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A B S T R A C T   

Pluronic-based nanostructured gels were developed and optimized to increase the permeability of vinpocetine 
through the skin and the mucous layer of the nasal cavity. A modified thin-film hydration technique was utilized 
to prepare the nanostructured gel formulae containing different concentrations of Pluronic F127, Pluronic F68 
and oleic acid. The formed nanodispersions were tested for their pH, particle size, zeta potential, polydispersity 
index, entrapment efficiency and gelation temperature. Box-Behnken statistical design was used to choose the 
optimized nasal and transdermal nanostructured gel formulae utilizing Design-Expert® software. The nasal 
optimized formula consisted of 2.4% oleic acid, 23.46% total surfactants and 27.13% Pluronic F68, had a 
gelation temperature of 35 ◦C which could be suitable to form in situ gel upon application into the nasal cavity. 
On the other hand, the transdermal optimized formula, composed of 1.77% oleic acid, 22.46% total surfactants 
and 11.54% Pluronic F68, formed gel at room temperature that could be suitable to be applied onto the skin. The 
optimized gel formulae were investigated for their in vitro drug release, rheology, morphology, histopathology 
and ex vivo permeation. The extent of drug permeated from the optimized formula through both nasal and skin 
membranes was significantly increased by 3.39 and 4.7 folds when compared to the drug suspension. Finally, the 
obtained findings ensured the creditable impact of the nanostructured gels as promising nanocarriers for 
enhancing transmucosal and transdermal vinpocetine permeation.   

1. Introduction 

Vinpocetine is a central nervous system-acting drug used for the 
treatment of many diseases like depression, Alzheimer and many cere-
brovascular diseases [1–3]. Vinpocetine has very low bioavailability (≈
7%) and limited oral use because of having significant first-pass meta-
bolism, poor absorption, slow dissolution rate and low water solubility 
[4]. Moreover, vinpocetine has a very rapid rate of elimination and a 
short half-life of only 2 h which leads to frequent drug dosing (three 
times daily), which resulted in increased side effects and decreased 
patient compliance [5,6]. Such problems could be overcome by utilizing 
transdermal and nasal nanostructured gels that provide escape from the 
first-pass effect and increasing residence time and total permeability of 
the drug [7–10]. 

Thermo-reversible in situ gels are temperature-responsive present as 

a liquid at room temperature and transform to gel while increasing the 
temperature when contact with nasal mucosa surface or skin membrane 
[11,12]. Pluronic-based nanostructured gels can be defined as 
submicron-sized gels, formed of crosslinked Pluronic chains which give 
rise to a three-dimensional tunable porous network with a high capacity 
to absorb water, giving a mostly hydrophilic nature to the final nano-
network, capable of incorporating a great amount of water or biological 
fluids while maintaining its structural integrity [13]. Pluronics have 
been examined in an extensive way as forming agents of in situ gels [14]. 
Where some Pluronic aqueous solutions exhibit phase transitions from 
sol to gel or the opposite upon temperature change when the Pluronic 
concentration is above or below a critical value [15,16]. Increasing the 
temperature results in dehydration and conformational changes at the 
micelles’ hydrophobic chains regions [17,18]. This leads to increasing 
the polymeric network chain friction and entanglement [19,20]. After 
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gelation occurs, the formed micelles remain orderly packed and intact 
which is called ‘‘hard-sphere crystallization” [21]. 

Pluronic F127 was previously utilized in formulating in situ gel drug 
delivery systems carrying various active substances with different 
pharmacological effects, such as fexofenadine, sumatriptan, metoclo-
pramide hydrochloride, ketorolac tromethamine, venlafaxine hydro-
chloride and betaxolol hydrochloride [22,23]. To modulate the phase 
transition temperature, Wei et al. added Pluronic F68 to solutions of 
Pluronic F127 for the nasal drug delivery system. It was found that the 
Pluronic mixture solutions phase transition temperature was lower than 
that of Pluronic F127 solutions alone [24]. This was in good agreement 
with Li et al. who found that an increase in Pluronic F127 in the mixture 
decreased the gelation temperature and that an increase of Pluronic F-68 
led to the opposite [25]. 

The goal of the current study was to develop and statistically opti-
mize novel nanodispersions of oleic acid in a mixture of Pluronics F127 
and F68. These aqueous nanodispersions are converted into nano-
structured gels after application to the nasal cavity or could be prepared 
as a gel at room temperature to be applied onto the skin. Pluronics F127 
and F68 were used as surfactants to improve solubilization of drugs 
having poor water solubility and as in situ gelling agents. Oleic acid was 
used as a permeation enhancer. The optimized nanostructured gels 
would simultaneously enhance the transnasal and transdermal perme-
ation of vinpocetine and consequently, increase the drug bioavailability. 

2. Materials and methods 

2.1. Materials 

Vinpocetine (VIN) was provided by Nile Pharma Co. (Cairo, Egypt). 
Oleic acid, Pluronic F127 (PF127), Pluronic F68 (PF68) and citric acid 

were obtained from Sigma Aldrich (St. Louis, USA). Disodium hydrogen 
phosphate and potassium dihydrogen phosphate were provided from 
SISCO Research Laboratories (Mumbai, India). All other solvents and 
chemicals were of analytical grade and utilized with no additional 
purification. 

2.2. Nanostructured gels preparation 

The gel formulae were prepared utilizing a modified thin-film hy-
dration technique. VIN (100 mg), PF127, PF68, oleic acid were dissolved 
in 10 mL of an organic solvents mixture consisted of chloroform: 
methanol (2:1 v/v) in a 500 mL round-bottom flask [26]. Citric acid was 
dissolved in 10 ml water (7.5 mg/ml) and kept in the refrigerator for 30 
min. The organic mixture was evaporated under vacuum utilizing a 
revolving rotary evaporator (Heidolph VV 2000, Burladingen, Germany) 
at a temperature of 60 ◦C and a rotation speed of 150 rpm for 1 h. The 
remaining thin film was cooled to 15 ◦C by replacing hot water present 
in the water bath with a cold one. Then, citric acid solution (10 ml) was 
added to the thin film to form a liquid dispersion with continuous 
rotation at 150 rpm and 15 ◦C for 1 h without vacuum. The liquid 
dispersion was sonicated for 2 min utilizing a bath sonicator (Crest Ul-
trasound, Imola, Italy) to reduce particle size [27]. Then, the prepared 
formula was stored at 4 ◦C in the refrigerator until being analyzed. 

2.3. Statistical design 

Experimental design of Box-Behnken was utilized to determine the 
impact of the different factors on the characteristics of the prepared 
nanostructured gels utilizing version 7 of Design Expert® software (Stat 
Ease, Inc., MN, USA) [28]. The percentage of oleic acid (%w/v) (X1), 
total percentages of surfactants (%w/v) (X2) and percentage of Pluronic 

Table 1 
Experimental runs, independent variables, and measured responses of the Box-Behnken experimental design for vinpocetine in situ gel formulaea.  

Formulae X1: Oleic acid % (% 
w/v) 

X2: Total surfactants % (% 
w/v) 

X3: Pluronic F68% (% 
w/v) 

pH Y1: PS (nm) Y2: PDI ZP (mV) EE (%w/w) Y3: GT 
(◦C) 

M 1 1 15 20 5.15 ±
0.02 

33.81 ±
1.15 

0.138 ±
0.01 

− 25 ±
0.59 

91.27 ±
0.27 

80 ±
2.31 

M 2 1 20 10 6.01 ±
0.01 

30.72 ±
0.09 

0.225 ±
0.02 

− 30 ±
1.23 

98.32 ±
0.19 

30 ±
1.75 

M 3 1 20 30 6.02 ±
0.21 

29.98 ±
2.78 

0.216 ±
0.01 

− 44 ±
0.70 

101.97 ±
0.82 

66 ±
3.76 

M 4 1 25 20 5.21 ±
0.11 

31.91 ±
1.46 

0.181 ±
0.01 

− 34 ±
0.91 

97.93 ±
0.31 

34 ±
0.98 

M 5 2.5 15 10 5.95 ±
0.32 

54.30 ±
0.89 

0.298 ±
0.01 

− 29 ±
1.12 

99.06 ±
1.18 

69 ±
1.16 

M 6 2.5 15 30 5.18 ±
0.08 

113.00 ±
5.21 

0.281 ±
0.02 

− 37 ±
0.61 

99.18 ±
2.41 

70 ±
4.31 

M 7 2.5 20 20 5.70 ±
1.71 
5.64 ±
1.02 
5.72 ±
0.98 
5.81 ±
1.32 
5.70 ±
0.40 

30.62 ±
1.71 
28.73 ±
1.02 
31.44 ±
0.98 
33.09 ±
1.32 
30.58 ±
1.89 

0.129 ±
0.01 
0.103 ±
0.01 
0.136 ±
0.02 
0.118 ±
0.02 
0.109 ±
0.01 

− 49 ±
0.37 
− 45 ±
0.29 
− 48 ±
0.33 
− 46 ±
0.24 
− 47 ±
0.30 

98.18 ±
0.72 

36 ±
0.21 
36 ±
0.11 
36 ±
0.19 
36 ±
0.20 
36 ±
0.15 

97.74 ±
0.62 
96.01 ±
0.43 
97.3 ± 0.69 
99.99 ±
0.71 

M 8 2.5 25 10 5.28 ±
0.16 

30.38 ±
2.58 

0.185 ±
0.01 

− 36 ±
0.43 

94.12 ±
4.67 

31 ±
1.51 

M 9 2.5 25 30 5.41 ±
0.24 

29.64 ±
0.07 

0.117 ±
0.01 

− 39 ±
0.23 

90. 76 ±
1.11 

36 ±
0.76 

M 10 4 15 20 5.32 ±
0.04 

194.70 ±
5.09 

0.327 ±
0.01 

− 45 ±
0.82 

96.59 ±
2.08 

65 ±
3.89 

M 11 4 20 10 6.00 ±
0.35 

34.87 ±
1.79 

0.157 ±
0.01 

− 37 ±
0.53 

98.23 ±
4.53 

24 ±
1.45 

M 12 4 20 30 5.79 ±
0.19 

78.21 ±
0.06 

0.237 ±
0.02 

− 32 ±
0.28 

93.56 ±
3.31 

32 ±
0.67 

M 13 4 25 20 5.54 ±
0.06 

32.96 ±
2.65 

0.169 ±
0.01 

− 42 ±
0.32 

92.94 0.45 28 ±
0.94  

a All formulae containing 0.1 gm Vinpocetine and 0.075 gm citric acid. 
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F68 (%w/v) (X3) were the three independent variables. Particle size (Y1: 
PS), polydispersity index (Y2: PDI) and gelation temperature (Y3: GT) 
were the monitored responses. The composition of the developed 
nanostructured gel formulae was detailed in Table 1. This design 
included thirteen formulae with 17 runs as formula M7 was prepared 
five times as a central formula to estimate the repeatability across the 
design space. Then, the optimized nasal and transdermal gel formulae 
were selected according to the estimated desirability values and then 
were further subjected to short-term stability study. The optimized 
formulae were stored for one month at refrigeration temperature (5 ◦C) 
and then all the previously investigated parameters were measured 
again. 

2.4. Characterization of the prepared nanostructured gel formulae 

2.4.1. pH determination 
pH meter (Hanna-213, Portugal) was calibrated prior to each use 

utilizing buffered solutions at pH of 4 and 7 [29]. The pH was assessed 
by bringing the pH meter electrode in direct contact with the formula 
surface and letting it equilibrate for 1 min [30]. Each formula pH was 
detected in triplicate, then the mean ± SD was recorded. 

2.4.2. Particle size (PS), polydispersity index (PDI) and zeta potential (ZP) 
analysis 

Dynamic light scattering (Malvern Zetasizer, Worcestershire, UK) 
was utilized to detect the PS of the prepared formulae [31]. In addition, 
PDI was detected to estimate the distribution of particle size [30]. Ul-
timately, the prepared formula physical stability was detected by 
measuring ZP [30]. Measurements were calculated in triplicate and the 
mean ± SD was deduced [32]. 

2.4.3. Entrapment efficiency (EE) determination 
One milliliter from each formula was centrifuged using a cooling 

centrifuge (Beckman, Fullerton, Canada) at 15,000 rpm for 1 h at 4 ◦C 
[33]. VIN concentration in the supernatant was detected utilizing a UV 
spectrophotometer at 269 nm. The analysis was repeated three times 
and then the average ± SD for each formula was recorded. EE was 
estimated utilizing the following equation [30]: 

EE% =
Weight of VIN in micelles

Weight of added VIN during preparation
× 100 (1)  

2.4.4. Gelation temperature (GT) determination 
GT detection was done for the prepared gel formulae in accordance 

with the methods declared by Choi et al. [34] and Wei et al. [24] with 
few changes. A magnet and 10 ml of each formula solution were added 
to a transparent vial which was kept on a digital hotplate magnetic 
stirrer (Wheaton, Rc-2, Japan). A thermometer was immersed in the 
formula solution that was heated along with continuous stirring at 350 
rpm. Gelation temperature was detected as the temperature at which the 
magnet stopped moving because of gelation. GT of each formula was 
determined at least three times and the average value was calculated. 

2.5. Characterization of the optimized nanostructured gel formulae 

2.5.1. Transmission electron microscopy (TEM) 
Both the optimized nasal and transdermal gel formulae morphology 

was inspected utilizing TEM (JEM, Tokyo, Japan). One drop from each 
diluted sample was located on a carbon-coated copper grid followed by 
staining with 2% w/v phosphotungstic acid. After being dried at 37 ◦C, it 
was imaged at 100 kV [30]. 

2.5.2. In vitro VIN release from the optimized nanostructured gel formulae 
USP dissolution apparatus I (Pharm Test, Hainburg, Germany) was 

used to investigate in vitro VIN release from both the optimized nano-
structured gel formulae applying the technique of membrane diffusion 

[35,36]. Sample from each formula (containing 10 mg of VIN) was 
deposited inside glass cylinders. Dialysis membranes (12–14 kDa mo-
lecular mass cut-off), immersed overnight in the medium of dissolution, 
strictly cover the loaded cylinder from one side, whilst the cylinder’s 
other side was fixed to the apparatus shaft [37,38]. The utilized disso-
lution medium consisted of 500 mL phosphate buffer saline (pH 7.4) 
containing 0.5% sodium lauryl sulfate (SLS) to fulfill sink conditions 
[39]. Throughout the study, the speed of shafts was 50 rpm and the 
temperature was maintained at 37 ± 0.5 ◦C. VIN in vitro release from the 
drug suspension was performed utilizing the same procedure for com-
parison. Samples of 3 mL each were withdrawn at different time in-
tervals (0.25, 0.5, 1, 2, 3, 4, 6, 8 and 24 h) and analyzed with a 
spectrophotometer at λmax of 269 nm. The test was performed three 
times, then the mean values of VIN release % ± SD were recorded. 
Similarity factor (f2) and release T50% were assessed to compare VIN 
release profiles from both the optimized formulae and the drug sus-
pension [40,41]. 

2.5.3. Rheological behavior 
Rheological behavior is a vital parameter to be evaluated for the 

optimized nasal and transdermal nanostructured gels [42–44]. Samples 
from each optimized formula were taken to detect their rheological 
behavior at various shear rates utilizing cone and plate rheometer 
(Brookfield, MA, USA) using spindle of CPE-41 type [45]. The attained 
data were processed to the power-law model to investigate the rheology 
utilizing the following equation [46,47]: 

τ = Kγn (2)  

whereas n represents the flow index, γ represents the shear rate (s− 1), K 
represents the index of consistency (dyne/cm2 sn2) and t represents the 
shear stress (dyne/cm2). 

2.6. Ex-vivo studies 

2.6.1. Histopathological imaging 
Samples from both the optimized nasal and transdermal nano-

structured gel formulae were deposited onto autopsy samples of excised 
fresh nasal sheep mucosa and fresh newborn rat skin, respectively, for 1 
h utilizing the same conditions administered in both in vitro VIN release 
studies [48]. Moreover, the optimized formulae impact was revealed 
upon comparison with normal saline that represents the normal condi-
tions as a negative control group [49,50]. The autopsy samples were 
stored in 10% formol saline for 24 h. Washing was done in tap water 
then absolute ethyl alcohol was used for dehydration. Specimens were 
cleared in xylene and embedded in paraffin at 56 ◦C in a hot air oven for 
24 h. Paraffin bees wax tissue blocks were prepared for sectioning at 4 
μm thickness by sledge microtome. The obtained tissue sections were 
collected on a glass slide, deparaffinized, stained by both eosin and 
hematoxylin [51]. Ultimately, a light microscope (Nikon, Tokyo, Japan) 
was utilized to examine the stained autopsies [52,53]. 

2.6.2. Permeation study 
Permeation studies provide leading insight into the in vivo behavior 

of the drug because the drug amount permeated indicates the drug 
amount available for absorption into the systemic circulation [54,55]. 
The excised sheep nasal membrane and the skin were preserved refrig-
erated (2–5 ◦C) in a phosphate buffer saline till the permeation study 
time [56]. 

At the study time, Ex vivo permeation study was performed under 
the same conditions applied to the in vitro release study. Samples from 
each optimized formula (containing 10 mg of VIN) were deposited in-
side glass cylinders (surface area 1 cm2), previously used in the in vitro 
VIN dissolution study. VIN permeation from the drug suspension was 
performed utilizing the same procedure for comparison. The nasal 
membrane or the skin strictly covered one side of the cylinder, through 
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which the drug should be permeated from the optimized nasal and 
transdermal formulae, respectively [57]. The other end of the cylinder 
was fitted to the USP apparatus I shaft. Ex vivo permeation study was 
performed under the same conditions applied to the in vitro release 
study. 

Samples were gathered at various time intervals of (0.25, 0.5, 1, 2, 3, 
4, 6, 8, 12 and 24 h). VIN permeated concentrations were determined by 
utilizing HPLC (Shimadzu, Tokyo, Japan) at λmax 269 nm. The mobile 
phase was composed of methanol/0.1 M ammonium carbonate aqueous 
solution/glacial acetic acid at a ratio of 9:1:0.05 (v/v/v). The utilized 
flow rate was 1 mL/min. Separation was carried out utilizing C18 col-
umn (150 × 4.6 mm, 5 μm) (Thermo Fisher Scientific, NJ, USA). Anal-
ysis conditions had been previously validated in terms of linearity, 
accuracy and precision. This study was done in triplicate and VIN 
permeated amount ± SD was recorded [58]. The flux (J) was estimated 
utilizing this equation [59,60]: 

J =
Amount  of  VIN  permeated
Time  × Memberane  area

(3) 

The difference in the values of flux was statistically detected utilizing 
One-way ANOVA followed by the test of Fisher’s least significant dif-
ference. Additionally, the permeation enhancement ratio (ER) was 
estimated using the following equation [61]: 

ER =
Jmax  of  VIN  permeated  from  the  optimized  formula
Jmax  of  VIN  permeated  from  the  drug  suspension

(4)  

3. Results and discussion 

3.1. The prepared nanodispersion characterization 

3.1.1. pH determination 
Transdermal and nasal formulae have to fall within the physiologic 

accepted range to be non-irritant and safe. The physiologically accepted 
range is from 4.2 to 6.5 in the case of nasal formulae [61] and from 4.5 to 
6.5 in the case of transdermal formulae [62]. All the prepared formulae 
had pH values within the required range as they were found to be almost 
within the range of 5–6 units, as shown in Table 1. 

3.1.2. Determination of PS, PDI and ZP 
PS is a very important factor to develop and optimize the nasal and 

transdermal drug delivery systems. Various studies revealed that small 
size particles can penetrate deeper through the mucosal membranes and 
skin than larger particles [63,64]. Hence, developing formulae with 
small PS is one of the most vital goals of this study. Table 1 illustrates 
that PS values of all formulae were less than 200 nm (29.64–194.70 nm) 
denoting the validity of the used Pluronics mixtures and the preparation 
technique to produce nanodispersions. Bayanati et al. and Vanaja et al. 
also stated that using Pluronics succeeded in preparing thermosensitive 
in situ gel with nano size of 16.25 and 247.1 nm, respectively [11,29]. 
The values of PS were fitted to the polynomial quadratic model. There 
was an acceptable difference (less than 0.2) between both the predicted 
R2 (0.846) and the adjusted R2 (0.977). The value of adequate precision 
was >4 (29.00), indicating the efficacy of the used quadratic model to 
detect a response value [65]. The following equation was used to 
analyze PS findings: 

PS  =  218.83  X1  +  16.79  X2  +  30.56  X3  +  767.94  X1.X2 

+  8.79  X1.X3  +  32.74  X2.X3

(5) 

Fig. 1 illustrates that incorporation of different oleic acid concen-
trations (%w/v), the total concentration of Pluronics (%w/v) and con-
centration of Pluronic F68 (%w/v) showed statistically significant 
impacts on the mean PS with p-value < 0.0001. 

Additionally, the values of PDI were estimated and illustrated in 

Table 1. All the nanostructured gel formulae had PDI values in the range 
of (0.117–0.327) that represents an acceptable midrange [66]. Bayanati 
et al. and Vanaja et al., prepared thermosensitive in situ gels, also stated 
that using Pluronics significantly decreased PDI values [11,29]. PDI 
values were statistically evaluated utilizing quadratic Polynomial anal-
ysis. Both the predicted R2 and the adjusted R2 had an acceptable dif-
ference with values of 0.8869 and 0.9154, respectively. The value of 
adequate precision was (32.34). The utilized equation to analyze the PDI 
values was: 

PDI  =  0.46  X1  +  0.62  X2  +  0.60  X3  −  0.24  X1.X2 

−  1.05  X1.X3  −  0.75  X2.X3 (6) 

Fig. 2 illustrates that incorporation of different oleic acid concen-
trations (%w/v), the total concentration of Pluronics (%w/v) and 
Pluronic F68 concentrations (%w/v) had no significant impact on the 
values of PDI. P-values of the aforementioned factors equaled 0.2766, 
0.2885 and 0.9192, respectively. 

On the other hand, Table 1 lists the values of ZP that ranged between 
− 25 and − 49 mV. The provided high ZP could offer high repulsion 
forces preventing the aggregation of the prepared nanodispersion [30]. 
Similar results were obtained by Vanaja et al. who prepared thermo-
sensitive liposomal in situ gels stabilized by Pluronic F127 [30]. 

3.1.3. Determination of entrapment efficiency 
EE percentages of all nanostructured gel formulae were above 90%, 

as illustrated in Table 1. These results revealed the suitability of the used 
compositions to entrap the drug successfully within the formed vesicles. 
Where using a mixture of two surfactants aided in entrapping a high % of 
the drug within the vesicles. These results were in harmony with that 
detected by Ramadan et al. and Abdallah et al. who stated that using 
mixed surfactants led to increase in the membrane rigidity and forma-
tion of less leaky nanovesicles [67,68]. Bayanati et al., prepared ther-
mosensitive in situ gel, also stated that using non-ionic surfactants is 
necessary to reduce the tension of the interface and provide the 

Fig. 1. Response surface plots for the effects of oleic acid (X1) and total sur-
factant (X2) concentrations, at low (A) and high (B) levels of Pluronic 68 (X3), 
on particle size of VIN nanostructured gels. 
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interfacial film adequate flexibility which leds to a higher entrapment of 
drugs [11]. Moreover, the incorporation of oleic acid in the formulation 
contributed to increasing the EE%. This might be attributed to the high 
lipophilic nature of oleic acid that provided a favorable medium for the 
entrapment of a water-insoluble drug-like VIN. Similar results were 
obtained by Xu et al. who observed the increase in folate loading after 
incorporation of a lipophilic agent in the formulated mixed micelles 
[69]. 

3.1.4. Determination of gelation temperature 
Gelation temperatures of all the prepared nanostructured gel 

formulae ranged between 24 ◦C and 80.C, as illustrated in Table 1. GT 
values were statistically evaluated utilizing quadratic Polynomial anal-
ysis. The value of adequate precision equaled 20.25. Both the predicted 
R2 and the adjusted R2 had a reasonable agreement with values of 
0.7693 and 0.9660, respectively. Fig. 3 demonstrates that the incorpo-
ration of different oleic acid concentrations (%w/v), the total concen-
tration of Pluronics (%w/v) and Pluronic F68 concentration (%w/v) had 
a significant impact on the mean gelation temperature. p-values of the 
aforementioned factors equaled 0.0279, <0.0001 and 0.0105, 
respectively. 

Based on the statistical analysis, the gelation temperature of the 
prepared formulae mainly depends on Pluronic F127 concentration. 
This is consistent with the previous investigations which stated that 
increasing Pluronic F127 concentration decreases the GT because of a 
reduction in the inter-micellar distance [24,70,71]. Whereupon 
increasing the temperature, the polypropylene (PPO) core of Pluronic 
F127 micelles became dehydrated. Then, these micelles come in contact 
and entangle with each other leading to stiff gel formation [18,72]. So, 
the higher the Pluronic F127 concentration, the lower temperature 
required to perform sol-gel transition [73]. 

Moreover, it was noticed that incorporation of Pluronic F68 with 
Pluronic F127 increases the GT. This is in accordance with the study that 
stated that adding Pluronic F68 could disrupt the hydration shell around 

the Pluronic F127 hydrophobic portion leading to the presence of more 
water molecules around the units of the hydrophobic PPO. During 
gelation, these water molecules have to be squeezed out, so, more 
temperature is required to boost the hydrophobic interactions between 
Pluronic micelles [20]. Similar findings were declared by Li et al. who 
reported that increasing Pluronic F127 in a mixture of Pluronic F127 and 
F68, decreases the gelation temperature and that increasing Pluronic 
F68 led to the opposite [25]. 

Additionally, it was noticed that increasing oleic acid concentration 
(%w/v) decreases GT in formulae containing the same concentration as 
the other components. Similar findings were introduced by Moreira 
et al. who reported that increasing the concentration of oleic acid from 1 
to 10% w/w results in decreasing the sol-gel transformation temperature 
of the formed formulae [74]. 

3.2. Choosing the optimized VIN nanostructured gel formulae 

It is nearly unachievable to optimize all the independent parameters 
simultaneously because the optimum condition attained with a single 
response could have an opposite impact on the remaining responses 
[75]. The values of desirability were estimated to select the optimized 
nanostructured gel formulae with the minimal PS, PDI and most 
appropriate gelation temperature. The highest desirability value in the 
case of optimized nasal and transdermal nanostructured gel formulae 
was 0.85. The optimized formula for nasal application containing 2.4% 
oleic acid, 23.46% total surfactants and 27.13% Pluronic F68, had a 
gelation temperature of 35 ◦C which could be suitable to form in situ gel 
upon application in the nasal cavity [76]. Whereas, the transdermal 
optimized formula composed of 1.77% oleic acid, 22.46% total surfac-
tants and 11.54% Pluronic F68, formed gel at room temperature that 
could be suitable to form gel that easily applicable to the skin. pH, PS, 
PDI, ZP and EE were 5.82 ± 0.03, 30.62 ± 1.19 nm, 0.113 ± 0.01, − 45 
± 0.18 mV and 98.63 ± 0.13%, respectively, in case of the optimized 

Fig. 2. Response surface plots for the effects of oleic acid (X1) and total sur-
factant (X2) concentrations, at low (A) and high (B) levels of Pluronic 68 (X3), 
on the polydispersity index of VIN nanostructured gels. 

Fig. 3. Response surface plots for the effects of oleic acid (X1) and total sur-
factant concentration (X2), at low (A) and high (B) levels of Pluronic 68 (X3), on 
the gelation temperature of VIN nanostructured gels. 
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nasal in situ gel formula and 5.96 ± 0.03, 35.97 ± 2.04 nm, 0.138 ±
0.01, − 38 ± 0.25 mV and 96.94 ± 0.21%, respectively, in case of the 
optimized transdermal nanostructured gel formula. Results of the sta-
bility study revealed that there were no significant changes (p-value >
0.05) between the freshly prepared and the stored nasal and transdermal 
optimized formulae. Where pH, PS, PDI, ZP and EE were 5.66 ± 0.04, 
31.48 ± 1.07 nm, 0.170 ± 0.01, − 42 ± 0.2 mV and 98.09 ± 0.18%, 
respectively, in case of the stored optimized nasal in situ gel formula and 
6.02 ± 0.02, 38.24 ± 1.87 nm, 0.126 ± 0.01, − 36 ± 0.21 mV and 95.25 
± 0.24%, respectively, in case of the stored optimized transdermal 
nanostructured gel formula. The stable PS could be attributed to the 
presence of a mixture of Pluronic F127 and F68 that stabilized the drug 
particles and prevented their aggregation upon storage [23,24]. 

3.3. Characterization of VIN optimized nanostructured gel formulae 

3.3.1. Imaging 
For examining the morphology of the optimized nanostructured gel 

formulae, TEM was utilized as shown in Fig. 4. The obtained micro-
graphs illustrate moderately uniform spherical particles that have 
slightly corrugated surfaces. These particles were well dispersed and not 
aggregated which could be because of the high zeta potential values of 
both the optimized formulae that prevented their agglomeration and 
enhanced their physical stability [77]. The detected PS average from the 
TEM was 38 nm which was in accordance with the PS value estimated by 
the Zetasizer (30.62 nm) (less than 100 nm). 

3.3.2. In vitro VIN release from both the optimized formulae 
Fig. 5 shows VIN release profiles from both the optimized nasal and 

transdermal nanostructured gel formulae upon comparison with the 
drug suspension in phosphate buffer saline with pH of 7.4 containing 
0.5% SLS. Both VIN optimized formulae and the drug suspension fol-
lowed zero-order kinetics (R2 = 0.9748 and 0.9825, respectively). Re-
sults revealed a significant difference in VIN release half-life between 
both the optimized nasal and transdermal nanostructured gel formulae 
(4.34 and 4.36 h, respectively) and the drug suspension (8.45) (p-value 
< 0.001). All the drug (100%) has been released from the optimized 
nasal and transdermal formulae after 12 h while just (38.45%) released 
from the drug suspension. f2 values of 22 and 23 were calculated be-
tween the drug suspension and each of the nasal and transdermal opti-
mized formulae, respectively, indicating the significant difference in 
their drug release profiles [78]. This could be resulted from utilizing a 
mixture of surfactants that facilitated VIN diffusion from the optimized 
formulae to the aqueous dissolution medium [79,80]. This could also be 

attributed to the presence of citric acid in the optimized formulae that 
enhanced VIN solubility [39]. From these findings, it could be deduced 
that the optimized nanostructured gel formulae achieved the targeted 
improvement in the VIN release profile. 

3.3.3. Rheological behavior 
Fig. 6 illustrates that both the optimized nasal and transdermal 

formulae had non-Newtonian shear thinning behavior since upon 
decreasing the viscosity, the shear rate was increasing (n < 1) [ [47,81]]. 
This flow is convenient to achieve physical stabilization throughout 
shelf-life, ease of application after shaking which reduces viscosity and 
high retention upon application due to re-gelling [82,83]. The high 
viscosity of the optimized gel formulae could be referred to as containing 
high concentrations of Pluronics that resulted in micelle entanglements, 
so micelles could not separate easily from each other, which explained 
both the high viscosity and rigidity of the formed gels [84,85]. 

3.4. Ex vivo studies 

3.4.1. Histopathological imaging 
The negative control groups of both nasal mucosa and newborn rat 

skin immersed in saline showed the normal histopathological features, 
as shown in Fig. 7 (A-i and A-ii). Upon comparison with negative control 
groups, the optimized nasal and transdermal nanostructured gel 
formulae showed no histopathological alteration or abnormalities in the 

Fig. 4. Transmission electron micrographs of VIN optimized nasal (A) and transdermal (B) formulae.  

Fig. 5. Release profiles of VIN from the optimized nanostructured gel formulae 
and drug suspension in phosphate buffer saline at 37 ͦ C. 
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nasal mucosa and rat skin, respectively, as shown in Fig. 7 (B-i and B-ii). 
Based on that, the optimized nanostructured gel formulae could be 
considered safe and biocompatible with the nasal and transdermal tis-
sues [80,86]. 

3.4.2. Permeation studies 
Permeation on VIN from the optimized nasal and transdermal 

nanostructured gel formulae was calculated and compared with VIN 
permeation from the drug suspension through the excised sheep nasal 
mucosa and the newborn rat skin. The permeation kinetics of both the 

optimized nanostructured gel formulae followed zero-order kinetics, 
while the drug suspension followed a diffusion-controlled mechanism 
[87]. There was a significant increase in VIN release rate and extent from 
both the optimized formulae than that from the drug suspension 
(p-value < 0.001). Almost all the drug (83.2% and 87.5%) has been 
permeated from the nasal and transdermal optimized formula after 24 h, 
while just (24.6 and 18.6%) permeated from the drug suspension 
through the nasal mucosa and the rat skin, as clarified in Figs. 8 and 9, 
respectively). 

Moreover, there was a statistically significant difference in the values 
of flux (J) between the optimized nasal nanostructured gel formula (347 
mg/cm2) and the drug suspension (102.5 mg/cm2) through the nasal 
sheep membrane, and between the optimized transdermal formula 
(364.6 mg/cm2) and the drug suspension (77.5 mg/cm2) with p-value 
less than 0.001 through the rat skin. Moreover, the enhancement ratio 
(ER) was found to be 3.39 and 4.7 in the case of the optimized nasal and 
transdermal formulae, indicating more than three- and four-fold in-
crease in VIN permeation through the nasal membrane and the rat skin, 
respectively. These findings could be attributed to the optimized 
formulae nano-size as it had been previously reported that nanoparticles 
with PS less than 100 nm show a higher skin penetration rate than larger 
particles [88,89]. These results could also be attributed to oleic acid 
present in the optimized formulae which acted as a permeation enhancer 
[90]. From these data, it could be concluded that the optimized nano-
structured gel formulae achieved a significant enhancement in VIN 
permeation profiles through both nasal mucosal membrane and skin. 

4. Conclusion 

The modified thin-film hydration technique succeeded in preparing 
novel nanodispersions that could be easily applied into the nasal cavity 
to form a gel or on the skin where it was already gel at room tempera-
ture. These nanostructured gels were prepared using mixtures of Plur-
onics F127 and F68 as surfactants and in situ gelling agents. Oleic acid 
was used as a permeation enhancer and citric acid was added to increase 
VIN solubility. The optimized formula for nasal application was 

Fig. 6. Relation between viscosity, shear rate and shear stress of the VIN 
optimized nasal (A) and transdermal (B) nanostructured gel formulae. 

Fig. 7. Histopathological evaluation of VIN optimized nasal (B-i) and transdermal (B-ii) in situ gel formulae, in comparison with normal saline (negative control: A-i 
and A-ii) using sheep nasal mucosa and newborn rat skin, respectively, with magnification power of 16x. 
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containing 2.4% oleic acid, 23.46% total surfactants and 27.13% Plur-
onic F68 whereas the transdermal optimized formula composed of 
1.77% oleic acid, 22.46% total surfactants and 11.54% Pluronic F68. 
The optimized nasal in situ gel formula showed gelation at (35 ◦C), while 
the optimized transdermal gel formula showed gelation at room tem-
perature (25 ◦C). Both nasal and transdermal optimized formulae were 
non-irritant and safe upon application onto sheep nasal mucosa and rat 
skin, respectively. The optimized formulae achieved significant 
enhancement in VIN in vivo dissolution and ex vivo permeation when 
compared with the drug suspension. In light of these findings, the 
optimized nanostructured gels could be considered promising nano-
carriers for transmucosal and transdermal VIN drug delivery. 
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