Coatings 2021, 11, 158. [CrossRef]

12. Wang, Y.; Wang, Q.; Feng, W.; Yuan, Q.; Qi, X.; Chen, S.; Yao, P.; Dai, Q.; Xia, P.; Zhang, D.; et al. Folic acid-modified ROS-
responsive nanoparticles encapsulating luteolin for targeted breast cancer treatment. Drug Deliv. 2021, 28, 1695–1708. [CrossRef]

13. Tawornchat, P.; Pattarakankul, T.; Palaga, T.; Intasanta, V.; Wanichwecharungruang, S. Polymerized Luteolin Nanoparticles:
Synthesis, Structure Elucidation, and Anti-Inflammatory Activity. ACS Omega 2021, 6, 2846–2855. [CrossRef]

14. Jangdey, M.S.; Gupta, A.; Saraf, S.; Saraf, S. Development and optimization of apigenin-loaded transfersomal system for skin
cancer delivery: In vitro evaluation. Artif. Cells Nanomed. Biotechnol. 2017, 45, 1452–1462. [CrossRef]

15. Cristiano, M.C.; Froiio, F.; Spaccapelo, R.; Mancuso, A.; Nisticò, S.P.; Udongo, B.P.; Fresta, M.; Paolino, D. Sulforaphane-Loaded
Ultradeformable Vesicles as A Potential Natural Nanomedicine for the Treatment of Skin Cancer Diseases. Pharmaceutics 2020, 12,
6. [CrossRef]

16. Ramezani, V.; Honarvar, M.; Seyedabadi, M.; Karimollah, A.; Ranjbar, A.M.; Hashemi, M. Formulation and optimization of
transfersome containing minoxidil and caffeine. J. Drug Deliv. Sci. Technol. 2018, 44, 129–135. [CrossRef]

17. Omar, M.M.; Hasan, O.A.; El Sisi, A.M. Preparation and optimization of lidocaine transferosomal gel containing permeation
enhancers: A promising approach for enhancement of skin permeation. Int. J. Nanomed. 2019, 14, 1551–1562. [CrossRef]

18. Chen, M.; Shamim, M.A.; Shahid, A.; Yeung, S.; Andresen, B.T.; Wang, J.; Nekkanti, V.; Meyskens, F.L., Jr.; Kelly, K.M.; Huang,
Y. Topical Delivery of Carvedilol Loaded Nano-Transfersomes for Skin Cancer Chemoprevention. Pharmaceutics 2020, 12,
1151. [CrossRef]

19. Elsayed, M.M.; Abdallah, O.Y.; Naggar, V.F.; Khalafallah, N.M. Deformable liposomes and ethosomes as carriers for skin delivery
of ketotifen. Die Pharm. 2007, 62, 133–137.

20. Lalotra, A.S.; Singh, V.; Khurana, B.; Agrawal, S.; Shrestha, S.; Arora, D.A. Comprehensive Review on Nanotechnology-Based
Innovations in Topical Drug Delivery for Treatment of Skin Cancer. Curr. Pharm. Des. 2020, 26, 5720–5731. [CrossRef]

21. El Zaafarany, G.M.; Awad, G.A.; Holayel, S.M.; Mortada, N.D. Role of edge activators and surface charge in developing
ultradeformable vesicles with enhanced skin delivery. Int. J. Pharm. 2010, 397, 164–172. [CrossRef] [PubMed]

22. Zhang, X.; Liu, J.; Qiao, H.; Liu, H.; Ni, J.; Zhang, W.; Shi, Y. Formulation optimization of dihydroartemisinin nanostructured
lipid carrier using response surface methodology. Powder Technol. 2010, 197, 120–128. [CrossRef]

23. Imam, S.S.; Ahad, A.; Aqil, M.; Akhtar, M.; Sultana, Y.; Ali, A. Formulation by design based risperidone nano soft lipid vesicle as
a new strategy for enhanced transdermal drug delivery: In-vitro characterization, and in-vivo appraisal. Mater. Sci. Eng. C 2017,
75, 1198–1205. [CrossRef] [PubMed]

24. Danaei, M.; Dehghankhold, M.; Ataei, S.; Hasanzadeh Davarani, F.; Javanmard, R.; Dokhani, A.; Khorasani, S.; Mozafari, M.R.
Impact of Particle Size and Polydispersity Index on the Clinical Applications of Lipidic Nanocarrier Systems. Pharmaceutics 2018,
10, 57. [CrossRef] [PubMed]

25. Joseph, E.; Singhvi, G. Chapter 4—Multifunctional nanocrystals for cancer therapy: A potential nanocarrier. In Nanomaterials for
Drug Delivery and Therapy; William Andrew Publishing: Norwich, NY, USA, 2019; pp. 91–116.

http://doi.org/10.1016/j.biopha.2019.108612
http://doi.org/10.1007/s40204-017-0064-z
http://doi.org/10.1007/s13346-017-0469-1
http://doi.org/10.3390/pharmaceutics12010010
http://doi.org/10.2174/156800908786241050
http://doi.org/10.1177/153537020623100201
http://doi.org/10.2147/IJN.S214585
http://doi.org/10.1016/j.jff.2019.01.054
http://doi.org/10.1016/j.jddst.2019.04.044
http://doi.org/10.3390/coatings11020158
http://doi.org/10.1080/10717544.2021.1963351
http://doi.org/10.1021/acsomega.0c05142
http://doi.org/10.1080/21691401.2016.1247850
http://doi.org/10.3390/pharmaceutics12010006
http://doi.org/10.1016/j.jddst.2017.12.003
http://doi.org/10.2147/IJN.S201356
http://doi.org/10.3390/pharmaceutics12121151
http://doi.org/10.2174/1381612826666200819202821
http://doi.org/10.1016/j.ijpharm.2010.06.034
http://www.ncbi.nlm.nih.gov/pubmed/20599487
http://doi.org/10.1016/j.powtec.2009.09.004
http://doi.org/10.1016/j.msec.2017.02.149
http://www.ncbi.nlm.nih.gov/pubmed/28415407
http://doi.org/10.3390/pharmaceutics10020057
http://www.ncbi.nlm.nih.gov/pubmed/29783687


Pharmaceutics 2021, 13, 1749 16 of 17

26. Abou Samra, M.M.; Salama, A.H.; Awad, G.E.A.; Mansy, S.S. Formulation and Evaluation of Novel Hybridized Nanovesicles for
Enhancing Buccal Delivery of Ciclopirox Olamine. AAPS PharmSciTech 2020, 21, 283. [CrossRef]

27. Yang, X.; Trinh, H.M.; Agrahari, V.; Sheng, Y.; Pal, D.; Mitra, A.K. Nanoparticle-Based Topical Ophthalmic Gel Formulation for
Sustained Release of Hydrocortisone Butyrate. AAPS PharmSciTech 2016, 17, 294–306. [CrossRef]

28. Nautiyal, U.; Mohammed, J.; Kazmi, I. Preparation and Evaluation of Antifungal Micro-Emulsion/Gel using reduce Dose of
Silver, Supported by Ciprofloxacin. Int. Pharm. Sci. 2012, 2, 72–87.

29. Barot, B.S.; Parejiya, P.B.; Patel, H.K.; Gohel, H.C.; Shelat, P.K. Microemulsion-based gel of terbinafine for the treatment of
onychomycosis: Optimization of formulation using D-optimal design. AAPS PharmSciTech 2012, 13, 184–192. [CrossRef]

30. Gaba, B.; Fazil, M.; Khan, S.; Ali, A.; Baboota, S.; Ali, J. Nanostructured lipid carrier system for topical delivery of terbinafine
hydrochloride. Bull. Fac. Pharm. Cairo Univ. 2015, 53, 147–159. [CrossRef]

31. Byeon, J.C.; Lee, S.E.; Kim, T.H.; Ahn, J.B.; Kim, D.H.; Choi, J.S.; Park, J.S. Design of novel proliposome formulation for antioxidant
peptide, glutathione with enhanced oral bioavailability and stability. Drug Deliv. 2019, 26, 216–225. [CrossRef] [PubMed]

32. Saleem, M.N.; Idris, M. Formulation Design and Development of a Unani Transdermal Patch for Antiemetic Therapy and Its
Pharmaceutical Evaluation. Scientifica 2016, 2016, 5. [CrossRef] [PubMed]

33. Kunzi-Rapp, K.; Ruck, A.; Kaufmann, R. Characterization of the chick chorioallantoic membrane model as a short-term in vivo
system for human skin. Arch. Dermatol. Res. 1999, 291, 290–295. [CrossRef] [PubMed]

34. Tay, S.L.M.; Heng, P.W.S.; Chan, L.W. An investigation of the chick chorioallantoic membrane as an alternative model to various
biological tissues for permeation studies. J. Pharm. Pharmacol. 2011, 63, 1283–1289. [CrossRef] [PubMed]

35. Haigh, J.M.; Smith, E.W. The selection and use of natural and synthetic membranes for in vitro diffusion experiments. Eur. J.
Pharm. Sci. 1994, 2, 311–330. [CrossRef]

36. Caddeo, C.; Pucci, L.; Gabriele, M.; Carbone, C.; Fernàndez-Busquetsd, X.; Valenti, D.; Pons, R.; Vassallo, A.; Fadda, A.M.;
Manconi, M. Stability, biocompatibility and antioxidant activity of PEG-modified liposomes containing resveratrol. Int. J. Pharm.
2018, 538, 40–47. [CrossRef] [PubMed]

37. Alshehri, S.; Imam, S.S.; Hussain, A.; Altamimi, M.A. Formulation of Piperine Ternary Inclusion Complex Using β CD and
HPMC: Physicochemical characterization, molecular docking and antimicrobial testing. Processes 2020, 8, 1450. [CrossRef]

38. Hafeez, A.; Kazmi, I. Dacarbazine nanoparticle topical delivery system for the treatment of melanoma. Sci. Rep. 2017, 7,
16517. [CrossRef]

39. Mehling, A.; Kleber, M.; Hensen, H. Comparative studies on the ocular and dermal irritation potential of surfactants. Food Chem.
Toxicol. 2007, 45, 747–758. [CrossRef]

40. Irimia, T.; Dinu-Pîrvu, C.E.; Ghica, M.V.; Lupuleasa, D.; Muntean, D.L.; Udeanu, D.I.; Popa, L. Chitosan-Based In Situ Gels for
Ocular Delivery of Therapeutics: A State-of-the-Art Review. Mar. Drugs 2018, 16, 373. [CrossRef]

41. Zafar, A.; Alruwaili, N.K.; Imam, S.S.; Alotaibi, N.H.; Alharbi, K.S.; Afzal, M.; Ali, R.; Alshehri, S.; Alzarea, S.I.; Elmowafy, M.;
et al. Bioactive Apigenin loaded oral nano bilosomes: Formulation optimization to preclinical assessment. Saudi Pharm. J. 2021,
29, 269–279. [CrossRef]

42. He, Y.; Luo, L.; Liang, S.; Long, M.; Xu, H. Influence of probe-sonication process on drug entrapment efficiency of liposomes
loaded with a hydrophobic drug. Int. J. Polym. Mater. Polym. Biomater. 2019, 68, 193–197. [CrossRef]

43. Mavaddati, M.A.; Moztarzadeh, F.; Baghbani, F. Effect of Formulation and Processing Variables on Dexamethasone Entrapment
and Release of Niosomes. J. Clust. Sci. 2015, 26, 2065–2078. [CrossRef]

44. Zhang, S.; Gao, H.; Bao, G. Physical Principles of Nanoparticle Cellular Endocytosis. ACS Nano 2015, 9, 8655–8671. [CrossRef]
45. Agarwal, S.; Mohamed, M.S.; Raveendran, S.; Rochani, A.K.; Maekawa, T.; Kumar, D.S. Formulation, characterization and

evaluation of morusin loaded niosomes for potentiation of anticancer therapy. RSC Adv. 2018, 8, 32621–32636. [CrossRef]
46. Patel, D.K.; Kesharwani, R.; Kumar, V. Etodolac loaded solid lipid nanoparticle based topical gel for enhanced skin delivery.

Biocatal. Agric. Biotechnol. 2020, 29, 101810. [CrossRef]
47. Riaz, A.; Hendrickx, S.; Elbrink, K.; Caljon, G.; Maes, L.; Ahmed, N.; Kiekens, F.; Khan, G.M. Preparation and Characterization

of Nanostructured Lipid Carriers for Improved Topical Drug Delivery: Evaluation in Cutaneous Leishmaniasis and Vaginal
Candidiasis Animal Models. AAPS PharmSciTech 2020, 21, 185. [CrossRef]

48. Koca, H.D.; Doganay, S.; Turgut, A.; Tavman, I.H.; Saidur, R.; Mahbubul, I.M. Effect of particle size on the viscosity of nanofluids:
A review. Renew. Sustain. Energy Rev. 2018, 82, 1664–1674. [CrossRef]

49. Motawea, T.B.; El-Gawad, A. Topical phenytoin nanostructured lipid carriers: Design and development. Drug Dev. Ind. Pharm.
2018, 44, 144–151. [CrossRef]

50. Uprit, S.; Sahu, R.K.; Roy, A.; Pare, A. Preparation and characterization of minoxidil loaded nanostructured lipid carrier gel for
effective treatment of alopecia. Saudi Pharm. J. 2013, 21, 379–385. [CrossRef]

51. Zeb, A.; Arif, S.T.; Malik, M.; Shah, F.A.; Din, F.U.; Qureshi, O.S.; Lee, E.S.; Lee, G.Y.; Kim, J.K. Potential of nanoparticulate carriers
for improved drug delivery via skin. J. Pharm. Investig. 2019, 49, 485–517. [CrossRef]

52. Dudhipala, N.; Mohammed, R.P.; Youssef, A.A.A.; Banala, N. Effect of lipid and edge activator concentration on development of
aceclofenac-loaded transfersomes gel for transdermal application: In vitro and ex-vivo skin permeation. Drug Dev. Ind. Pharm.
2020, 46, 1334–1344. [CrossRef] [PubMed]

http://doi.org/10.1208/s12249-020-01823-9
http://doi.org/10.1208/s12249-015-0354-5
http://doi.org/10.1208/s12249-011-9742-7
http://doi.org/10.1016/j.bfopcu.2015.10.001
http://doi.org/10.1080/10717544.2018.1551441
http://www.ncbi.nlm.nih.gov/pubmed/30843439
http://doi.org/10.1155/2016/7602347
http://www.ncbi.nlm.nih.gov/pubmed/27403377
http://doi.org/10.1007/s004030050410
http://www.ncbi.nlm.nih.gov/pubmed/10367712
http://doi.org/10.1111/j.2042-7158.2011.01338.x
http://www.ncbi.nlm.nih.gov/pubmed/21899543
http://doi.org/10.1016/0928-0987(94)90032-9
http://doi.org/10.1016/j.ijpharm.2017.12.047
http://www.ncbi.nlm.nih.gov/pubmed/29294324
http://doi.org/10.3390/pr8111450
http://doi.org/10.1038/s41598-017-16878-1
http://doi.org/10.1016/j.fct.2006.10.024
http://doi.org/10.3390/md16100373
http://doi.org/10.1016/j.jsps.2021.02.003
http://doi.org/10.1080/00914037.2018.1434651
http://doi.org/10.1007/s10876-015-0908-4
http://doi.org/10.1021/acsnano.5b03184
http://doi.org/10.1039/C8RA06362A
http://doi.org/10.1016/j.bcab.2020.101810
http://doi.org/10.1208/s12249-020-01717-w
http://doi.org/10.1016/j.rser.2017.07.016
http://doi.org/10.1080/03639045.2017.1386204
http://doi.org/10.1016/j.jsps.2012.11.005
http://doi.org/10.1007/s40005-018-00418-8
http://doi.org/10.1080/03639045.2020.1788069
http://www.ncbi.nlm.nih.gov/pubmed/32598194


Pharmaceutics 2021, 13, 1749 17 of 17

53. Grande, F.; Ragno, G.; Muzzalupo, R.; Occhiuzzi, M.A.; Mazzotta, E.; De Luca, M.; Garofalo, A.; Ioele, G. Gel formulation of
Nabumetone and a newly synthesized analog: Microemulsion as a photoprotective topical delivery system. Pharmaceutics 2020,
12, 423. [CrossRef] [PubMed]

54. Guo, Y.; Liu, Y.; Zhang, Z.; Chen, M.; Zhang, D.; Tian, C.; Liu, M.; Jiang, G. The Antibacterial Activity and Mechanism of Action
of Luteolin Against Trueperella pyogenes. Infect. Drug Resist. 2020, 13, 1697–1711. [CrossRef]

http://doi.org/10.3390/pharmaceutics12050423
http://www.ncbi.nlm.nih.gov/pubmed/32380748
http://doi.org/10.2147/IDR.S253363

	Introduction 
	Material and Methods 
	Materials 
	Optimization 
	Formulation of Luteolin Nanovesicles (LT-NVs) 
	Vesicle Characterization 
	Encapsulation Efficiency (EE) 
	Formulation of Luteolin Nanovesicles Based Gel (LT-NVoptG) 
	LT-NVoptG Characterization 
	Drug Release 
	Permeation Study 
	Antioxidant Assessment 
	Antimicrobial Activity 
	Cytotoxicity Study 
	Irritation Study 
	Statistical Analysis 

	Results and Discussion 
	Optimization 
	Effect of Formulation Factors on PS 
	Effect of Formulation Factors on EE 
	Point Prediction 
	Particle Size and Surface Charge 
	Formulation of Gel 
	Characterization of Gel 
	Drug Release 
	Permeation Study 
	Antioxidant Activity 
	Antibacterial Activity 
	Cell Viability 
	Irritation Study 

	Conclusions 
	References

