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ARTICLE INFO ABSTRACT

Keywords: Finasteride (FIN), a 5-a reductase enzyme inhibitor is mainly used orally for the treatment of androgenic alopecia
Quality-by-design and benign prostate hyperplasia. The present study was undertaken for systematic optimization and assessment of
Response surface methodology the designed nanostructured lipid carriers (NLC) to enhance follicular delivery of FIN by topical administration.
EZ?;:CCC;E:; The NLCs were prepared by microemulsion method, by employing a 3% Box-Behnken design and subsequently
Follicular confirmed by ANOVA analysis. Compritol ATO-888 and Fenugreek oil were selected as the solid lipid and liquid
Transfollicular lipid respectively for the fabrication of NLCs. The formulations were characterized for particle size, zeta potential,
Optimization entrapment efficiency, storage stability and in vitro drug release profile. Morphological profile of the NLCs

nanocarriers was studied by transmission electron microscopy (TEM). The Fourier Transform Infrared Spectros-
copy (FT-IR) spectrum and differential scanning calorimetry (DSC) thermogram demonstrated that FIN entrap-
ment within NLCs was devoid of chemical interaction with the components. The prepared NLCs had satisfactory
particle dimensions, zeta potential and entrapment efficiency. The numerical optimization process indicated the
optimal NLC composition with 3 mg of SPC, 6 mg lipid and 5 mg of drug. NLCs loaded with FIN had acceptable
particle size at 379.8 nm, zeta potential of —37.1 mV and an entrapment efficiency of 84%. Transmission electron
microscopy indicated the spherical morphology. In vitro release profile indicated a fast initial release and sub-
sequently a prolonged release of FIN from the carrier for 24 h. The release kinetics data displayed a Higuchi
diffusion release model with the best match R? value (0.848). Short-term stability tests conducted over 4 weeks at
6° and 25 °C demonstrated that the formulation could retain their initial properties during the test period.

1. Introduction DHT, Finasteride (N-(1, 1-dimethyl ethyl)-3-oxo—4-aza-5-androst

-1-ene-17-carboxamide), a synthetic 4-azasteroid compound, serves as

Androgenic alopecia is a chronic and progressive disorder affecting
millions and has substantial cosmetic and psychosocial implications. The
hormone testosterone plays a crucial role in androgenic alopecia, inde-
pendent of genetic predisposition [1, 2]. Androgenic alopecia is
androgen hormone dependent follicular miniaturization with a patterned
hair loss, mainly caused by the dihydrotestosterone (DHT) hormone
hydrolysed by 5-a reductase enzyme. Type-II 5-a reductase, the enzyme
involved in the conversion of testosterone to DHT is expressed in
androgen dependent tissues, in general and hair follicles, in particular
and is reported to be critical in androgenic alopecia [3]. Limited treat-
ment modalities are available for androgenic alopecia and this is further
limited by the serious systemic side-effects of the available drugs viz.,
finasteride and minoxidil. In the peripheral conversion of testosterone to
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a specific and competitive inhibitor leading to reduction of the DHT level
in prostate gland, hair and liver [4]. It is approved to be administered
orally for treatment of benign prostatic hyperplasia or prostate cancer
and androgenic alopecia [5, 6]. But the major cause of concern is that on
chronic use, several sexual functions related adverse events are reported
that ultimately lead to compromised patient compliance [7]. The adverse
events of finasteride can be greatly reduced or even completely evaded
by exploiting the percutaneous approach for drug delivery to confine the
drug action on the scalp [8, 9]. But the low aqueous solubility (11.7 mg
L™1) can be a major challenge in transport of finasteride (FIN) across the
skin [10]. Nanocarriers have been reported to have the capacity to
improve the pharmacokinetics and viability at the targeted location,
indicating their value in the current context. Among the various
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nanocarriers, lipidic nanocarriers offer numerous potential benefits like
fewer systemic adverse effects, increased solubility and greater follicular
permeability [11, 12]. The levels of sebum is high within the follicular
ducts boundaries. The existence of sebum, with its lipophilic character,
therefore permits ready interaction with the lipid-based nanocarriers
[13, 14].

Transdermal film loaded with drug microplates for FIN delivery and
an enhancement in aqueous solubility and skin permeation has been
reported [15]. Chitosan decorated FIN nanosystems were synthesised for
delivery via skin and the developed systems displayed suitable in vitro
drug release profile, skin retention characteristics and ex vivo perfor-
mance [16]. FIN loaded microemulsions with increased permeability of
the skin to FIN has also been demonstrated [17]. Gel formulations based
on propylene glycol, Tween 80 and sodium lauryl sulphate displayed
6-fold increment cumulative FIN release, flux, partition coefficient, input
rate, lag time and diffusion coefficient [18].

Quality by design (QbD) is a tried and tested systemic method that
can be applied during the preliminary stages of formulation develop-
ment, designing and optimization to establish the association between
various independent and dependent variables that can be instrumental in
achieving qualitative uniformity in products. This approach helps in
analysing the consequences of critical process parameter on critical
quality attributes. In the current study Box Behnken factorial design was
implemented to study the influence of the formulation composition in the
FIN loaded nano lipidic carriers to achieve the quality target profile with
minimal experimental runs [19, 20]. The formulations were prepared by
the microemulsion method and were characterised for their morpho-
logical features, size, zeta potential, drug entrapment efficiency, and in
vitro drug release profile.

2. Materials and methods
2.1. Materials

The drug finasteride (FIN) was provided by Cipla Ltd., Mumbai, India.
Fenugreek oil was purchased from Parvati Gramodyog Herbal Product,
Faridabad, India. Compritol ATO-888 and Soya phosphatidylcholine
(SPC) were acquired from Molychem, Mumbai, India. Methanol, ethanol,
chloroform and n-octanol were procured from Rankem, Thane, India. All
other reagents, solvents and chemicals used in the experiments were of
analytical grade.

2.2. Experimental design

For maximizing the experimental efficiency, 3-level, 3-factor
Box-Behnken design was used in the study. Using this method, minimal
numbers of experiments were required to optimize preparation of NLCs
[19, 21, 22]. The NLCs were formulated by microemulsion method and
the influence of independent variables on dependent variables was
studied [23]. Independent variables in the present study were amount of
FIN (X;), amount of surfactant (X2) and amount of solid lipid (X3). Other
constraints, i.e., amount of liquid lipid, stirring rate and time, final vol-
ume, were kept at fixed levels. The dependent variables selected were
mean particles size (Y7), zeta potential (Y) and encapsulation efficiency
(Y3). The lower (—1), medium (0) and higher (+1) values for each factor
were selected on the basis of literature survey [12, 24, 25]. The data
analysis was performed by ANOVA.

The polynomial equation generated from the experimental design
was as follows:

Y =bg + b1 X; + byX5 + b3X3 + b12X;1 X + b13X1 X3 + bysXoX3
where Y is the dependent variable, b is the intercept, X, Xo, X3 are the

coded levels of various independent variables, and b; to bss are the
regression coefficients computed through the experimental values
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observed for Y. The terms X;X and Xi2 (i = 1, 2 or 3) indicate the
interaction and quadratic terms, respectively. The statistical validation of
the polynomial equation was conducted with ANOVA, by statistical sig-
nificance of coefficients and r? values. The p values <0.05 were consid-
ered statistically significant [23].

2.3. Preparation of NLCs

Finasteride laden NLCs were fabricated by microemulsion method.
The mixture of solid lipid (Compritol ATO-888) and liquid lipid (Fenu-
greek oil) 7 ml were heated at 80 °C [26], and then FIN was added to this
lipid mixture. At the same temperature, aqueous phase was heated with
surfactant (SPC). By maintaining the temperature, lipid mixture was
added slowly to the aqueous phase under continuous stirring at 2000 rpm
for a period of 30 min. Preparation was filtered. The microemulsion was
quickly added to cold water (0—4 °C), in the ratio of 1:50, forming an NLC
dispersion system [27]. The various steps in the preparation of NLCs are
presented schematically in Figure 1.

2.4. Optimization and validation

STATISTICA 10 was used for graphical and numerical analysis to
determine the best values (Table 1) for the variables based on the
desirability criteria. For the evaluation of the selected experimental
domain and polynomial equations, the optimum variables were utilised
to build a preliminary NLC formulation and the predicted error was
compared to the predicted values.

2.5. Characterization of NLC

2.5.1. Thermal analysis

The pure components and the developed NLCs were characterised for
the melting point and crystallization behaviour by differential scanning
calorimetry (DSC) (Mettler Toledo, DSC 822, Switzerland). Samples
(approx. 5 mg) were placed in an aluminium pan and pierced, and the
pans were subjected to heating at a scanning rate of 10 °C/min from 20°
to 210 °C under nitrogen purge 30 ml/min and in the experiments, empty
aluminum pan served as reference standard.

2.5.2. Fourier Transform Infrared (FT-IR) spectroscopy

The IR spectrum of NLC formulations and pure components were
examined by Fourier Transform Infrared (FT-IR) spectrometer (Avatar,
370 FT-IR, Thermo Nicolet, USA) utilising KBr pellets at room tempera-
ture in order to discover probable interactions that may occur during NLC
formation. Samples were prepared by combining with KBr and the
mixture were compacted to form a thin pellet. These pellets were

measured in the range of 4000 to 400 cm ™"

2.6. Particle size, polydispersity and zeta potential analysis

The particle size (PS), polydispersity index (PDI) and zeta potential
(ZP) of the NLC dispersions were determined by photon correlation
spectroscopy (Zetasizer Nano ZS, Malvern PCS Instruments, UK). Surface
charge of NLCs may influence the interaction and permeation of the
formulation. Negatively charged and neutral formulations prefer to co-
localize within the skin [28, 29, 30]. The samples were diluted to
1:100 with distilled water before measurement to get a suitable kilo
counts per second (keps). The analyses were conducted with a fixed light
incidence angle of 90° at 25 °C.

2.7. Morphological properties

The NLC formulations were analyzed by transmission electron mi-
croscopy (TEM) (TEM Jeol JEM-1400). One drop of NLC dispersion was
placed over a grid followed by negative staining with uranyl acetate and
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NLC formulation

NLC dispersion

Figure 1. Schematic representation of NLCs formulation.

Table 1. Independent variables and the coded levels of the Box-Behnken design.

Factors Coded levels

Independent variables Low Level Medium Level High Level
D 0) +1

X;— amount of drug (mg) 1 3 5

Xo_ amount of surfactant (mg) 25 50 75

X3 amount of solid lipid (ml) 3 6 9

Dependent variables Constraints

Y; = mean particle size (PS) Minimum

Y, = zeta potential (ZP) Minimum

Y3 = encapsulation efficiency Maximum

(EE)

Note: X3, X and X3 denote independent variables and Y3, Yo, Y3 denote depen-
dent variables.

operated at an accelerating voltage of 60 kV to take the transmission
electron photomicrographs of the samples.

2.8. Entrapment efficiency (EE)

The entrapment efficiency (EE) of FIN within NLCs was measured by
the method previously reported with some modifications [31]. The EE
was calculated by determining the amount of free FIN in NLCs. 0.5 ml of
prepared formulation was accurately measured and 10 ml methanol was
added as an extracting solvent for the free FIN. The obtained mixture was
agitated and centrifuged for 5 min at 1000 rpm (Sigma, 3-30K; Ger-
many). Supernatant having free FIN in methanol, was separated and
analysed spectrophotometrically (UV spectrophotometer (UV-1800 Shi-
madzu, Japan)) to quantify the drug at 219 nm wavelength with FIN-free
NLCs serving as blank. The EE was calculated by:

%EE = wtotal - WF/Wtotal‘}:lOO (1)

Where Wiotq) is weight of FIN and lipid in the NLC dispersion and Wg is
amount of free FIN measured in the supernatant. All the experiments for
measuring EE were performed in triplicate.

2.9. In vitro drug release study

The in vitro drug release profile of optimized FIN loaded NLC
formulation was studied over 24 h using modified Franz-type diffusion
cells (diffusion area = 1.3 cm?) mounted with egg membrane to separate
donor and receptor compartments. A defined amount of formulation
(equivalent to 5 mg of drug) was introduced into the donor compartment,
while the receptor compartment contained 15 mL of phosphate buffer
saline (pH 6.5) with 0.8% tween 80 to ensure the sink conditions. The
system was placed under stirring rate of 300 rpm and since the NLCs are
proposed for topical application, the temperature was maintained at 32
°C to simulate the skin surface. At designated time intervals (1, 2, 3, 4, 5,
6, 7 and 24 h), 1 ml of medium was withdrawn and analysed spectro-
photometrically. Each withdrawn sample was replaced with the same
volume of fresh PBS solution, so as to maintain the sink conditions.

2.10. Stability study

The physical stability profile of NLC was determined at 6 + 2 °C and
25 £ 1 °C. The formulations were placed in glass vials for a month at
these temperatures and examined on the day of formulation and subse-
quently 1, 2, 3 and 4 weeks of storage. The samples were analysed for the
particle size, PDI and zeta-potential and compared with the fresh NLC
formulations [32].

2.11. Statistical analysis

The experimental results of the study were expressed as mean +
standard deviation (SD). The statistical significance of the data set was
assessed by unpaired Student t-test for comparing the two experimental
groups. A p-value <0.05 was considered as statistically significant in the
present study.

3. Results and discussion
3.1. Preparation of NLCs

The preparation of FIN loaded NLCs by microemulsion method was
successful. FIN was solubilized in Compritol ATO 888 and fenugreek oil
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Figure 2. DSC thermograms of FIN (a), Soyalecithin (b), Compitrol ATO 888 (c) and FIN loaded NLC (d).

and no drug residues were observed. For the present study the solid lipid
Compritol ATO 888 was selected owing to its melting range above
normal body temperature and better solubility profile. In addition to its
capacity to solubilise lipophilic drugs, Compritol ATO 888 is also re-
ported to have minimal cytotoxicity [17]. As the liquid lipid, fenugreek
oil was selected owing to its beneficial effects on hair [33]. Soya lecithin
was chosen as the lipophilic surfactant in the formulation for topical
applications due to its well-known characteristics in terms of safety,

biocompatibility and acceptable regulatory status and it has also been
successfully used in the design of NLCs [34].

3.2. Physicochemical characterization
3.2.1. Thermal analysis

The DSC thermograms of pure FIN, Compitrol ATO 888, Soyalecihin
and FIN loaded NLC are presented in Figure 2. Pure FIN displayed a
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Figure 3. FT-IR spectra of FIN (a), Soyalecithin (b), Compitrol ATO 888 (c), FIN loaded NLC (d).
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Table 2. Interpretation of IR spectra of pure drug FIN.

S.No Frequency range (cm™ 1) Functional group
1. 1693 amide group

2 1365 tert-butyl group
3 3428.45 N-H group

4 3026 C-H group

B 1647 C=C group

6 1749 C=0 group

strong endothermic peak at 258.64 °C correlating to its melting point,
demonstrating its distinctive crystalline form. Thermogram of phos-
pholipids demonstrated three obviously distinguishable forms of
endotherm. The initial endotherm at 237.08 °C was modest, indicated
the creation of this peak to movements of the polar portion of the
phospholipid molecule. The next strong endotherm peak exhibited at
272 and 283.8 °C might be generated due to the phase transition from a
gel-like state to a liquid-crystal state, and it may undergo melting,
isomeric or crystal modifications on carbon-chain in the phospholipid
[35]. It is obvious from comparison of the DSC curves that FIN and
phospholipids display various interactions, such as the creation of
hydrogen bonds and Van der Waals forces. The combination of the polar
parts of FIN and phospholipids, facilitates the free rotation of the car-
bon-hydrogen chain in the phospholipids and enclose the polar frac-
tions of the phospholipid molecule, and produce a chronological
reduction between the phospholipid aliphatic hydrocarbon chains
while the second endothermic peak of the phospholipid vanished, and
the phase transition temperature was condensed [36, 37]. In the DSC
thermogram of FIN loaded NLC, decreased endotherm peaks at 150 °C
of phospholipid was achieved. In the DSC, FIN alone exhibited a sig-
nificant peak at 258.64 °C. However, in the formulation this peak was
noticed as displaced blunt curve at 105.97 °C owing to the presence of
liquid and solid lipids and exothermic combination with water to create
substantial heat. The typical endothermic peak of Compritol ATO 888
(72.07 °C) was visible in the physical mixture of FIN with excipients of
NLC, corroborating the crystallinity of Compritol ATO 888 and its f/
form. The NLC formulation also displayed a diminution in peak in-
tensity of Compritol ATO 888 with a minor shift of the endothermic
peak to the lower temperature (70.88 °C) [38].
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3.2.2. Infrared spectroscopy

Infrared spectroscopy examination was undertaken for identification
of probable interactions between components during fabrication of NLCs
[26, 39]. FTIR spectra of pure FIN, soya lecithin, compitrol ATO 888, and
optimal FIN loaded NLC are presented in Figure 3. FIN IR spectra
exhibited distinctive peaks at 1690 and 1600 cm™! corresponding to the
two amide groups. The interpretation of IR spectrum of pure FIN is
presented in Table 2. Other peak at 1360 cm ™! related to tert-butyl group
[36, 40, 41, 42], soya lecithin displayed a broad peak at 2310, sharp peak
at 2950, as well as other sharp peaks less than 1800 cm*. FT-IR spectra
of FIN loaded NLC demonstrated elimination of all other peaks rather
than 1690 and 1600 cm ™! corresponding to the two amide groups moved
towards 1687.50 and 1667.16 and two corresponding peaks of soya
lecithin 2913.01 and 2847.75 cm™* also existed. 1731.23 cm™! was
found on the compitrol ATO 888. These findings are indicators of mild
physical interactions between FIN and soyalecithin that might have taken
place during the NLC formation.

3.3. Data analysis and formulation optimization

In the Box-Behnken design for experimental design and process
optimization, three elements and three levels were considered. The
response surface randomised design provides 17 runs with various
combinations of the specified elements, including 5 runs with centre
points for which responses were gathered and assessed (Table 3).
Quadratic polynominal models were determined to offer the greatest
match for all the three criteria. The model terms revealed that indepen-
dent factors had a direct influence on dependent variables (responses).
To discover the ideal experimental parameter, all of the observed re-
sponses were compared. Individual and aggregate factor coefficients and
P-values demonstrated the effect of each component on chosen replies.
The relevance of the chosen model and other factors examined by
ANOVA was also revealed by the P-value (Table 4). The model terms
were judged to be significant, and the lack of fit was not significant for
any observed response, as predicted. Table 3 displays the 17 runs of the
experimental design, as well as the outcomes of each run. Figures 4, 5,
and 6 show 3D response surface plots of all responses to highlight the
effects of various settings. Statistical analysis, calculated p-values and the
fitting mathematical model provide the results of discrete main effects
and their interaction factors with 95% confident level.

Table 3. Generated table of formulation composition and the effect on different formulation variables.

Samples Variables Responses

Experimental Run Drug conc. (X;1) Surfactant conc. (X5) Solid lipid conc. (X3) PS (Y1) ZP (Y2) EE (Y3)

1 0 0 0 375.2 £ 2.7 —35.6 + 0.24 80 + 2.14
2 0 0 0 375.3 + 2.9 —35.1 +0.18 85 + 2.22
8 -1 -1 0 352.1 + 2.6 —36.4 &+ 0.32 86 + 1.10
4 -1 0 -1 356.6 + 1.9 —35.7 £ 0.28 74 +£1.23
5 0 1 1 371.4 + 3.1 —37.24+0.23 83 + 2.30
6 0 -1 -1 375.1 £ 1.5 —36.2 + 0.39 76 + 1.94
7 -1 1 0 350.1 + 2.5 —37.8 4+ 0.28 82+ 1.85
8 0 0 0 376.3 + 2.7 —35.9 + 0.32 86 + 2.36
9 0 -1 1 372.1 + 3.4 —38.5 + 0.36 64 +2.17
10 1 1 0 379.8 + 2.6 —37.1 + 0.26 84 + 2.05
11 1 0 1 383.5 + 3.2 —35.6 + 0.14 72 £+ 2.12
12 1 -1 0 385.7 + 2.3 —37.2 4+ 0.36 85 + 2.33
15) 0 0 0 374.6 + 2.4 —35.2 4+ 0.22 79 +1.34
14 -1 0 1 354.1 + 2.9 —35.9 4+ 0.17 71 + 1.68
15 0 1 -1 378.5 £ 1.3 —37.5+ 0.25 72 +1.53
16 0 -1 392.2 + 1.8 —35.2 4+ 0.19 75 + 2.26
17 0 0 0 377.3 £ 2.3 —35.8+0.13 81 £ 2.11
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Table 4. Summary of results of regression analysis for responses Y, Y, and Y3.

Parameter PS (Y1) P-value ZP (Y2) P-value EE (Y3) P-value
Intercept 277.92 <0.0001 1.72 0.0021 62.91 0.0255
X3 2305.20 <0.0001 0.0612 0.5460 1.12 0.7784
Xz 56.71 0.0004 0.8450 0.0506 6.13 0.5169
X3 0.6613 0.5199 0.2112 0.2773 12.50 0.3621
X; Xa 9.61 0.0364 0.0100 0.8051 0.0000 1.0000
X; X3 3.24 0.1775 0.5625 0.0960 2.25 0.6915
X2 X3 4.20 0.1315 1.69 0.0126 132.25 0.0157
X3 97.31 <0.0001 0.0221 0.7143 1.78 0.7239
X3 1.88 0.2915 0.0979 0.4489 408.52 0.0008
X3 19.15 0.0082 11.85 <0.0001 8.25 0.4543

The response increases when a factor is preceded by a positive sign,
whereas the response declines when the factor is preceded by a negative
sign. In regression equations, interaction terms or quadratic relationships
are indicated by multiple factors or higher-order terms, respectively.
Non-linearity between factors and responses has also been suggested. A
factor can yield a different degree of response when it is varied at
different levels or when multiple factors are concurrently varied. Table 5
present response generated by Design Expert”. Final regression equation
of the applied quadratic model for individual responses, viz., particle size
(Y;), zeta potential (Y3) and entrapment efficiency (Y3) generated by
response surface methodology with Design Expert® software are given
below.

Based on the quadratic order and polynomial model, response surface
analysis were plotted as Figures 4, 5, and 6 in a three-dimensional model,
representing the effect of various independent factors on the observed
responses of particle size, zeta potential and entrapment efficiency
respectively.

3.3.1. Effect on particle size

The particle size, PDI and zeta potential of various NLC formulations
and encapsulation efficiency of FIN loaded NLCs immediately after
preparation are displayed in Table 3. The mean diameter of particles was
observed to be below 400 nm ranging 350.1 + 2.5 nm (sample 7) to
392.2 + 1.8 nm (sample 16) and PDI values were less than 0.305
indicative of narrow size distribution at the selected levels of variables,
while the mean particle size was 372.79 nm, shown in Table 4 which is
the intercept of the model.

Quadratic equation aspect of particle size generated from ANOVA:

Yl :37574 + 1697*X1 - 2.66*X2 + 02875*){3 - 1.55*X1X2
+0.9000X;X5" — 1.03*X,X3 — 4.81%X;2 + 0.6675*X,2 — 2.13*X;2
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The amount of drug (X;) and the amount of solid lipid (X») are the two
most important elements that influence particle size (p < 0.05). Amount
of solid lipid had a negative effect on particle size. A reduced amount of
solid lipid may encourage formation and subsequent stabilization of
smaller particles. It has been observed that with an increment in the oil
(liquid lipid) content, there is a fall in the mean particle size of NLC. The
surfactant with its potential to stabilize formulation also plays a critical
role in the particle size [43].

Hu et al. 2005 also reported that addition of liquid lipid to formula-
tion decreases viscosity inside NLC and also reduces the surface tension
to form smaller particles. Addition of liquid lipid in NLC production can
be dispersed in a lipid matrix and reduce particle size [44]. The drug
concentration has a positive effect, owing to the increase in molecular
density in the inner phase. According to the significant effect of variables
on particle size, correlation coefficient is good and high as expected (R? =
0.9960).

3.3.2. Zeta potential analysis

The zeta potential of the NLC formulations ranged from —35.1 mV
(sample 2) to —38.5 mV (sample 9) (Table 3), with the mean being
—36.35 mV as per the model intercept (Table 4). The only independent
factor that seems to influence is the interaction between amount of solid
liquid and surfactant (XoX3). The zeta potential value shows an increment
with an increase in the solid lipid-surfactant concentration (P-value
0.05).

Quadratic equation aspect of zeta potential generated from ANOVA:

Y, = — 35.52000 + 0.087500*X; — 0.325000*X, — 0.162500*X3
— 0.050000%X;X, + 0.375000*X;X5" + 0.650000*X, X3
+0.072500%X;2 — 0.152500%X,2 — 1.67750%X5>

This phenomenon may be attributed to the adsorption of soya lecithin
over the exterior surface of NLCs. Soya lecithin was chosen as a lipophilic
surfactant in the formulation over other surfactants suitable for topical
applications as it increased the zeta-potential of NLCs that translated into
their enhanced stability. The same behaviour may be achieved when
these two factors interacted i.e., increment in the amount of lipid (X3) or
the amount of surfactant (X3).

3.3.3. Entrapment efficiency (EE)

The percentage of FIN entrapped within the NLCs ranged from 65%
(sample 9) to 86% (sample 8) (Table 3). According to Table 3 the average
% EE was found 78.53 %. %EE is mainly affected by the solid lipid
concentration (Xp), and lipid-surfactant mixture (X;X3). The high %EE
may be related to Compritol ATO 888's hydrophobicity, which is linked
to flaws in its lattice that provide space for active ingredients [45]. It's
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entrapment efficiency.

worth remembering that such a large drug load could be due to the FIN's
lipophilic characteristics, and it having log P-value as 3.03 [46].

Quadratic equation aspect of entrapment efficiency generated from
ANOVA:

Y5 =80.80000 + 0.375000*X; — 0.875000*X, + 1.25000%X;
—1.42630E — 14*X;X, + 0.750000*X;X;3" + 5.75000%X,X;
+1.35000%X;2 — 9.15000%X,2 + 2.10000*X3>

Studies demonstrate that integration of liquid lipids into solid lipid
causes disorder in solid lipid crystal, thereby permitting additional space to
accommodate drug molecules. Surfactant molecules, in general, cover the
distributed NLCs' hydrophobic interface. A large fraction of the drug mol-
ecules will be trapped within the surfactant layer on the exterior of NLCs
with a greater surfactant concentration, resulting in a high EE [26,47].

3.4. Optimization and validation

Desirability function of Design Expert-11 was employed to get the
optimized formulation. Since, the ZP was always around —35 mV, the

Table 5. Responses generated through Design Expert.

Response Unit Min. Max. Mean Std. Dev. Ratio Model

Ry nm 350.1 392.2 372.79 12.53 1.12 Quadratic
Ry mV —38.5 -35.1 —36.35 1.02 1.10 Quadratic
Rs % 64 86 78.53 6.41 1.34 Quadratic

desired value (<0.2), the formulation optimization was conducted with
respect to particle size (~380 nm) and entrapment efficiency (maximum).
Following the evaluation of numerous responses and a thorough search
using desirability function, the optimal formulation (i.e. formulation no.
10) met the standards of optimised formulations.

3.5. Morphological properties

Transmission electron microscopic studies indicated that FIN loaded
NLCs were spherical with a narrow size distribution and aggregation-free

Figure 7. Transmission electron microscopy of FIN loaded NLCs.
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(Figure 7). The observed particle diameters (c.a. 250 nm) were in
agreement with the values attained from particle size analyzer.

3.6. Drug release

One of the key objectives of activation regarding formulation is to
control the drug release from the nano-systems. The in vitro release
profile curves over 24 h were obtained by the modified Franz-diffusion
cell method from FIN loaded NLC, plain drug dispersion and commer-
cially available topical formulation of FIN. FIN loaded NLCs released the
drug within 12 h, as illustrated in Figure 8. The release of FIN from the
NLC was biphasic, with an initial faster release rate from the start till the
fifth hour, which could be attributed to the free drug in the NLCs or
surface-associated drug. This was followed by a slower release from the
solid lipid core of NLCs shortly after and because of its considerably more
lipophilic nature, FIN is reported to here to have a higher affinity for the
lipid matrix [48].

The in vitro release data indicated a Higuchi diffusion release model
with the best match R? value (0.848) in comparison to other kinetic
models after assessing the release data of the drug-loaded NLCs by
multiple kinetic models (Table 6). Based on Fickian diffusion, this model
elucidates the time-dependent drug release from an insoluble matrix.

The preparation of NLCs involved its cooling from an elevated tem-
perature to room temperature. This step promotes the concentration of
the drug within the external layers of the particles, its superficial trapping
and burst release. The release of FIN contained deep within the nano-
particles can last for up to 24 h. Furthermore, following lipid crystal-
lisation, the solubility of oil in solid lipid is surpassed and as a result, oil
precipitates, with the production of fine oil droplets embedded in solid
lipid, leading to prolonged release. The observed release patterns may be
useful for follicular application since the initial release may serve to
improve the drug penetration, while subsequent steady release may
provide the drug over an extended time frame [23, 49, 50, 51].

3.7. Stability study

The particle size may serve as a potential tool to determine the
stability profile of the NLCs. Physical stability was determined by

Table 6. R? values of different releasing models.

Zero order First order Korsemeyer-Peppas

0.660 0.426 0.540 0.848

Higuchi kinetics

observing changes in particle size, PDI and zeta potential of NLCs stored
at 6° and 25 °C. Alterations in particle dimensions are considered as
indicator of formulation instability [27, 52]. None of the samples
indicated particle aggregation through visual observations, for a period
of 4 weeks. These studies suggested that FIN-laden NLCs were stable
over this period with no significant change in the mean particle size and
PDI. Broadly, NLCs were stable after 4 weeks with average particle size
between 370 and 380 nm, PDI below 0.3 and EE remained over 85%
during this period. At the end of this study period, the formulation
exhibited macroscopic phase separation at both temperatures. Nano-
carriers were produced at elevated temperature and subsequently
rapidly cooled to 0 °C, thus there are greater chances of formation of
alpha modification crystals; while during storage, this crystal change is
to the more stable beta modification.

4. Conclusion

In this study, NLCs with the potential for follicular targeting of FIN
were successfully developed by microemulsion method and optimized by
Box-Behnken design. With 17 runs generated through factorial design,
the resultant polynomial equations and response surface plots, the opti-
mum formulation with the desired properties could be prepared. On the
basis of data it could be concluded that the amount of drug, lipid and
surfactant used were critical factors for the production of FIN loaded
NLCs that had a substantial influence on their physical attributes. This
factorial design study have served as a valuable tool for optimizing NLC
formulation for delivery of FIN.

FTIR analysis confirmed the effective entrapment of FIN within
NLCs. DSC thermograms confirmed the presence of amorphous FIN
within the optimized NLC formulation. The stability tests conducted
over 4 weeks at 6° and 25 °C gave a good indication that the formu-
lation could retain their primary attributes. In vitro release profile of FIN
from NLCs indicated sustained release at the skin environment, how-
ever, with a biphasic drug release profile with initial burst release fol-
lowed by sustained release. Thus, the optimized formulation may be
suitable for topical administration. These lipid colloidal carriers show
interesting properties for delivering FIN. On the basis of experimental
results, it can be deduced that particle size, zeta potential and entrap-
ment efficiency of the NLCs are suitable for follicular targeting. The
current study confirmed that FIN loaded NLCs may be a potential car-
rier for topical administration of actives in the therapy of pilosebaceous
related diseases. The topical delivery of FIN to the skin targets with
NLCs could possibly serve to minimize its systemic absorption and
associated adverse events.
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