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Abstract Adapalene (ADP), a topically administered an-
tiacne drug, finds limitation due to poor penetration,
limited localization, and associated incompatibility of
photosensitization and skin irritation. To explicate an
innovative and safe method for ADP administration
and alleviating the associated limitations, solid lipid
nanoparticles (SLN) of ADP have been fabricated and
evaluated for efficacy in the present work. The SLN
were prepared using pre-emulsion sonication method
and incorporated into convenient topical dosage form,
hydrogels. In vitro permeation studies of the hydrogels
through HCS indicated gel containing ADP-SLN
showed 2-fold more accumulation in skin layers as
compared to conventional ADP gel. Rheological studies
demonstrated ADP-SLN gel to possess pseudoplastic be-
havior, occlusion and hydration studies revealed perme-
ation effectiveness of ADP-SLN gel over conventional
ADP gel while primary skin irritation studies established
safety of the ADP-SLN gel upon topical application.
Hence, it was concluded that the studied ADP-SLN for-
mulation with skin localizing ability may be a promis-
ing carrier for topical delivery of ADP.
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Abbreviations
ADP Adapalene
SLN Solid lipid nanoparticles

ADP-SLN  Adapalene-loaded solid lipid nanoparticles
GMS Glyceryl monosterate

PXRD Powder X-ray diffraction
FTIR Fourier transform infrared
HCS Human cadaver skin

PS Particle size

PDI Polydispersity index

EE Entrapment efficiency

RSM Response surface methodology
TEWL Trans-epidermal water loss
Introduction

Acne vulgaris, a long-term skin condition characterized by
seborrhea, comedons, microcomedons, pustules, etc. is a com-
mon disorder affecting 80-85 % of teenagers in the world,
leading to reduced self-esteem and depression in them. Acne
involves abnormal proliferation and differentiation of
keratinocytes following increased sebum production which
acts as a medium for proliferation of gram-positive bacterium,
Propionibacterium acnes, the latter leading to inflammatory
response owing to bacterial antigens and cytokines [1-4].
Adapalene (ADP), 6-[3-(1-adamantyl)-4-methoxy-phenyl]
naphthalene-2-carboxylic acid, is a third generation retinoid
exhibiting keratolytic, anti-inflammatory, and antiseborrhoic
action, hence is a choice of drug for treating acne. In addition
to oral and topical retinoid therapy, the treatment for acne also
involves oral and topical antibiotic therapy [5, 6]. Systemic
and oral delivery of retinoids though being effective, are as-
sociated with severe complications such as embryopathy
(cranio-facial, central nervous system, cardiovascular
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disorders), hepatosplenomagaly, and papilloedema while top-
ical delivery is associated with instances like photosensitiza-
tion and skin irritation, alarming need for an effective and safe
topical therapy [8].

Various carriers such as nanoemulsions, nanosuspensions,
mixed micelles, liposomes, polymeric nanoparticles, and
nanoparticles based on solid lipids at room temperature have
been developed to derive advantages such as increased bio-
availability, controlled release, drug targeting, and increased
stability [9, 10]. Solid lipid nanoparticles (SLNs) hold the
promise as carrier to improve drug delivery to skin because
these are composed of physiological and biodegradable lipids
with low toxicity, and their small size and relatively narrow
size distribution permit site-specific delivery to the skin, while
occlusive effect leading to hydration and temporary opening
of compact structure of stratum corneum facilitates drug pen-
etration into the skin surface, allowing the lipid exchange
between SLN and the outermost layers of stratum corneum
[9-12]. Various studies have focused on the cosmetic and
topical applications of SLN; SLNs as a topical carrier have
been used for topical delivery of several drugs including clo-
trimazole and betamethasone 17-valerate and have reported to
have potential to localize drug in skin [13, 14].

The purpose of this research was to incorporate ADP in
SLN (ADP-SLN) and evaluate the consequent improvement
in topical delivery when incorporated in gel matrix. It was
believed that incorporating ADP into SLN would improve
its permeability into the skin owing to the involvement of lipid
carrier; additionally, the drug efficacy and local effect could be
improved by epidermal restriction of the same [7-14].
Entrapment of ADP in SLN matrix would also minimize the
contact of the drug with the skin, thereby reducing skin irrita-
tion and photosensitization instances and ensuring a control
release in the skin [6, 12].

Experimental

Materials

ADP was received as a kind gift from Glenmark
Pharmaceuticals Ltd., India. Cellulose acetate membranes
were purchased from Hi Media, India. Carbopol 940 was pur-
chased from Loba Chemie, India, and all other chemicals were
procured from local sources.

Methods

Lipid selection

Lipid selection was done on the basis of maximum solubility

of ADP in the test lipids. Various lipids such as Compritol 888
ATO, glyceryl monostearate, Precirol ATO 5, Gelucire,
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Emulcire 61, and stearic acid were used to study the solubility
of the drug. Briefly, ADP (0.1 g) was dispersed under stirring
in 100 mg melted lipids. Incremental addition of lipids was
done until clear solution was obtained.

Surfactant system selection

The surfactant system was chosen on the basis of particle size
(PS) and polydispersity index (PDI) of the dispersion obtained
by utilizing various surfactant systems (Table 1). ADP/lipid
(1:3) was melted at 70 °C, and 1 % of the lipid surfactant was
added to the melt. Aqueous surfactant solution (2 %) main-
tained at 70 °C was used as a medium for emulsifying the lipid
melt under stirring (35,000 rpm, 10 min; Omni International,
USA). The resultant dispersion was evaluated for PS and PDI.

Optimization using experimental design

A Box-Behnken design containing 15 experimental runs was
utilized to study the independent variables, viz., drug/lipid
ratio, concentration of lipid-based surfactant, sonication time
at three levels, and their effect on important dependent vari-
ables, viz., PS and % entrapment efficiency (EE). The levels
for the drug/lipid ratio were 1:3, 1:7.5, and 1:10, concentration
of lipid-based surfactant were 1, 3, and 5 % while the same for
sonication time were 5, 10, and 15 min.

Preparation of ADP-loaded solid lipid nanoparticles

ADP-SLNs were prepared by using pre-emulsion probe son-
ication method. Lipid was heated to at least 10 °C above its
melting point, and ADP was dissolved in the melt. Lipid sur-
factant was added to the lipid melt under manual stirring until
clear melt was obtained. Aqueous surfactant solution (2 %)
heated to temperature as that of lipid melt was added under
stirring (35,000 rpm, 10 min; Omni International, USA) to the
lipid phase to form pre-emulsion. The resultant pre-emulsion
was further sonicated using probe sonicator (Sonics VCX750,
USA), followed by cooling down to 2 to 4 °C in freezer to
form ADP-SLN dispersion. The particle size of the resultant
ADP-SLNs were analyzed for PS using Malvern Mastersizer
2000 MS (Malvern instruments, UK). For %EE, the ADP-
SLN was centrifuged at 50,000 rpm for 20 min and the settled
mass was collected, washed with chloroform, and analyzed
spectrophotometrically (Jasco V-530, Japan) for content anal-
ysis by dissolving known amount of SLN into chloroform.

Optimization data analysis and response surface
methodology validation

Optimization data analysis was done using Design Expert
Software (version 7.1.6, Stat-Ease Inc., Minneapolis, MN),
and the polynomial regression equations and 3D response
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Table 1 Selection of surfactant

system for ADP-SLN Batches Lipid-phase Water-phase Particle PDI*

surfactant surfactant size® (nm)

F1 Span 60 Tween 80 320 0.210
F2 Lecithin Tween 80 1521 1.089
F3 Span 60 Poloxamer 188 210 1.209
F4 Lecithin Poloxamer 188 820 0.650

#n=3, i.e., average of three readings

PDI polydispersity index

surfaces were obtained. Finally, optimum formula with
highest desirability value was picked, and the prognostic abil-
ity of mathematical model was tested by formulating the sug-
gested optimum formulation and evaluation of response
parameters.

Evaluation of the optimized SLN

X-ray diffractometry X-ray scattering measurements were
carried out using X-ray diffractometer (PW 3710, Philips
Ltd.). A Cu Ka radiation source was used with the scanning
rate (2 h min ') of 5 °C per min. X-ray diffraction measure-
ments were carried out on ADP-SLN, bulk ADP, and bulk
lipid.

Fourier transform infrared study A Jasco FTIR spectropho-
tometer (Jasco FTIR-401, Japan) was used for infrared analy-
sis. About 1-2 mg of sample was mixed with dry potassium
bromide, and the samples were examined at transmission
mode over wave number range of 4000 to 400 cm .

Samples used for FTIR analysis were the same as PXRD.

Preparation of ADP-SLN gel

Gels with different concentrations (0.3—1 %) were formu-
lated and evaluated for rheological properties and for
diffusion studies. Required quantity of carbopol 940
was dispersed in distilled water and allowed to hydrate
under sonication for 4 to 5 h [15, 16]. Glycerol (10 % w/
w) was added subsequently to the resultant gel as humec-
tant. ADP-SLN equivalent to 100,000units of ADP was
incorporated in the above gel with gentle stirring,
triethanolamine was added under gentle stirring, and the
pH was adjusted to 6.0. The gel was allowed to stand
overnight to remove the entrapped air.

Evaluation of ADP-SLN gel

Rheological study of gel Cone and plate rheometer
(Brookfield viscometer CAP 2000+2, India) was used to de-
termine the shear stress versus shear rate for ADP-SLN gels.
The aim of study was to assess the rheological behavior of
SLN based semisolid formulations prepared with carbopol

Table 2 Optimization runs for

three-factor, three-level Box— Formulation Factor 1 Factor 2 Factor 3 Average %EE Free
Behnken design code (drug/lipid) (lipid (sonication particle ADP %
surfactant %) time in min) size (nm)

R, 1:3 3 15 102.3 83.55 15.23
R, 1:7.5 5 15 135 88.80 9.92
R; 1:3 5 10 86.95 87.37 10.56
Ry 1:7.5 1 15 212 86.87 12.68
Rs 1:10 5 10 405.9 94.38 4.79
Re 1:3 1 10 1943 82.95 15.54
R 1:7.5 3 10 1559 89.98 9.39
Rg 1:7.5 5 5 252 92.86 6.21
Ry 1:10 1 10 498 93.38 5.47
Rio 1:10 3 547 95.65 3.88
Ry 1:7.5 1 372 89.53 8.51
Ri» 1:10 3 15 296 90.78 7.18
Ri; 1:3 3 5 119.3 85.45 12.06
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Fig.1 Response surface plots for effect of factors ADP/lipid ratio and Span 60 conc. on average PS (a), sonication time and Span 60 conc. on average PS
(b), ADP/lipid ratio and Span 60 conc. on %EE (¢), and sonication time and Span 60 conc. on %EE (d)

940.To gain some insight into the influence of storage temper-
ature and nature of lipid matrix, the shear stress variation was
recorded at pre-defined shear rate from 0 to 1000 s~ for the
semisolid systems stored at three different temperatures (5, 25,
and 40 °C).

Ex vivo skin penetration and localization study Ex vivo
skin penetration studies were performed with HCS from the
hand region using Franz diffusion cell [17]. The cadaver skin
was procured from B. J. Medical College, Pune, and after
removing hair and subcutaneous fat, the tissue was punched
to a disk of approximately 2.5-cm” area, and this slice was
mounted on the Franz diffusion cell. Phosphate-buffered sa-
line (pH 7.4) maintained at 37+2 °C served as receptor fluid.
A small quantity (0.1 g) of the gel was applied to the skin
surface. Serial sampling was performed at specified time in-
tervals (1,2, 3,4,5, 6,7, 8, and 24 h) by removing the contents
of the receptor compartment and replacing it with the fresh
medium. The samples were analyzed using Jasco UV-VIS
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(Jasco V-530, Japan) spectrophotometer, and mean cumula-
tive amount diffused Q (mg cm ) at each sampling time
points were calculated. The flux and the permeability coeffi-
cient for the gels were also calculated. At the end of 24 h, the
amount of drug in the receptor compartment, the drug remain-
ing on the skin and the drug concentration in the skin was
determined by extraction into a suitable solvent, followed by
spectrophotometric analysis using Jasco UV-VIS (Jasco
V-530, Japan) spectrophotometer at 323 nm [17].

Ex vivo skin hydration studies The skin hydrating effect of
the selected SLN formulation was investigated ex vivo and
compared with the conventional gel. The topical formula-
tions were applied to the prepared HCS. After 24 h of gel
application, skin was isolated, vertically sliced using micro-
tome, and stained with carbol fuchsin. The slides were ob-
served under optical microscope, and thickness of stratum
corneum was observed. The photomicrographs were taken
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Fig. 2 X-ray diffractograms of a
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using optical microscope with image analyzer (Magnus
MLX, India).

In vitro occlusion study In vitro occlusion study was per-
formed on formulated ADP-SLN gel. Two 100-ml bea-
kers, one sample, and one reference, having

approximately same dimensions, were filled with 50 ml
water and covered with cellulose acetate membrane [18].
The cellulose membrane of sample beaker was applied
with 500 mg ADP-SLN gel while the reference was used
as such without applying anything. Both the beakers were
stored at 40 °C and 75 % RH for 48 h. The occlusion
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Fig. 4 Thixotropic behavior of 0.4 % gels containing ADP-SLNs at 5 °C (a), 25 °C (b), and 40 °C (c)

factor F' was calculated according to Eq. (1) after 6, 24,
and 48 h.

An occlusion factor was calculated by the following for-
mula:

(A-B)
A

F= x 100 (1)
where A is the water loss without sample (reference) and B
is the water loss with sample (ADP-SLN gel).

Primary skin irritation study Primary skin irritation study
of selected formulation was performed using albino rabbits
in accordance with guidelines of the Consumer Product
Safety Commission [17]. Formalin was taken as positive
control, and plain gel was used as negative control in the
study. The study was approved by the Institutional Ethical
Committee (CPCSEA/IAEC/PT-08/07-2KS8).

Stability study Stability studies of ADP-SLN and ADP-
SLN gel involved 3-month storage of the formulation at
accelerated stability conditions (i.e., 40 °C/75 %Rh) and
observation of attributes (in case of gel) such as change
in color, odor or consistency, presence of any precipitate
or crystals, and for SLN, measurement of particle size,
zeta potential, and entrapment efficiency.

Results and discussion

Lipid selection study

Of different lipids used, maximum solubility of ADP
was observed in glyceryl monosterate (GMS) (0.3 g to
solubilize 0.1 g of drug). The amount of Compritol 888

ATO, stearic acid, Precirol ATO 5, Emulcire 61, and
Gelucire required to solubilize 0.1 g of ADP was >2,
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Fig. 5 Ex vivo release of ADP from marketed and ADP-SLN gels

>3, 1, >3, and >2 g, respectively. The solubilizing po-
tential coupled with already reported biocompatibility
and acceptability of GMS for topical, peroral, and par-
enteral route favored its selection for the present study.
The melting point of GMS and ADP being 60 and 319—
327 °C, respectively, would lead a possible structure of
ADP core surrounded by lipid in the SLN, leading to
prolong release of drug [19, 20].

Fig. 6 Thickness of the stratum
corneum, without application of
gel (a), after application of
conventional gel (b), and after
application of ADP-SLN gel (c)

Surfactant system selection

Table 1 represents findings from different amalgamations of
lipid- and water-based surfactant. Soya lecithin and other
combinations of water-phase surfactants produced particles
with high diameter and a high PDI value. The combination
of Span 60 and Poloxamer 188, though, rendered smallest
particle size but was eliminated owing to high PDI value.
The combination of Span 60 and Tween 80 resulted in parti-
cles of diameter 320 nm and PDI of 0.210, and hence, this
system was chosen to carry the study further. Tween as a long-
chain surfactant provides aqueous phase stability to the
formed emulsions while span provides the necessary stabili-
zation for the lipidic phase into the continuous aqueous phase,
thus leading to the formation of an emulsion system, of which
low particle size and PDI are functional characteristics.

Optimization using experimental design

The experimental batches of Box—Behnken design are pre-
sented in Table 2. A three-factor, three-level design would
require a total of 27 experimental runs without any repetitions
and a total of 30 runs with three repetitions [20]. A Box—

(@) ()
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Behnken experimental design reduces the number of experi-
ments to 15, hence was favored.

Optimization data analysis and response surface
methodology validation

The formulations prepared as per the experimental design
were evaluated, and the experimental results were evaluated
using the Stat-Ease Design Expert.

High F value (8487.51 and 18553.75 for PS and %EE,
respectively), and P value less than 0.05 for PI and %EE
models indicated good degree of significance. High R values
indicated good agreement between formulation variables and
response parameters. The RSM for PS and %EE is presented
in Fig. 1.

It is evident from the Fig. 1 that lipid at higher concentra-
tion contributes in building the particle size which may be due
to increasing viscosity of the system owing to increased lipid
concentration and resultant inefficiency of the surfactant sys-
tem [21-23]. Span had a limited effect of reducing the particle
size initially but with increasing concentration, dominance of
its lipoic nature led to increase in particle size [22]. A limited
effect of decrease in PS with increment in sonication time was
also seen, which is due to the increased shear provided to
break the globules in the pre-emulsion.

It is evident from the Fig. 2 that increase in the lipid con-
centration provides opportunity for the drug to disperse/solute
in favorable medium rendering high %EE value. The same is
observed in case of increasing span concentration which is
attributed to its lipoid nature. The role of the sonication time
is seen to contribute reduction of drug entrapment which is
because lower particle size of globule leading to enhanced
area for migration of drug to aqueous phase.

The solution provided by the Design Expert software on
the basis of highest desirability value (0.986) was drug/lipid
ratio (1:7.2875), concentration of Span 60 (2.45 %), and son-
ication time (11.12 min). To prove the reliability of the statis-
tics, verification run was carried out further. The optimized
formulation had an average PS of 170.41 nm and %EE of
91.099 % in response to the predicted values of 177 nm and
91.43 % by the software. The percentage error was —0.0369
and —0.011 % for PS and %EE, respectively.

Evaluation of the optimized SLN
X-ray diffractometry

The diffraction pattern of the SLN showed remarkable differ-
ence from those of the GMS and ADP. The same is presented
in Fig. 2. It was confirmed that ADP existed in amorphous
state in the ADP-SLN because of the disappearance of sharp
peak of ADP in the diffraction pattern. It was also indicative

that GMS in ADP-SLN was partially recrystallized or less
ordered, causing increase in drug loading capacity.

FTIR study

The FTIR graphs for ADP-SLN, GMS, and bulk ADP are
presented in Fig. 3. From the study, the characteristic peaks
of drugs such as of alkene 2800-3000 cm ', C=0 1600—
1800 cm ™', lactone carbonyl stretch 1701 cm™', carboxylate
ion 1566-1546 cm™', and C—OH stretch 1068 cm™' disap-
peared and were replaced by the peak of GMS of H-OH
(3300-3311 cm '), COOH-OH stretch (29142848 cm ),
and C=0 stretch (1730 cm™ ") while remaining peaks also
either shifted or replaced in the IR shown in Fig. 3 spectra
of formulation. This established drug entrapment in lipid
matrix.

Preparation of ADP-SLN gel
Rheological study of gel

Gels of ADP-SLN were prepared by using different concen-
trations of carbopol 940 (0.3—1 %), of which 0.4 % concen-
tration was selected. The selection criteria for 0.4 % carbopol
gel was based upon the consistency of gel, rtheological pattern,
drug release from the gel, skin hydration, and film-forming
properties.

In order to study the influence of storage temperature and
lipid matrix, the shear stress variation was recorded for semi-
solid system. Figure 4 shows the rheological behavior of
0.4 % carbopol 940 gel containing ADP-SLN kept at different
temperature. The results were recorded after 1 week of storage
at 5, 25, and at 40 °C, and pseudoplastic flow behavior was
observed at all temperature conditions which meant ease of
transport and storage at ambient temperatures.

Ex vivo skin penetration and localization study

The ex vivo penetration of ADP through HCS skin from SLN-
based gel and conventional gel was calculated in terms of
mean cumulative amount diffused at each sampling time point
during time period of 24 h. Figure 5 represents comparative
ex vivo release between ADP-SLN gel and marketed ADP
gel. The flux and the permeability coefficient for the ADP-
SLN gel was found to be 0.833 pgem 2h ™' and 0.095cmh ™,
respectively; the same for the conventional gel was found to
be4.791 pg cm 2 h ™" and 0.033 cnv/h, respectively, indicating
good permeability and epidermal localization of the SLN gel.
The amount of ADP in the donor compartment localized into
the HCS and in the receptor compartment over topical appli-
cation of marketed ADP gel was found to be 52+3.07, 25+
1.57, and 23+1.97, respectively, in comparison to ADP-SLN
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gel, which was found to be 23+2.82, 61+£2.36, and 16+1.64,
respectively.

Prolonged release of ADP from ADP-SLN can be attribut-
ed to embedment of ADP in the lipid matrix. It is believed that
ADP might be getting transported in an encapsulated form
(encapsulated in the SLN matrix) and while getting
transported across the skin, expelled from SLN matrix as a
consequence of polymorphic transitions occurring in the solid
lipid [19].

Small particle size and lipoidal nature of the SLN attribute
for the enhancement of penetration in the skin and its locali-
zation for longer period of time. Thus, drug localizing effect in
the skin seems possible with novel colloidal particulate drug
carriers such as SLN [19].

Ex vivo skin hydration studies

The purpose of this study was to investigate the comparative
effect of SLN gel and plain gel on stratum corneum which
directly links to moisturizing skin and drug penetration. The
dark brown side layer in the photomicrographs represents
the top layer of the skin, i.e., stratum corneum (Fig. 6).
After application of the marketed gel, thickness of stratum
corneum slightly changes, while application of the gel
enriched with SLN showed a significant increase in the
thickness of the stratum corneum, almost 3-fold as compared
with the conventional gel and 3.5-fold compared with the
untreated skin.

Because of the small particle size of SLN, it probably
covers the surface of the skin, which reduces TEWL and
evaporation of water from the skin, thus, increasing the mois-
ture content of the skin and leading to increased thickness of
the stratum corneum. This improved skin hydration was prob-
ably responsible for the increased drug penetration into the
skin as observed in Ex-vivo penetration studies [19, 24].

In vitro occlusion study

The occlusion factor for the ADP-SLN gel was found to be
17.76, 35.09, and 39.49 % at 6th, 24th, and 48th hours, sug-
gesting occlusive characteristics of SLN.

Due to the small particle size, the SLN form the compact
structure in which the distance between two particles are so small
that they prevent the water loss from the skin which further lead
to skin hydration [18, 25]. Same phenomena explained by the
occlusive study in which the water loss from beaker is prevented
by the film of SLN on the cellulose acetate membrane. Due to
this film, the water evaporation is reduced, which lead to little
difference in beaker weight (as per formula) and more water
content in SLN-applied beaker (sample) as compared to without
any gel-containing beaker (reference) [9, 18].
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Primary skin irritation study

Skin irritation test of ADP-SLN gel was performed on rabbit.
The rabbits were kept under observation for 7 days. The ob-
servations were recorded as numerical score for each animal
as follows:

0=No visible reaction

1=Mild erythema

2=Intense erythema

3=Intense erythema with edema

4=Intense erythema with edema and vesicular erosion

After follow-up observations for 7 days, the formulation
did not indicate any manifestation of skin irritation such as
redness of skin or inflammation at site of application (erythe-
ma). Thus, it was concluded that the selected formulation was
safe for topical application.

The safety demonstrated by the ADP-SLN upon topical
application to rabbits can be attributed to the protection from
direct contact offered by the lipid matrix of SLN [6, 12]. The
SLN are believed to localize in the epidermal layers and sus-
tain the release of ADP from their matrix, thus providing ef-
fective pharmacological effect with minimal or no irritation of
photosensitization effect [17, 26].

Stability study

The ADP-SLN and ASP-SLN gel were found stable upon
storage over the period of 3 months. No change in color, odor,
or texture was observed, and also, no precipitate or drug crys-
tals were seen upon storage. There were no significant chang-
es observed in the particle size, zeta potential, and entrapment
efficiency values of the SLN.

Conclusion

GMS-based SLN dispersions loaded with ADP, having low
particle size, were prepared successfully using pre-emulsion
sonication method. It was also studied that lipid and surfactant
content plays a primary role in drug entrapment and particle
size of the resultant SLN. PXRD and FTIR studies confirmed
successful incorporation of ADP into the SLN. With gel-
containing nanoparticulate dispersion, 2.5-fold concentration
of ADP could be contained in skin layers. Also, ADP-SLN gel
showed higher skin hydration and occlusion effect than that of
a conventional gel, thus enabling grander drug accumulation
in skin. The ADP-SLN gel also demonstrated no interaction
with the skin in the primary irritation studies and was stable
upon subjected to accelerated stability conditions, thus rein-
forcing safe and stable topical application of the ADP-SLN.
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