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Abstract

This study aimed to design and optimize Curcumin (CUR) loaded solid lipid nanoparticle (SLNs) transdermal
formulations by nano emulsion template method. A 3 factor, 2 level Box-Behnken design was used to evaluate the effect
of three independent variables viz.,, Amount of Span 60 (X1), Tween 60 (X2) and Stearyl alcohol (X3) on dependent
variables viz., Particle size (Y1), entrapment efficiency (Y2) and zeta potential (Y3). Optimization study signifies that
amount of formulation components viz., Span 60, Tween 60 and Stearyl alcohol influence the vesicle size, entrapment
efficiency and Zeta potential. The numerical optimization was validated within the design space. The OP-CUR-SLNs
exhibited good entrapment efficiency and particle size. Further the OP-CUR-SLNs loaded transdermal carbopol gel
shows good in vitro drug release and better ex vivo permeation than the plain CUR loaded gel, which concludes CUR-
SLNs considered to be a successful topical transdermal drug delivery system and provide a sustained release of
encapsulated drug. Furthermore, CUR-SLNs loaded carbopol gel considered to be non-irritant and safe to be applied on
the skin for the intended period of time.
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1. Introduction

Curcumin (CUR) has wide pharmacological effects viz., antibacterial, anti-inflammatory, antioxidant, and antitumor
properties!7. Chemically CUR is diferuloylmethane belongs to the polyphenol class8-19, and approved as a safe
compound by World Health Organization and US Food and Drug Administration (FDA). CUR is poorly soluble belongs
to BCS class IV drug, exhibiting log P value of 3.2 (absorbed approximately 60% in the gastrointestinal tract) and
undergoes extensive hepatic first-pass metabolism, which leads to poor bioavailability. Therefore, it would be
advantageous to enhance the aqueous solubility of CUR to develop more efficient dosage forms. Various approaches
have been reported to increase the aqueous solubility by conjugating water-soluble polymers!!, liposomes'?, liquid
crystals13, nano-emulsions?4, and phospholipid complexes?®.

Solid lipid nanoparticle (SLNs) systems appear to be an efficient approach for increasing the aqueous solubility and
stability of drugs and decreasing the particle size to the nanoscale levell6-19, Further SLNs have emerged as an
alternative colloidal carrier due to their advantages such as enhanced physical stability, good tolerability, ease of scale
up and growth. SLNs have been widely used for the distribution of skin due to their safe interaction with skin layers and
improved skin permeation?20-22,

The transdermal drug delivery system (TDDS) has attracted extensive attention due to its tremendous advantages. On
one hand, it is capable to escape undesirable metabolism both in the gastrointestinal tract and in the liver after
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traditional oral administration, not only producing a tunable drug release, but also allowing enhanced drug absorption,
eventually leading to boost drug bioavailability. On the other hand, TDDS also possesses numerous benefits compared
to the parenteral administrations, particularly the painless and easily operated self-administration process with higher
patient compliance?3. However, the efficacy of the transdermal drug delivery in maintaining a therapeutic level depends
on the ability of the drug to penetrate the skin in adequate amounts. The barrier nature of the stratum corneum (SC) is
a major challenge that restricts the entry of most drugs via the transdermal route. Many transdermal methods have
been tried to achieve greater transdermal permeability in order to overcome the barrier of SC. These techniques are
designed for a longer period to deliver the drug, nanotechnology has developed attractive niche research in transdermal
drug delivery?4 The present work was aimed to formulate and optimize CUR loaded SLNs comprising Span 60, Tween
60 and Stearyl alcohol through response surface Box-Behnken Design (BBD) using Design Expert® Trial Version 13.
The effect of lipid mixture and surfactant composition on particle size, entrapment efficiency, in vitro drug release and
ex vivo permeation behavior of CUR-SLNs loaded transdermal systems were investigated.

2. Materials and Methods

Curcumin (CUR) (Mylan Laboratories, Hyderabad), Span 60, Tween 80 (S.D Fine- Chem Itd, Mumbai). Brij 35 (Hi Media
Laboratories Pvt. Ltd. Mumbai), Stearyl alcohol (Yarrow Chem products, Mumbai), Carpool (Yarrow Chem products,
Mumbai) were procured. All other solvents and chemicals were used of analytical grade.

2.1. Methods

The DoE approach was applied for optimization by response surface design viz., Box-Behnken Design (BBD) using
Design Expert® Trial Version 13. The BBD is an effective method of indicating the relative significance of a number of
variables and their interactions. In this design 23 factorial design was used at 3 center points with 12 non center point
experimental trials. The trials were formulated and further subjected for evaluation. BBD and the regression analysis
was used to optimize the influence of independent variables viz., concentration of Span 60 (X1), Tween 60 (X2) and
Stearyl alcohol (X3) on the dependent variable viz., % EE (Y1), Particle size (Y2) and Zeta potential (Y3). The design and
possible formula trials were shown in tables 1, 2 and second order polynomial equation was generated as,

Y1=bo + b1X1+ b2X2 + b3X3 + b12X1X2 + ...+ buXn

Where;

Y1- Response;

Y: - Intercept;

b1 to bn- Regression coefficients;
X1, X2, X3- Independent variable

Table 1 Variables and levels as per BBD

Variables Levels used
Independent variables | Low (-) | High (+)
X1 - Stearyl alcohol (mg) | 285 430

X2- Span 60 (mg) 100 280

X3- Tween 60 (mg) 250 300

Dependent variable/response

Y1- Particle size (um)

Y2 - Percent encapsulation efficiency (%EE)

Y3 - Zeta potential (mV)
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Table 2 Possible trial CUR-SLNs formulations generated as per BBD

Trials CUR | Factors with levels (mg)
(mg) | Span 60 | Tween 60 | Stearyl alcohol

1 100 | 430 280 275
2 100 | 430 190 250
3 100 357.5 100 300
4 100 357.5 190 275
5 100 | 430 190 300
6 100 285 100 275
7 100 357.5 190 275
8 100 285 280 275
9 100 285 190 250
10 100 357.5 100 250
11 100 357.5 280 250
12 100 357.5 190 275
13 100 285 190 300
14 100 357.5 280 300
15 100 | 430 100 275

Preparation of CUR-SLNs: CUR-SLNs were prepared by nano emulsion template method?> with slight
modification. Concisely, the mixture of CUR/Stearyl alcohol/Tween 60/Span 60/Brij 35 at different weight
proportions as shown in the table 8 were melted in a water bath at 70°C. Filtered deionized water was
preheated at 70 °C and was added (5 ml) to molten mixture with continuous magnetic stirring at 800 rpm for
30 min to obtain a clear nano emulsion. The temperature was maintained at 70°C during the production of nano
emulsion. Subsequently, hot nano emulsion was rapidly cooled down at 4°C in crushed ice box with continuous
stirring at 800 rpm to accomplish solidification of lipid to form CUR-SLNs, further they were kept at 4 °C for
further analysis.

2.2. Evaluation

FTIR studies: The FTIR spectra for CUR and optimal CUR-SLNs were recorded using BRUKER-FTIR
spectrophotometer in the wave number region from 4000 cm! to 500 cm.

Experimental design: Box Behnken Design was used to conduct all the experiments and suggested
formulations were developed and analyzed for selected responses. Study of variance (ANOVA) was used to
conduct the statistical analysis of variables to see formulation variable and their interaction. Check the
influence of variables affected the outcomes. Using sequential p-value, lack of fit p-value, adjusted R?, and
predicted R? the Design Expert® software determined the best-fitting model. P-values < 0.05 and F-values
greater than 0.05 indicate that each component has a significant contribution?¢. The connection between causes
and effects can be visualized using contour and 3-D surface graphs?’. In a polynomial equation, a diminishing
effect on the response is represented by a negative sign for the magnitude of the coefficient and an increasing
effect by a positive sign2s.

Particle size and size distribution studies: For all the batches of CUR-SLNSs size analysis was carried out using
Malvern Zetasizer Nano ZS (Malvern Instruments, UK). The freshly prepared CUR-SLNs were dispersed in
double distilled water (DDW) and was used to characterize the vesicle size. Polydispersity Index (PDI) was also
determined as a measure of homogeneity. Zeta potential of the CUR-SLNs was determined to estimate stability
of the formulations.

Entrapment efficiency: The percentage of entrapped CUR in SLNs was determined by exhaustive dialysis
method. During the study the dialysis cellophane membrane was mounted between the donor and receptor
compartment and the receptor medium was phosphate buffer pH 6.8, CUR-SLNs was placed on dialysis
membrane. The whole assemble was kept on magnetic stirrer stirred the receptor medium. After 6 hr the
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curcumin content in receptor compartment was determined by measuring absorbance at 429 nm using double
beam UV spectrophotometer. The percent entrapment efficiency was calculated by using following equation.
Total drug — Free drug

% Entrapment efficiency = Total drug

In vitro drug release studies: The drug release from CUR-SLNs were performed using Franz-diffusion cell.
The dialysis cellophane membrane was mounted between the donor and receptor compartment and receptor
medium was phosphate buffer pH 6.8, CUR-SLNs was placed on one side of the dialysis membrane. The whole
assemble was kept on magnetic stirrer, at different intervals of time adequate samples were withdrawn, the
drug release was determined by UV spectroscopic method. The in vitro drug release from the CUR-SLNs was
computed by using dissolution software PCP Disso V3.
Fabrication of CUR-SLNs carbopol gel: The optimized CUR-SLNs was incorporated into 1% w/w carbopol
gel?9. During loading, first plain carbopol gel was prepared by transferring accurately weighed amount of
carbopol in measured amount of distilled water, the mixture was sonicate for 6-8 min to dissolve carbopol
completely and avoid any airdrops. Further, the mixture is neutralized with triethanolamine to attain the desire
pH. In later stage carefully incorporate optimized CUR loaded SLNs with constant stirring. The fabricated CUR-
SLNs loaded were evaluated for their in vitro drug permeation, ex vivo permeation and skin irritant property.
In vitro drug permeation study: In vitro permeation studies on Optimized CUR-SLNs loaded Carbopol gel was
performed using Franz-diffusion cell. The dialysis cellophane membrane was mounted between the donor and
receptor compartment. The receptor medium was phosphate saline buffer pH 6.8. A CUR-SLNs loaded Carbopol
gel equivalent to 10 mg of CUR was placed on one side of the dialysis membrane. The receptor compartment
was surrounded by a water jacket to maintain the temperature at 37 +1°C. A Teflon coated magnetic bead
operated to a magnetic stirrer stirred the receptor fluid. Periodically remove the samples and replaced
immediately with an equal volume of receptor media for drug content determination by UV method at 428 nm.
Compute the in vitro drug release from the CUR -SLNs by using dissolution software PCP Disso V3.
Ex vivo permeation study: Ex vivo permeation was carried out using male Albino Wister rat skin as reported
by Ibrahim et al3? (figure 1). The permeation was conducted by using Franz diffusion cell, the rat skin was
mounted between the donor and receptor compartment with the stratum corneum facing upper side on the
diffusion cell. The diffusion area of the cell was 1.41 cm? and 20 ml phosphate buffer pH 6.8 taken in receptor
compartment, temperature maintained at 37 + 1°C. A CUR-SLNs loaded Carbopol gel equivalent to 10 mg of
CUR was speeded over the rat skin. The receptor compartment content stirred in a magnetic stirrer. Periodically
collect samples and were immediately replaced with the fresh media. Determine drug content from the samples
by UV spectrophotometer at 428 nm. The cumulative amount of drug permeated (Q) at different time intervals
were calculated using appropriate equations3132,
Flux Jss

Initial concentration of drug — D_0

in donor chamber

Permeability coefficient (K,) =

/.

E xcised slgn

Skin tissue mounted Franz diffusion cell Thickness of the skin

Figure 1 Schematic diagram of ex vivo permeation study
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Skin irritation studies: Skin irritation test was done as per Draize et al33. For the study Albino Wistar rats
(200-250g) were selected and same was approved by University Animal Ethics Committee IAEC of V.L.College
of Pharmacy, Karnataka, India (VLCP/IAEC/23-21,557/PO/Re/S/02/CCSEA). All the animals used for the study
were caged and maintained according to CPCSEA guidelines. The rats were divided into two groups (n = 4) as
shown in figure 2. The rats were anesthetized and the abdominal area was shaved and wiped with 70 % alcohol
swab. For Group - I apply CUR-Carbopol gel and Group - Il apply optimized CUR-SLNs loaded carbopol gel. The
skins were scored according to erythema and edema scale as 0 = none; 1 = slight; 2 = well defined; 3 = moderate;
4 = scar formation by visual observations.

Group I- CUR-CA-Gel Group Il - CUR-SLNs-CA-Gel

Figure 2 Grouping of animals for skin irritation studies

3. Results and discussion

Preformulation studies: The model drug CUR was subjected for preformulation studies such as solubility,
melting point partition coefficient. The solubility of CUR complies with the standard values. The melting point
was found to be 182°C against standard 179-1820C, partition coefficient (log P) was found to be 3.23 against
the standard 3.44. The results were complies with the standard values indicate the drug sample was stable and
pure.

FTIR studies: FTIR spectra of CUR was shown in figure 3. FTIR spectra of CUR showed the characteristic peak
at 2929.76 cm! (-OH stretching), 1739.88 cm! (C=C stretching), 1623.88 cm! (CH=CH stretching, aromatic),
1593.75 cm}(CHz = CH: stretching, cyclohexyl) and 1270.15 cm! (C=0 ester). The spectral data was ratified
with literature indicate the CUR found to be pure and can be used for further studies. The characteristic FTIR
peaks of CUR were found in optimized batch of CUR-SLNs indicates no interaction.

o -
o — - S . = .
T w\"-\._ _._\,.-"'- ] L \'I ™ W "\-\. Fatlra l___.'l d_hll f
1- | | {| 14 1}
||.|_ '] 1
] '!:Il
I
=
[
| [} | T O I O O
=N EER L .H L] - -
i B RRN i W r|-5"hl==:f|.
B i) CERET i ] Fl =] Rl s ) Li= i
Wererma—ian v |

Figure 3 FTIR spectra of CUR

Analysis of BBD: The relationships between independent variables viz., amount of Span 60 (X1), amount of
Tween 60 (X2) and amount of Stearyl alcohol (X3) at two levels (-1, +1), with dependent responses, such as %
EE (Y1), Particle size (Y2) and Zeta potential (Y3) were assessed by the BBD. The experiment response data was
substituted in Design Expert Software and possible statistical data were generated as shown in table 3. The
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relative models were found as the optimum models for all of the dependent responses. The significance of the
model was estimated by ANOVA, where, at p-value < 0.05, the model is considered significant. The p-value <
0.05 clarifies that, the models generated were statistically significant to describe the interrelationship among
the independent factors and the dependent responses.

Table 3 Experimental data of dependent response under the influence of independent variables as per BBD

Trial Runs Response
Zeta potential (mV) | % EE | Particle size (nm)

1 -8.63 90.37 | 108.5
2 -7.67 86.2 | 123.23
3 -4.04 79.56 | 112.8
4 -3.21 77.12 | 185.3
5 -6.64 78.7 | 103.9
6 -9.43 84.49 | 234.3
7 -3.21 7712 | 114.3
8 -7.67 83.33 | 236.47
9 -9.43 83.58 | 245.23
10 -3.2 88.8 | 154.32
11 -3.42 85.51 | 156.75
12 -3.21 7712 | 114.32
13 -7.57 81.89 | 261.2
14 -1.49 79.15 | 123.45
15 -6.62 81.55 | 112.34

3.1. Effect of factors on Response Y1 - Zeta potential

Table 4 ANOVA data for Response Y1 - Zeta potential

Model Sum of Squares | df | Mean Square | F-value | p-value
Significant 98.60 9 | 10.96 41.33 0.0004
A-Span 60 2.58 1 |2.58 9.72 0.0263
B-Tween 60 0.5408 1 | 0.5408 2.04 0.2125
C-Stearyl alcohol | 1.98 1 | 198 7.47 0.0411
AB 3.55 1 |3.55 13.41 0.0146
AC 0.1722 1 |0.1722 0.6498 | 0.4568
BC 1.92 1 | 192 7.24 0.0433
A? 86.27 1 | 86.27 325.49 | <0.0001
B2 0.0071 1 |0.0071 0.0267 | 0.8767
c? 0.1727 1 |0.1727 0.6515 | 0.4563
Residual 1.33 5 | 0.2650

Cor Total 99.93 14
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ANOVA suggested (Table 4) Quadratic model was suggested, here A, C, AB, BC, A? are significant model terms,
nonsignificant lack of fit and low values of predicted residual sum of squares. The model F value of 41.33 implies the
model is significant with p values less than 0.0500 there is only a 0.04% chance that an F-value this large could occur
due to noise. The linearity plot of predicted value versus actual value of model condition Zeta potential was shown in
figure 4. The linearity plot had good correlation i.e., R? - 0.9867. The Predicted R? of 0.7878 is in reasonable agreement
with the Adjusted R? of 0.9629 indicates prediction results from the Design-Expert® program had precision and
reliability. Adequate precision measures the signal to noise ratio. A ratio greater than 4 is desirable. The ratio of 19.6738
indicates an adequate signal, model used to navigate the design space. The relationship between factors vs response
were shown in response surface plots viz., Contour and 3D surface and interaction between factors vs response was
shown in figure 5. The polynomial equation was generated for actual factors. The equation in terms of actual factors can
be used to make predictions about the response for given levels of each factor. Here, the levels should be specified in
the original units for each factor.

Zeta potential = -108.57669 + 0.724283 Span 60 - 0.028059 Tween 60 - 0.187950 Stearyl alcohol - 0.000144 Span 60
* Tween 60 - 0.000114 Span 60 * Stearyl alcohol + 0.000308 Span 602 - 5.40123E-06 Tween 602+
0.000346 Stearyl alcohol?

Zeta potential is a measure of the effective electric charge on the nanoparticle's surface and quantifying electrostatic
stabilization of nanoparticles. Therefore, it is an indirect measure of the physical stability of lipid nanoparticles. The
magnitude of the zeta potential provides information about particle stability. The zeta potential values ranges from -
9.43 mV (6t and 9t trial) -3.2 mV (10t trial) indicating the negative surface charge and therefore no aggregation of
particles was observed. The results suggest Span 60 has direct relation on zeta potential, as the concentration increases
the zeta potential increases negatively further increase in concentration reduce the zeta potential negatively as shown
in contour and 3D surface plots. All other factors has interaction effect along with Span 60 as indicated in interaction

plots. A positive coefficient implies that the factor has a synergistic influence, whereas a negative value shows an
antagonistic influence on the responses.

Predicted vs. Actual Interaction

0.1 ta o B: Tween 60 (mg)

Predicted
Zeta potential (mV)
/

A Span 60 (mg)

Figure 4 Diagnostic plots a) Predicted vs Actual b) Interaction

Zeta potential (mV)

3D Surface

B: Tween 60 (mg)
Zeta potental (mV)

A Span 60 (mg)

Figure 5 Response surface plots a) Contour b) 3D surface
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3.2. Effect of factors on Response Yz - % EE

ANOVA suggested (Table 5) Quadratic model was suggested, here C, A%, B? are significant model terms, nonsignificant
lack of fit and low values of predicted residual sum of squares. The model F value of 5.28 implies the model is significant
with p values less than 0.0500 there is only a 4.08 % chance that an F-value this large could occur due to noise. The
linearity plot of predicted value versus actual value of model condition Zeta potential was shown in figure 6. The
linearity plot had good correlation i.e., R? - 0.9048. The Predicted R? of 0.5434 is in reasonable agreement with the
Adjusted R? of 0.7334 indicates prediction results from the Design-Expert® program had precision and reliability.
Adequate precision measures the signal to noise ratio. A ratio greater than 4 is desirable. The ratio of 6.2877 indicates
an adequate signal, model used to navigate the design space. The relationship between factors vs response were also
shown in response surface plots viz., Contour and 3D surface (figure 7) and interaction between factors vs response
was shown in figure 6. The polynomial equation was generated for actual factors. The equation in terms of actual factors
can be used to make predictions about the response for given levels of each factor. Here, the levels should be specified
in the original units for each factor.

Encapsulation efficiency = + 407.18703 - 0.332658 Span 60 - 0.418054 Tween 60 -1.56696 Stearyl alcohol + 0.000382
Span 60 * Tween 60 - 0.000801 Span 60 * Stearyl alcohol + 0.000320 Tween 60 * Stearyl
alcohol + 0.000680 Span 60 + 0.000523 Tween 602 + 0.003034 Stearyl alcohol?.

The encapsulation efficiency is the measure of drug loading in the nanoparticles, the magnitude of % EE provides
information about drug loading and drug content within the nanoparticles. The % EE ranges from 77.12 (4, 7 and 11
trial) to 90.37 (trial 1). The concentration of Stearyl alcohol and combination of Span 60 and tween 60 has significant
influence on % EE. As the concentration of Span 60 and Tween 60 increases the % EE was increases linearly and shows
synergistic effect between the factors on stated response as shown in interaction plot. A positive coefficient implies that
the factor has a synergistic influence, whereas a negative value shows an antagonistic influence on the responses.

Table 5 ANOVA data for Response Y2 - % EE

Model Sum of Squares | df | Mean Square | F-value | p-value
Significant 228.01 9 | 2533 5.28 0.0408
A-Span 60 1.56 1 | 1.56 0.3246 | 0.5935
B-Tween 60 1.96 1 | 1.96 0.4085 | 0.5509
C-Stearyl alcohol | 76.82 1 | 7682 16.01 0.0103
AB 24.90 1 | 24.90 5.19 0.0717
AC 8.44 1 | 844 1.76 0.2421
BC 2.07 1 | 2.07 0.4321 | 0.5400
A? 47.22 1 | 47.22 9.84 0.0258
B? 66.34 1 | 66.34 13.82 0.0137
c? 13.28 1 | 13.28 2.77 0.1571
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Figure 7 Response surface plots a ) Contour b) 3D surface

3.3. Effect of factors on Response Y3 - Particle size

ANOVA suggested (Table 6) linear model was suggested, here A is significant model term, nonsignificant lack of fit and
low values of predicted residual sum of squares. The model F value of 12.02 implies the model is significant with p
values less than 0.0500 there is only a 0.09 % chance that an F-value this large could occur due to noise.

Table 6 ANOVA data for Response Y3 - Particle size

Model Sum of Squares | df | Mean Square | F-value | p-value
Significant 35790.84 3 |11930.28 12.02 0.0009
A-Span 60 35010.55 1 | 35010.55 35.28 <0.0001
B-Tween 60 16.27 1 | 16.27 0.0164 | 0.9004
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C-Stearyl alcohol | 764.01 1 764.01 0.7699 | 0.3990
Residual 10915.37 11 | 992.31
Pure Error 3359.72 2 1679.86
Cor Total 46706.21 14
Predicted vs. Actual Interaction
300 - B: Tween &0 [mg) (Puager g Aameal
e
. " g, ::u.n.
‘-\-..\_\‘_ ) ™ £a kTS

Pradicted

particle sze ()
o

L I
0 100 150 00 %0 100 ] EL 143 e an A

Actual A Span B0 (g

Figure 8 Diagnostic plots a) Predicted vs Actual b) Interaction

particle size (nm)

3D Surface

%0

220

Parche sae panm)

B: Tween 60 (mg)
B
|
_a;

A Span 60 (ma)

Figure 9 Response surface plots a ) Contour b) 3D surface

The linearity plot of predicted value versus actual value of model condition Zeta potential was shown in figure 8. The
linearity plot had good correlation i.e., R2 - 0.7663. The Predicted R? of 0.5995 is in reasonable agreement with the
Adjusted R? of 0.7026 indicates prediction results from the Design-Expert® program had precision and reliability.
Adequate precision measures the signal to noise ratio. A ratio greater than 4 is desirable. The ratio of 9.335 indicates an
adequate signal, model used to navigate the design space. The relationship between factors vs response were shown in
response surface plots viz., Contour and 3D surface (figure 9) and interaction between factors vs response was shown
in figure 8. The polynomial equation was generated for actual factors. The equation in terms of actual factors can be
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used to make predictions about the response for given levels of each factor. Here, the levels should be specified in the
original units for each factor.

Particle size = + 589.78695 - 0.912466 Span 60 + 0.015847 Tween 60 - 0.390900 Stearyl alcohol

The particle size of nanoparticle is ranging from 103.9 (trial 5) to 261.2 (trial 13) and was directly influenced by the
concentration of Span 60. As the concentrations of Span 60 increases the particle size increases at lower concentrations
produce smaller size nanoparticles. A positive coefficient implies that the factor has a synergistic influence, whereas a
negative value shows an antagonistic influence on the responses and no interaction among factors. In Nano delivery the
size of the particle is the measure of permeation across the biological barriers in systemic delivery as well as
transdermal delivery. Nanoparticles with diameter less than 300 nm are able to deliver their contents to some extent
into the deeper skin layers. Particles in the size range of 100 to 210 nm, may preferentially penetrate through the
transfollicular route.

3.4. Numerical optimization

A numerical optimization technique using the desirability approach was employed to develop an optimized formulation
with the desired responses. Fix the constraints for factors viz., maximize the X1 (Span 60) and Xz (Tween 60), in range
for X3 (Stearyl alcohol); for response, set in range Y1 (zeta potential), maximizing Y2 (% EE) and minimizing Y3 (Particle
size). Optimize the constraints by using Deign Expert software to generate the possible solution with high degree of
desirability and generate the possible overlay plot to explain the details of the optimized batch. The point prediction
method confirms the ratio of X1, X2 and X3 and confirmed by predicted response at 95% CI as shown in table. The Over
lay plot in figure 10 and desirability of constraints factors shown in figure 11, provides optimized batch with predicted
response. The optimum formulation generated as per BBD, comprising of X1-Span 60 (430 mg), X2-Tween 60 (280 mg)
and Xs3-Stearyl alcohol (262.069 mg), with predicted response of -8.65009 (Y1- Zeta potential), 90.8499 (Y2- % EE) and
99.43 nm (Y3-Particle size). The optimized formula was validated by formulating and evaluating CUR-SLNSs, the relative
data was given the tables 7 and figure 12, 13. The experimental results validate and ratified with predicted data, it
clearly indicates the DoE studies can be used to study the influence of three factor on three responses. Validation of the
predicted values of responses was performed by comparing with the experimental data, which indicated high degree
closeness between the predicted and experimental values and confirmed excellent prognostic ability of the employed
mathematical model.

Cwerlay Plot

LIHY

B Tween 60 (mag)
F

160

130 —

285 314 343 372 401 430

A Span 60 (mg)

Figure 10 Over lay plot of desirability factors and predicted response
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Figure 11 Desirability plots of all factors on all response
Table 7 Formulae of OP-CUR-SLNs as pre BBD and its comparative evaluation data
OP-CUR-SLNs Comparative data
Ingredients (mg) | OP-CUR-SLNs | Parameter Predicted | Experimental
CUR 100 % EE 90.84 88.23+1.102
Span 60 430 Particle size (nm) 195.43 214.3
Stearyl alcohol 262.069 Zeta potential (mV) | -8.65009 | -9.43
Tween 280 tso(hr) | - 25.22 hr
Brij 35 860 Qs (hry) | - 98.65+0.22%
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Figure 12 Experimental zeta potential and particle size of OP-CUR-SLNs
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Figure 13 Drug release profile a) in vitro drug release b) Ex vivo drug permeated across rat skin

3.5. In vitro drug release

The cumulative percent drug release of OP-CUR-SLNs was found to be, 11.845 + 0.22 after 6 hr, faster drug release at 6
hr may be due to release of drugs from the adhered particles. After 12 hr the drug release was steady and found to be
28.908 * 0.07 due complete exhaust of adhered drug particles from the OP-CUR-SLNs. The drug release was steady and
controlled for 48 hr and was found to be, 98.52 + 0.58 (figure 13). The in vitro drug release data for OP-CUR-SLNs was
further fitted into various kinetic equations to find out the order and mechanism of drug release and the model fitted
data, the correlation coefficient showed that the release profile followed the first order, also from Korsmeyer peppas
model, the release exponent, n was found to be greater than 0.5 indicated the drug release followed non fickian and
release mechanism was indicative of erosion followed by diffusion controlled.

3.6. Ex vivo permeation study

The OP-CUR-SLNs was further studied for their ability to permeate across the skin barriers by fabricate into carbopol
gel. The OP-CUR-SLNs equivalent to 10 mg of CUR was incorporated into 1% carbopol gels and evaluated for ex vivo
permeation and skin irritation test. Further the data was compared with CUR loaded plain carbopol gel to assess the
efficiency of permeation of SLNs over plain. Ex vivo permeation studies predicted the in vivo permeation behaviour of
the formulations when it was subjected to the transdermal applications. The amount of the drug permeated gives the
information about the amount of drug absorbed into the blood. The skin permeation of CUR from the optimized
formulation CUR-SLNs and plain gel was performed using skins obtained from the Wistar Albino rats using Franz
diffusion cell (figure 13). After 36 h of the study period, only 49.50 + 0.28 % of CUR was permeated from the plain gel
thorough the rat skin, whereas the carbopol gel loaded with OP-CUR-SLNs shows 94.62 + 0.20 % CUR permeation across
the rat skin. The results clearly indicate that SLNs possess higher skin penetration ability. The comparative low skin
permeability of CUR in plain gel was due to its lower aqueous solubility, while the high permeability of SLNs resulted in
improved skin penetration of CUR. The ex-vivo study performed using rat skin revealed that cumulative drug release
from OP-CUR-SLNs showed maximum flux i.e. 60.68 + 18 ug/cm?2/h. Better transdermal flux without lag phase of SLNs
might be the result of one or more of the wing mechanisms as reported previously i.e. increased solubility of active drug,
high association of drugs with lipid layers of nanoparticles. Apart from the amount of surfactant viz., Span 60 and Tween
60 in SLNs modifies the structural composition of stratum corneum and increases the thermodynamic activity of the
drug as well as skin vesicular partitioning. Moreover, the presence of unsaturated double bond in the oleate side chain
of Span 60 was responsible for the significant enhancement of CUR permeation. The packing nature of unsaturated fatty
acids changes the stratum corneum lipid structure upon binding to the keratin filament, hence increase drug
permeability across skin.

3.7. SKin irritation Test

The Albino rats received optimal gels as well as plain gel were free from of any irritation and there were no signs of
erythema (table 8). According to Draize et al, the optimal proniosomal gels and plain gels considered to be non-irritant
and the optimal proniosomal gel formula is safe to be applied on the skin for the intended period of time. The Span 60
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and Stearyl alcohol used in the preparation of SLNs were mild, a finding consistent with the drug design principle of
Quality by Design (QbD).

Table 8 The irritation scores of OP-CUR-SLNs and CUR plain gel on normal rat skin

Application period/ Erythema scores
Formulation

Day-1 | Day-2 | Day-3 | Day-4 | Day-5 | Day-6 | Day-7
OP-CUR-SLNs | 0 0 0 0 0 0 0
CUR-Plaingel | 0 0 0 0 0 0 0

3.8. Stability Study

The short-term stability of OP-CUR-SLNs was carried out for three months as per ICH guidelines. There was no evident
for aggregation, during the study period and it was found that the OP-CUR-SLNs were able to retain their structure. At
refrigerated condition (4+2 °C) OP-CUR-SLNs shown 97.14 + 1.132% drug content; 84.32 + 0.69% encapsulation
efficiency; at room temperature (252 °C) shown 97.11 * 0.79 % drug content and 86.88 + 0.99 % encapsulation
efficiency and thus it was found that storage under refrigerated condition showed greater stability. In both the storage
conditions percent drug content, percent encapsulation efficiency was within the specification throughout the study
period.

4., Conclusion

Response surface BBD can be successfully applied to formulate and optimize Curcumin loaded SLNs and were
conveniently prepared by nano-emulsion template method. The statistical tests in design experiment conclude that
some linear and interaction terms of independent variables influence on the response. The numerical optimization was
successfully used to generate optimized formula can be validated within the design space. The OP-CUR-SLNs exhibited
good entrapment efficiency and particle size. Further the OP-CUR-SLNs loaded transdermal carbopol gel shows good in
vitro drug release and better ex vivo permeation than the plain CUR loaded gel, which concludes CUR-SLNs considered
to be a successful topical transdermal drug delivery system and provide a sustained release of encapsulated drug.
Furthermore, CUR-SLNs loaded carbopol gel considered to be non-irritant and safe to be applied on the skin for the
intended period of time.
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