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Abstract

In the present study resveratrol nanoemulsion gel was developed and optimized with the aim of enhancing the permeability
and antioxidant activity against ultraviolet (UV)-induced oxidative skin damage. Droplet size, polydispersity index, drug
permeation flux, permeability coefficient and drug deposition in skin of resveratrol-loaded nanoemulsion were found to be
65.00+5.00 nm, 0.171 +0.082, 144.50 pg/cm?/h, 2.90x 1072 cm/h and 45.65 +4.76%, respectively, whereas drug permea-
tion flux, permeability coefficient and drug deposition in skin from nanoemulsion gel were found to be 107.70 pg/cm?/h,
2.06x 1072 cm/h and 62.65 +4.98%, respectively. Confocal studies depicted deeper penetration of resveratrol from nanoe-
mulsion gel. Differential scanning calorimetry and Fourier-transform infrared spectrophotometer studies confirmed that
nanoemulsion gel enhanced fluidization of stratum corneum lipids and conformational disruption of lipid bilayer, thereby
enhancing skin permeation of resveratrol. Histopathology study of skin revealed that resveratrol-loaded nanoemulsion gel
inhibited UV-induced spongosis, edema and epidermal hyperplasia response. Levels of glutathione, superoxide dismutase,
catalase and protein carbonyl in the skin of UV-irradiated rats were significantly (p <0.01) improved in the skin of animals
treated with nanoemulsion gel. Experimental results suggested that nanoemulsion gel could be explored as a promising
carrier for topical delivery of resveratrol for prevention of UV-induced oxidative skin damage owing to its enhanced perme-
ability and retention effect.
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Introduction

Long-term exposure of skin to UV radiation causes degen-
erative changes in cells. These destructive changes in the
cells are induced by the generation of ROS [1, 2]. However,
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the skin possesses an endogenous antioxidant defense mech-
anism, but depletion in the level of components of endog-
enous antioxidant system due to excessive ROS leads to oxi-
dative stress. Oxidative stress causes subsequent formation
of products that can destructively react with cellular lipids,
peptides, proteins and DNA [3]. Moreover, it may cause
mutation in epidermal cells, upregulation of gene expression
through the intracellular signal induction pathway, activation
of transcription factor and nuclear factor-kB, and thus hyper
cell proliferation [4-7].

Oxidative changes in the damaged skin can be managed
by using antioxidants such as melatonin; vitamins A, C, D
and E; oxytocin and polyphenolic phytoconstituents. Various
herbal antioxidant drugs such as curcumin, quercetin and
lycopene have been exploited to treat various skin diseases
which are due to oxidative damage in the skin cells. This has
gained a great attention of the health-care society, as these
have multiple mechanisms of actions and are safe to use as
compared to synthetic drugs [8, 9].
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Resveratrol is a herbal polyphonic acid and has a wide
variety of pharmacological activity including anti-inflamma-
tory, anticancer, antiviral, antiamyloid, antiarthritic and anti-
oxidant properties [10, 11]. It can scavenge hydroxyl, lipid
hydroperoxyl and superoxide anion. It can enhance antioxi-
dant activity in skin cells by elevating the levels of CAT,
SOD and other antioxidant enzymes. Resveratrol increases
the levels of GSH, vitamin E, vitamin C and b-carotene,
thereby playing a major role in preventing the oxidative
stress that is known to contribute to skin carcinogenesis [12].
But its poor deposition in skin tissue after oral administra-
tion limits its clinical applications. Poor skin deposition of
resveratrol after oral administration is due to low oral bioa-
vailability. It is used as a topical antioxidant supplementation
for the prevention and treatment of UV-induced oxidative
skin damage. But resistance to permeation offered by the
stratum corneum is a major obstacle in its topical delivery.
However, several formulation strategies such as nanoparti-
cles, liposomes, nanoemulsions and nanoconjugates have
been investigated for enhancing the oral bioavailability of
resveratrol, but very little attention has been given to the
topical delivery of it using nanocarriers [13—18]. Teskac
and co-workers developed solid lipid nanoparticles (SLN)
for the topical delivery of resveratrol. SLN-encapsulated
resveratrol exhibited higher permeability, good solubility,
improved stability and anti-lipoperioxidative activity [19].
Pando and associates prepared resveratrol-loaded niosomes
to increase the residence time of the drug in the uppermost
layer of skin (stratum corneum) and viable epidermis [20].
Friedrich and co-workers developed resveratrol-loaded lipid-
core nanocapsules to enhance the skin permeation of the
drug [21]. Transferosomes which are a type of liposomes
have also been developed for topical delivery of resveratrol
[22]. But the infeasibility to scale up, high cost of produc-
tion and comparatively less stability and more toxicity (skin
irritation) of these nanocarriers are the major issues in their
commercialization. Further, the problem of poor skin per-
meation and photodegradation (that reduces activity) of res-
veratrol could not be resolved effectively with conventional
formulations [18].

Nanosized formulations are additionally advantageous in
antioxidant therapeutics for the treatment of oxidative dam-
aged skin. It is due to the enhanced permeability and skin
retention [18]. Nanoemulsion has been reported as a novel car-
rier system to overcome most of the problems related to topical
delivery of lipophilic molecules. Nanoemulsions use their abil-
ity to "hide" lipophilic molecules within the oil layer, which
can then be used to transport lipophilic molecules through the
stratum corneum into the deep layer of skin [23]. Nanoemul-
sions have the capability of excellent drug loading, exhibit
excellent permeation through the biological membrane and
cause negligible or low skin irritation [24]. Moreover, small
droplets of nanoemulsions provide a large surface to volume
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ratio, which favors close contact with skin thereby providing
more concentration gradient and improved drug permeation.
Moreover’, less surface tension ensures better adherence to
the skin, and the disperse phase acts as a reservoir making it
possible to transport drugs in a more controlled fashion [23].
They are commercially viable to formulate and are biocompat-
ible [25, 26].

With this background, the present study was designed to
formulate resveratrol-loaded nanoemulsion. Nanoemulsion of
resveratrol was prepared using a high-pressure homogeniza-
tion method and the formulation was optimized by employing
a central composite rotable design (CCRD). For better topical
applicability, optimized nanoemulsion was incorporated into
a gel form. The suitability of resveratrol nanoemulsion gel for
topical application was confirmed on Wistar rats. The depth
of skin permeation of resveratrol was analyzed and the mecha-
nism of skin permeation enhancement of the nanoemulsion
gel was studied. Further, the efficacy of optimized resveratrol-
loaded nanoemulsion gel for the prevention of UV-induced
oxidative skin damage was checked on Wistar rats.

Materials and methods
Materials

Resveratrol was received as a gift sample from Lactonova,
India. Sefsol 218® and Solutol HS 15 were received as gift
samples from Nikko Chemicals Co. Ltd (Tokyo, Japan) and
Signet Chemicals Corporation Pvt. Ltd, Mumbai, India,
respectively. Almond oil and olive oil were purchased from
Falcon, Bengaluru (India). Soybean oil was purchased from
Sigma-Aldrich, Mumbai, India. Transcutol P and Labrasol
were provided as gift samples from Gattefosse (Saint Priest,
Cedex, France). Tween 20, Tween 80 and polyethylene glycol
400 (PEG 400) were purchased from S.D Fine Chemicals, New
Delhi, India. 1,1-Diphenyl-2-picryl-hydrazyl (DPPH), ascorbic
acid and rhodamine-123 were purchased from Sigma-Aldrich
Chemicals Pvt. Ltd, India. Propylene glycol was procured from
Thomas Baker Chemicals, Mumbai, India. Thiobarbituric acid
(TBA) and 5,5'-dithio-bis-2-nitrobenzoic acid (DTNB) were
purchased from Himedia, Mumbai (India) and Sisco Research
Laboratories Pvt Ltd, Mumbai (India), respectively. Carbopol
940 was received as a gift sample from Unicure Pvt Ltd, India.
All other chemicals and solvents employed during the studies
were of analytical grade.

Formulation and optimization of resveratrol
nanoemulsion formulation

Screening and selection of oil

Oils were screened on the basis of drug solubility [27].
The solubility of resveratrol was determined by adding an
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excess amount of resveratrol in 2 ml of oils (Sefsol 218,
olive oil, almond oil and soybean oil) in 5 ml stopper vials
and allowed to mix in a vortex mixer. After mixing, the
samples were placed on a shaker for about 72 h to reach
equilibrium. Finally, the samples were centrifuged for a
time period of 15 min at 3000 rpm. The supernatant was
taken and the concentration of the drug was determined
by UV-visible double beam spectrophotometer (UV-1601,
Shimadzu) at 306 nm in triplicate.

Selection of surfactant and co-surfactant

The criteria used for the selection of surfactant (Solutol
HS, Labrasol, Tween 20 and Tween 80) were solubility
and miscibility with the selected oil. On the other hand,
the selection criteria used for selecting the co-surfactant
was the miscibility with the selected oil and surfactant.
Miscibility studies with oil or surfactant were carried out
by mixing them in 1:1 ratio and vortexing for about 5 min,
after which they were left to stand for 24 h at room tem-
perature. Finally, the samples were evaluated for phase
separation and color change. The mixtures exhibiting clar-
ity were selected for preparation of nanoemulsion [3].

Pseudoternary phase diagram construction

Pseudoternary phase diagrams were constructed accord-
ing to the procedure explained by Kumar and associates to
identify the ratio of surfactant and co-surfactant required
to formulate the nanoemulsion [25]. The selected sur-
factant and co-surfactant were mixed in different volume
ratios (mixture was known as S;,). S ratios such as 1:0,
1:1, 1:2, 1:3, 2:1 and 3:1, 4:1 were prepared. The mixture
of surfactant and co-surfactant is also known as S, ;. . For
the preparation of each phase diagram, oil and specific S,,;,
ratio was mixed in different volume ratios from 1:9 to 9:1
in glass vials making 16 different combinations (1:9, 1:8,
1:7, 1:6, 1:5, 1:4, 1:3.5, 1:3, 3:7, 1:2, 4:6, 5:5, 6:4, 7:3,
8:2 and 9:1). Pseudoternary phase diagram was developed
using the aqueous titration method as described by Kumar
and associates [25]. Slow titration with water was per-
formed for all ratios of S, ;, and oil. After each 5% addition
of water to the volume ratio, visible observation was made
and recorded as follows: (a) if a transparent and easily
flowable system was obtained, it were marked as nanoe-
mulsion; (b) nanogel, if transparent gel was obtained;
(c) if milky or cloudy appearance was obtained or phase
separation was obtained, it was marked as emulsion, and
(d) if milky gel was obtained, it was marked as emulgel.

Nanoemulsion was marked on a phase diagram by using
CHEMIX School software ver. 3.60 (USA).

Preparation and optimization of nanoemulsion by CCRD

The nanoemulsion was formulated using Sefsol 218% as oil,
PEG 400 as co-surfactant, Tween 80 as surfactant and water
as aqueous phase. Resveratrol was dissolved in the oil phase
with continuous stirring at high speed using a magnetic stir-
rer at room temperature. Tween 80 and PEG 400 were added
after the drug was completely solubilized in the oil. The
preparation was continued by adding the required amount of
water dropwise to the oily solution under continuous vortex-
ing. The pre-homogenized emulsion produced was further
subjected to homogenization using a high-pressure homog-
enizer (STANSTED® pressure Cell Homogeniser, Harlow,
Essex CM19 5FN, UK) to produce a nanoemulsion.

CCRD was utilized to study the effect of composition
variables including oil (2.5-4.5%) and S,;, (7.5-13.5%) and
process variables including the number of homogenization
cycles (3—11) and homogenization pressure (800-1600 bar)
on the three response variables including droplet size (Y)),
transmittance (Y,) and polydispersity index (Y3). The range
of composition variables was selected on the basis of phase
diagrams showing more nanoemulsion area. On the basis
of CCRD, a total of 29 experiments were run using Design
Expert software (version 7.0, Stat ease Inc., Minneapolis,
USA). Experimental data were analyzed by response surface
regression procedure and the results were statistically ana-
lyzed by the corresponding analysis of variances (ANOVA).
Equations for different variables were obtained by putting
values of coefficients in the following equation:

Response (R) = f, + A+ p,B + p;C + 4D
+ P A% + B’ + P33 C + fuyD’
+ f1,AB + p13AC + f,AD + B,3BC
+ fouBD + B3, CD,

where A, B, C and D indicate oil, S,;,, number of homog-
enization cycles and homogenization pressure, respectively.
B, represents intercept coefficient; f,, f,, f; and f, represent
the linear coefficients. Quadratic coefficients are represented
by f11, P20 Pa3 and B,,. Interaction coefficients are repre-
sented by £33, f13, P14» Pr3, Pog and Sy

On the basis of more desirability value, optimized nanoe-
mulsion preparation was selected and post-optimization
characterization was carried out for droplet size, PDI, refrac-
tive index, viscosity, pH, surface morphology and in vitro
permeation studies.
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Characterization and evaluation of nanoemulsion
Droplet size

Droplet size and size distribution of the selected nanoemul-
sion formulation were determined using Zetasizer (PCS,
Zetasizer 1000 HAS, Malvern instruments, Worcestershire,
UK). PDI, a measure of droplet size distribution in the sam-
ple, was measured in triplicate.

Surface morphology

The resveratrol nanoemulsion was studied for surface mor-
phology with the help of transmission electron microscopy
(TEM) operating at 200 kV (TECNAI G20, S-Twin, 200KV,
HRTEM, FEI company Holland).

Percentage transmittance

The percentage transmittance of the formulation was evalu-
ated in triplicate at 630 nm by employing UV-visible double
beam spectrophotometer (UV-1601, Shimadzu) [25].

Viscosity

The viscosity of the nanoemulsion was measured using a
Brookfield DV III ultra V6.0 RV cone and plate viscometer
(Brookfield Engineering Lab, MA). All the measurements
were carried out at a temperature of 25 +0.5 °C in triplicate
using Rheocale V2.6 software.

Refractive index

The refractive index of the formulation was determined in
triplicate using Abbe’s type refractometer.

pH determination

Calibrated pH meter (Eutech Instruments, Singapore) was
used to determine the pH of the nanoemulsion. pH determi-
nation was performed in triplicate.

Antioxidant activity
DPPH method

The DPPH method of evaluating antioxidant activity was
based on the principle that DPPH accepts a hydrogen
atom from the scavenger molecule, i.e., antioxidant, and
leads to the reduction of the DPPH molecule to DPPH,.
This results in the change of the purple color to yellow
with simultaneous decrease in absorbance at 515 nm with
increase in concentration. The change in color was observed
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spectrophotometrically and used for the calculation of the
parameters for antioxidant properties [3, 28]. Different con-
centrations (1, 2, 5, 10, 15, 20, 25 and 30 pg/ml) of resvera-
trol nanoemulsion, resveratrol solution and ascorbic acid (as
standard antioxidant) in methanol were prepared. One mil-
liliter of each diluted solution was added to 1 ml of 0.004%
DPPH solution and kept at room temperature. The absorb-
ance was observed at 515 taking methanol as a blank. The
DPPH radical scavenging capacity was calculated using the
following equation:

_ Ayg— A,
%Inhibition =

x 100,
0

where A| and A represent the absorbance of the resveratrol
solution and blank, respectively.

Reducing power assay

Reducing power assay was performed to compare the anti-
oxidant potential of resveratrol nanoemulsion formulation
with drug resveratrol solution and ascorbic acid (as standard
antioxidant). The reducing powers of all samples were deter-
mined as per previously established methods [28]. Different
concentrations (5, 10, 15, 25, 35, 45, 55 and 65 pg/ml) of
the sample solutions and ascorbic acid were prepared. One
milliliter of each diluted solution was added to 2.5 ml of
0.2 M phosphate buffer pH 6.6 and 2.5 ml of potassium
ferricyanide. The resulting mixture was kept for 30 min in
an oven at 50 °C. About 2.5 ml of 10% trichloroacetic acid
was added to the mixture. This was further subjected to cen-
trifugation for 20 min at 2500 rpm. The supernatant solution
(4 ml) was taken and mixed with 4 ml of distilled water. A
further 0.8 ml of 0.1% ferric chloride solution was added and
the absorbance was measured at 700 nm using phosphate
buffer, pH 6.6, as a blank. The increase in the absorbance of
the solution indicated more reducing power [3].

Preparation of resveratrol nanoemulsion gel

As nanoemulsions are easily washed by sweat, the nanoe-
mulsion was transformed into gel for ease of application and
to improve the topical contact time of drug with the affected
area. Carbopol-940 (2 g) was dispersed in 98 ml of distilled
water and allowed to stand in the dark for 24 h so that there
was complete swelling of Carbopol-940. Then, resveratrol
nanoemulsion was added slowly into the aqueous solution of
Carbopol-940. Triethanolamine (0.05% v/w) was added to
get a homogeneous dispersion of the gel and then the weight
of the nanoemulsion gel was adjusted with placebo gel to get
a gel of strength 1 mg resveratrol per gram gel.
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Characterization of nanoemulsion gel
Viscosity

The viscosity of the nanoemulsion gel was measured without
dilution using a Brookfield DV III ultra V6.0 RV cone and
plate viscometer in triplicate.

pH

The pH of the optimized nanoemulsion gel was observed
using a digital pH meter (pH Tutor Bench Meter, EUTECH
Instruments, Singapore) in triplicate.

Homogeneity

The homogeneity of the prepared gel was determined by
taking a small quantity of nanoemulsion gel and pressing
between the thumb and index finger, whether homogenous
or not and if any coarse particle appeared or detached on to
the finger [29].

Spreadability

The spreadability of a sample of 1 g of nanoemulsion gel
was determined by pressing it between two glass plates on
which weights of 50, 100, 150 and 200 g were placed at
intervals of 1 min. The diameters during each interval were
taken as the area in cm?. The variations of the area as a func-
tion of weight were then analyzed as response factor [30].
All the determinations were carried out in triplicate.

Extrudability

The extrudability test involves determining the amount of
gel extruded from a collapsible tube on applying a constant
weight. About 1 g of gel was filled in a 5 ml syringe and a
constant weight was applied upon the syringe plunger, the
amount of gel extruded was weighed and the extrudability
was calculated in terms of gram per force applied (newton)
in 1 min. The experiment was performed in triplicate.

Drug content

The drug content of the gel was determined by dissolving
a specific quantity (100 mg) of gel in 100 ml of phosphate
buffer (pH 6.8). This resulting gel solution was kept on a
mechanical shaker for 2 h to solubilize the drug. This solu-
tion was filtered and the amount of drug was determined
in triplicate using a UV spectrophotometer (UV-1601, Shi-
madzu) at 306 nm.

In vitro skin permeation study

In vitro permeation studies were performed to evaluate the
permeation of resveratrol from nanoemulsion, aqueous dis-
persion, normal resveratrol gel and resveratrol nanoemulsion
gel using the skin of male Wister rats and were compared to
each other. The rats were obtained from the central animal
facility at Jamia Hamdard, New Delhi (India). The skin was
excised from the abdomen region and cleaned with normal
saline using cotton buds to remove any adhering subcutane-
ous tissue and fat. The epidermal hair was removed using
an electric razor. The skin was hydrated for 24 h in phos-
phate buffer (pH 6.8). The excised rat skin was cut into an
appropriate size and mounted between two halves of Franz
diffusion cell with the stratum corneum facing toward the
donor compartment [31]. The exposed surface area of the
release membrane was 0.64 cm?. The receptor compartment
was filled with 10 ml of phosphate buffer (pH 6.8) and main-
tained at 32+ 1 °C. About 1.0 g of formulation was spread
evenly in the donor compartment. 0.5 ml of diffusion media
was withdrawn at regular intervals (0, 1, 2, 3,4, 5, 6, 7 h)
and replaced with the same volume of media. The amount
of drug content was analyzed in triplicate using a UV spec-
trophotometer (UV-1601, Shimadzu) at 306 nm. The perme-
ability coefficient (P,,,) of resveratrol was calculated using
the following equation [3]:

d
Py = <d_?>/SA°’

where dQ/dt, S and A are the rate of resveratrol permea-
tion, cross-sectional area of tissue and initial concentration
of resveratrol in the donor compartment at #=0, respectively.

Determination of drug deposition in skin

After completing the in vitro permeation experiment, the
formulations remaining on skin were removed by using cot-
ton swabs. The skin was then cut into small pieces. Metha-
nol was added to the pieces and sonicated for 20 min at
25 +2 °C to extract resveratrol. Finally, the resulting mixture
was centrifuged and the absorbance was determined in trip-
licate using a UV spectrophotometer (UV-1601, Shimadzu)
at 306 nm. A blank of untreated skin was prepared using
methanol in the same way of preparation of the sample of
the treated skin. It was used to nullify the absorption due to
lipid extraction from the skin tissue. The calibration curves
of resveratrol (1-6 pg/ml) in filtered (filter of pore size of
0.45 pm) methanolic solution of epidermal tissue and dermal
tissue were prepared separately. The methanolic solution of
epidermal tissue and dermal tissue was taken as the blank.
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Depth of permeation using confocal laser scanning
microscopy (CLSM) study

The depth and visualization of skin permeation of resveratrol
from nanoemulsion gel were evaluated using CLSM 410
invert-based CLSM system (Zeiss, Heidelberg, Germany).
The formulation loaded with Rhodamine B dye (0.5 mg/g
gel) having an excitation wavelength of 520 nm was applied
on the skin mounted onto Franz diffusion cells (as per the
procedure described in “In vitro skin permeation study”).
After 7 h (duration of skin permeation study), the skin was
removed and cleaned with ethanol to remove adhering resi-
due of the formulation. Fixed slides of cleaned skin were
prepared and observed under CLSM for the presence of fluo-
rescence in the various layers of skin [32].

Determination of the mechanism of skin
permeation

The mechanism of skin permeation enhancement was deter-
mined using DSC and FTIR studies of formulation-treated
skin and untreated skin. The characteristic peaks correspond-
ing to C—H stretching, C=0 stretching and C=N stretching
in the FTIR spectra and melting endothermic event of the
DSC thermogram of treated and untreated skin can be used
to predict the permeation dynamics.

DSC studies

Approximately, 5 mg of the treated and untreated skin was
weighed separately and washed with phosphate buffer (pH
6.8). The washed skin was blotted over filter paper and her-
metically sealed in aluminum pans. The DSC thermograms
of the treated and untreated skin were recorded over the
30-300 °C range using DSC (PerkinElmer Inc., Waltham,
MA, USA) at a scanning rate of 10 °C/min [32].

FTIR studies

After the skin permeation study, the skin disc of 0.64 cm?
was removed from the Franz diffusion chamber and washed
with phosphate buffer (pH 6.8). The disc was blotted over
filter paper and FTIR spectra of skin was recorded in a range
of 4004000 cm™" using FTIR (Perkin Elmer, Germany).
The FTIR spectra of the hydrated untreated skin were also
recorded and taken as control [32].

Skin irritation studies (Draize’s test)
Skin irritation potential of resveratrol nanoemulsion gel
was carried out in rats using the procedure explained pre-

viously [33, 34]. The experimental protocol was reviewed
and approved by the Institutional Ethical Committee, Jamia
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Hamdard (India). Twelve rats of 200-300 g were taken
and hair from the dorsal skin was removed. The optimized
nanoemulsion gel was evenly applied once daily to a small
area of skin (4 cm?) and then the applied site was covered
with bandage. After 24 h, the formulation was removed and
the site was observed for any sign of skin irritation or reac-
tion. The experiment was continued for 14 days. Scores such
as 0, 0.1-0.4, 0.41-1.9, 2.0-4.9 and 5.0-8.0 were assigned
to indicate non-irritation, negligible irritation, slight irrita-
tion, moderate irritation and severe irritation, respectively.

Induction of oxidative stress in animal
and histopathology of skin section

Oxidative stress testing was performed to confirm the anti-
oxidant potential of resveratrol in UV-induced oxidative
skin damage. Oxidative stress was induced by UV radiation.
The animals were divided into four groups (four rats in each
group). The cages were marked and kept in a room main-
tained at a temperature of 22 +3 °C and relative humidity
30-70%. A prequalified UV radiation chamber was used for
UV irradiation of rat. The UV source of irradiation consisted
of a Philips TL40W/12 RS lamp emitting light spectrum
between 270 and 400 nm and peak emission at 313 nm. It
was mounted 10 cm above the rat-supporting apparatus. The
irradiation rate was 0.27 mW/cm?. The animals of group G-I
were not exposed to UV radiation, whereas animals of the
control group (G-II) were exposed to UV radiation for 6 h
(total dose of 2.87 J/cm?). Animals of group G-III and G-IV
were treated with conventional gel and nanoemulsion gel
of resveratrol, respectively, for 15 days, thereafter treated
animals were also exposed to UV radiation for 6 h (total
dose of 2.87 J/cm?). The animals of group G-I, G-II, G-III
and G-IV were killed and skin samples were stored with
10% formalin solution in phosphate buffer saline (pH 7.4).
Skin sections were vertically cut down. Hematoxylin and
eosin were employed for slide staining. The stained slides
were observed under light microscope equipped with image
processor (Motic, Nagoya, Japan) at 10X to determine
any presence of damage to mucosa after application of the
formulation.

Oxidative stress study: biochemical estimation

GSH

The GSH amount was calculated by the method explained by
Pangeni and associates [15]. Briefly, 2 ml of skin homogen-
ate was mixed with 2 ml of 0.02 M EDTA and 1.6 ml of cold
distilled water. To this, 50% trichloroacetic acid (0.4 ml)
was added and, after mixing, the mixture was centrifuged at
3500 rpm for 15 min. About 4 ml of 0.4 M Tris buffer (pH
8.9) was mixed with the supernatant (2 ml). Further 0.1 ml
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of 0.1 M DTNB was added to it and the absorbance of the
resultant solution measured at 412 nm.

Thiobarbituric acid-reactive substance (TBARS)

TBARS was used to estimate the rate of lipid peroxidation.
Lipid peroxidation is a free radical-mediated reaction. The
procedure described by Pandey and associates was used for
the determination of TBARS content [15]. About 0.2 ml of
the homogenate (0.2 ml) was mixed with 9 ml of potas-
sium chloride (1.15%) and 0.2 ml of sodium dodecyl sulfate
(8.1%). 1.5 ml of acetic acid (20%) was added to the mixture
and the pH adjusted between 3 and 5 using NaOH solution.
After adding 1.5 ml of 0.8% TBA, the solution was properly
shaken and kept at 80°C for 1 h. The mixture was cooled
down for 10 min. Five milliliter of butanol and pyridine
mixture in 30:2 ratios was added followed by addition of
1 ml of distilled water. The mixture was centrifuged and
the absorbance of the supernatant was recorded at 532 nm.
TBARS was calculated as nmol per mg of protein [35].

SOD

A known weight of skin (200 mg) was homogenized in 2 ml
of potassium buffer, pH 6.8, and the homogenate was centri-
fuged at 1500 rpm for 10 min. About 100 pl of supernatant
was added to Tris HCI buffer (pH 8.5). The final volume of
3 ml was made with Tris HCI buffer. About 25 pl pyrogallol
was added to the mixture and the absorbance was measured
at 420 nm.

Protein carbonyl estimation

The skin homogenate (0.5 ml) was mixed with 0.5 ml of 20%
TCA which precipitated the protein. The solution was centri-
fuged at 4500 rpm for 5 min. The precipitate was extracted
three times with 0.5 ml of 10% TCA which was dissolved
in 2 ml of NaOH. The obtained solution was transferred to
another tube and absorbance was taken at 360 nm against
an appropriate blank.

Catalase

The skin homogenate (0.05 ml) was mixed with 2 ml of
phosphate buffer, pH 7. Hydrogen peroxide (0.95 ml) was
added to it and the absorbance was measured at 240 nm
against the appropriate blank.

Results

Formulation development and optimization
of the nanoemulsion

Selection of oils, surfactant and co-surfactant

Oil was selected on the basis of solubility of the required
drug dose in the formulation. In Sefsol 218%, olive,
almond and soybean oil resveratrol exhibited solubil-
ity of 165.45+5.33, 24.26 +2.31, 14.69+2.38 and
13.16 +3.29 mg/ml, respectively (Table 1). Surfactant selec-
tion was based on solubility and miscibility studies. The
solubility of drug in different surfactants along with the mis-
cibility with Sefsol 218% is listed in Table 1. From solubility
studies data, it was observed that resveratrol exhibited maxi-
mum solubility in Tween 80 which was 46.27 +£5.21 mg/
ml and also had good miscibility with the selected oil, and
therefore it was selected as the surfactant for the develop-
ment of nanoemulsion. Co-surfactants play a very important
role in reducing the interfacial tension as they fit themselves
into the void space of the surfactant molecules. The selec-
tion of co-surfactant was done on the basis of miscibility
studies with the selected oil and surfactant. Amongst the
co-surfactants, polyethylene glycol 400 (PEG 400) exhibited
miscibility with the oil as well as surfactant; hence, it was
selected as the co-surfactant.

Construction of pseudoternary phase diagram

Phase diagram construction was carried out using oil (Sefsol
218%), co-surfactant (PEG 400), surfactant (Tween 80) and

aqueous phase (water) (Fig. 1). Various S, ratios were tried

Table 1 Solubility of resveratrol

- . Solubility of resveratrol in oils
in different excipients and

Solubility of resveratrol in surfactants Miscibility of Sefsol

218® with surfactant

miscibility of oil with

surfactants Oil Solubility (mg/ Surfactant Solubility (mg/ Observation
ml)+SD (n=3) ml)+SD (n=3)
Sefsol 218% 165.45+5.33 Solutol HS 33.82+2.10 Clear
Olive oil 24.26+2.31 Labrasol 2.82+0.23 Turbid
Almond oil 14.69+2.38 Tween 20 20.27+2.67 Clear
Soybean oil 13.16+3.29 Tween 80 46.27+5.21 Clear
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(a) Smix ratio 1:1

(b) Smixratio 2:1

Water

(©

Smix ratio 3:1

Water

(e) Smix ratio 5:1

Water

Fig. 1 Pseudo-ternary phase diagram showing o/w nanoemulsion region for S, ;, ratioa 1:1, b 2:1, ¢ 3:1, d 4:1 and e 5:1. The area of nanoemul-
sion region described by black dots indicates the emulsification potential of S, ;,. Maximum emulsification was obtained with S, ;, of 4:1 ratio

and it was found that the area of nanoemulsion isotropic
region was different with each S;,.

In S, ratio 1:1, the area was less in comparison to 2:1
ratio. It indicated that the oil phase solubilization by S,
(1:1) was less. In S,;, ratio 4:1, the maximum area was
found. The S, ratio 5:1 was also tried and it was found
that on further addition of surfactant no more emulsification
took place. S,,;, ratio 2:1 was also tried and it gave an iso-
tropic region less than the S, ;, ratio of 1:1. Therefore, it was
concluded that maximum nanoemulsion was achieved at 4:1
Smix Tatio. The ratio 4:1 ratio exhibited more nanoemulsion
area because of its potential to solubilize the Sefsol 218®.

@ Springer

Additionally, this ratio decreases the free energy of the sys-
tem to very low level, which is a prerequisite for developing
the nanoemulsion. Increased amount of Tween 80 resulted
in decrease in interfacial tension as well as an increment in
the oil-water interface fluidity, resulting in higher system
entropy. Increasing the surfactant concentration relative to
the co-surfactant enhanced water penetration into oil drop-
lets, but further increase caused interfacial disruption and
expulsion of oil droplets into the aqueous phase and forma-
tion of lesser micelles, resulting in decreasing the nanoemul-
sion area. Also, the high oil-surfactant interaction may lead
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to increased adsorption of surfactants onto the oily droplets
rejecting the water particles.

Screening and statistical analysis of variables

The oil and S,,;, levels were determined from phase diagrams
where there was more nanoemulsion area. Ranges of 2.5-4.5%
and 7.5-13.5% were selected for oil and S,,;,, respectively. The
range for homogenization pressure and cycle was selected as
800-1600 bar and 3-11, respectively. The variables and their
constraints in CCRD are listed in Table 2. Responses of the

formulated batches are listed in Table 3.

Effect on droplet size (Y;) It was observed that the droplet
size of the prepared nanoemulsion batches was in the range
of 24.03+4.63 to 90.04 +2.94 nm. The effect of variables on
droplet size can be predicted from the given quadratic poly-
nomial equation suggested by CCRD. The linear term of S,;,
had a significant effect on the droplet size of the nanoemulsion
with p <0.0001, followed by oil (»p <0.0001), homogenization
pressure (p<0.05) and number of homogenization cycles
(p<0.05). Oil concentration had a positive effect on the drop-
let size, whereas linear term of the surfactant, pressure and
number of cycles had negative effect on it (Fig. 2).

Droplet size (Y;) = 55.73 + 9.44A — 947B — 1.19C
— 451D — 1.10AB — 1.08AB — 1.16AD
— 2.14BC + 1.17BD + 0.99CD + 2.24A2
— 1.14B* — 2.93C* — 4.1D?.

Effect on transmittance (Y,) Transmittance of the formulated
nanoemulsion ranged from 84.00+1.73 to 94.8+2.54%.
The effect of variables on transmittance was best explained
by the quadratic polynomial model as described in the given
equation. The linear term of S_;, had a significant effect on
transmittance of nanoemulsion with p <0.0001, followed by
oil (p <0.0001), homogenization pressure (p <0.05) and num-

Table 2 Variables and their constraints in CCRD

ber of homogenization cycles (p <0.05). The linear term of
oil had a negative effect on transmittance, whereas the linear
term of the surfactant, pressure and number of cycles had a
positive effect on it (Fig. 2).

Transmittance (¥,) = 87.60 — 1.84A +2.1B
+0.38C + 0.97D + 0.24B
+ 0.80AC + 0.15AD + 0.95BC
— 0.15BD — 0.16CD — 0.024A
+ 0.68B% + 0.90C* + 1.03D°.

Effect on PDI (Y;) Polydispersity basically is the ratio of
standard deviation to the mean droplet size. The polydis-
persity values of the formulation ranged from 0.142 +0.021
to 0.420+0.049, which indicated uniformity of droplet size
within the formulation. A quadratic polynomial model for
polydispersity size was suggested by CCRD. The linear
term of S;, had a significant effect on PDI of the nanoemul-
sion with p <0.0001, followed by oil (p <0.0001), homog-
enization pressure (p <0.05) and number of homogenization
cycles (p <0.05). The linear term of oil had a positive effect
on PDI, whereas the linear term of the surfactant, pressure
and number of cycle had a negative effect on it (Fig. 2).

PDI (Y;) = 0.24 + 0.045A — 0.043B
—7.958C — 0.020D — 0.014AB
—0.016AC — 8.1884D — 0.015BC
+0.011BD + 3.312CD + 0.013A2
+ 1.802B% — 0.016C* — 0.013D°.

Characterization of optimized nanoemulsion

The optimized formulation had a droplet size 50.04 +3.24
with PDI 0.171 +0.082 (Fig. 3). The nanoemulsion was
studied for the morphology of the droplet. TEM analysis
of the nanoemulsion revealed spherical droplets with size

Independent variable Levels

-2 -1 0 1 2
A=oil (%) 2.5 3 35 4 4.5
B=S (%) 7.5 9 10.5 12 13.5
C=number of homogenization cycles 3 5 7 9 11
D =homogenization pressure (bar) 800 1000 1200 1400 1600
Dependent variable Constraint
Y, =droplet size (nm) Minimum
Y, =transmittance (%) Maximum
Y;=PDI Minimum
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Table 3 Responses obtained by

; Independent variables Response
experimental runs generated by
CCRD A B C D Y, Y, Y,

3 9.0 5 1400 43.20+3.54 92.60+2.54 0.172+0.040

12 9 1400 42.00+3.65 93.10+3.50 0.153+0.150
3 9.0 9 1400 48.00+2.76 89.60+1.76 0.210+0.030
2.5 10.5 7 1200 46.17+4.20 90.00+2.18 0.206 +0.060

12.0 5 1400 49.60+3.59 89.20+1.92 0.260+0.081
35 10.5 3 1200 50.65+5.61 89.00+2.05 0.218+0.090
3 12.0 9 1000 34.80+3.67 94.00+1.17 0.160+0.082
3 12.0 5 1000 36.34+5.32 93.60+1.56 0.161+0.076
4 9.0 5 1000 81.03+3.42 84.20+2.67 0.390+0.068
35 10.5 7 1600 50.04+3.24 94.80+2.54 0.171+0.082
4 12.0 9 1000 44.51+2.54 89.00+2.10 0.182+0.051
35 10.5 7 1200 55.73+3.65 92.20+2.10 0.242+0.041
35 7.5 5 1000 77.06+2.43 85.30+2.31 0.380+0.057
4 12.0 5 1400 52.00+2.54 88.50+2.12 0.236+0.026
3 12.0 9 1000 32.30+2.54 94.20+1.61 0.152+0.037
3 9.0 5 1400 51.00+3.61 88.60+2.02 0.228 +0.058
4 9.0 7 1200 52.45+4.77 88.00+2.18 0.238+0.061
3.5 10.5 7 1200 50.73+3.05 89.20+1.10 0.272+0.091
3.5 10.5 7 1200 51.07+3.15 89.20+2.08 0.292+0.071
4.5 10.5 9 1000 90.04+2.94 84.00+1.73 0.420+0.049
3.5 10.5 7 1200 49.03+1.57 93.20+2.08 0.190+0.011
4 9.0 7 1200 68.49+3.63 86.00+2.10 0.320+0.018
3.5 10.5 11 1200 44.19+2.71 92.40+1.68 0.176 +£0.039
3.5 10.5 7 1200 48.03+1.08 87.20+1.58 0.290+0.021
3 9.0 5 1000 45.12+2.91 92.00+1.59 0.183+0.017
3.5 10.5 7 800 55.13+3.26 87.60+1.31 0.268 +£0.061
4 9.0 9 1400 63.63+2.59 86.20+1.87 0.290+0.030
3.5 13.5 7 1200 32.10+4.39 94.36+1.20 0.158 +0.029
3 12.0 9 1400 24.03+4.63 91.00+2.10 0.142+0.021

A=oil (%); B=s,;, (%); C=number of homogenization cycles; D=homogenization pressure (bar);
Y, =droplet size (nm); Y, =transmittance (%); and ¥;=PDI

65.00 +5.00 as shown in Fig. 4. The refractive index of
the optimized formulation was found to be 1.43 +0.02.
The viscosity of the nanoemulsion was found to be
23.95 +2.19 mPas. The observed pH of the nanoemulsion
was 6.82+0.17.

Antioxidant studies

DPPH methods

The potency of resveratrol to reduce the DPPH radical
was visually noticeable, as discoloration from purple to
yellow took place and was also confirmed by observ-
ing the decrease in the absorbance at 515 nm. Figure 5
illustrates a significant reduction in DPPH radical due

@ Springer

to the scavenging ability of resveratrol solution, nanoe-
mulsion and the reference compound, ascorbic acid. The
percentage inhibition obtained was maximum for ascor-
bic acid (97.25 +2.01%) compared to the nanoemulsion
(83.93 +3.81%) and resveratrol solution (71.51 +3.82%).

Reduced power assay

The reducing power of the drug solution and resveratrol
nanoemulsion was compared with that of ascorbic acid
(standard). The reducing capacity of resveratrol was meas-
ured by the direct reduction of Fe[(CN)4]; to Fe[(CN)4],.
The reducing capacity of a compound serves as a sign for
potential antioxidant activity, thus resveratrol can be used
as a potent antioxidant. It was observed that the reducing
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power of the nanoemulsion was higher than that of the
drug solution as shown in Fig. 6.

Evaluation of nanoemulsion gel

v & The pH of the nanoemulsion-loaded gel was within the
‘ acceptable limit for topical products and compatible with

the pH of skin. It was found to be 6.60 +0.04, which is well

accepted to avoid skin irritation upon application to skin

‘ [36]. This was slightly less than that of the nanoemulsion

due to addition of a drop of triethanolamine. The consistency

and homogeneity of the gel were noticed by pressing a small

d amount of gel between the index and thumb finger. The gel

ropl ’ did not contain any coarse particles or aggregates and was
found to be homogenous and thus acceptable. Another

important parameter is spreadability. The spreadability of

the formulated resveratrol gels exhibited good spreading

droplets with dark  properties. Gel application on the affected skin would be
more comfortable if it can be spread easily. The extrud-

ability of the optimized nanoemulsion gel was found to be

M Ascorbic acid M Nanoemulsion i Drug sol

1 2 5 10 15 20 25 30
Concentration (ug/ml)

M Ascorbic acid M Nanoemulsion i Drug solution

5 10 15 25 35 45 55 65

Concentration (ug/ml)
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Table 4 In vitro skin permeation profile of resveratrol nanoemulsion, resveratrol aqueous dispersion, normal resveratrol gel and resveratrol-

loaded nanoemulsion gel

Formula- Drug permeated/area (ug/cm?) + SD time( h) Flux (ug/ P (cm/h)
tion cm?h)
1 2 3 4 5 6 7
Nanoe- 704.20+3.60 806.40+3.32 1061.20+5.12 1226.40+3.82 1421.00+2.92 1645.70+3.71 1890.00+2.63  237.40 3.40x 1072
mul-
sion
Aqueous 144.52+3.72 255.26+5.62 358.49+4.74 519.91+3.74 700.09+£5.91 904.67 +£4.54 978.34+3.54  144.50 2.06x1072
disper-
sion
Normal - 43.17+3.18 128.00+2.47 197.08 +£3.19 238.37+3.10 32471291 384.77+2.16 65.27 1.80x 1072
res-
veratrol
gel
Nanoe- - 333.00+3.03 414.40+2.77 486.55+2.84 540.20+4.02 593.85+3.08 666.74+3.66  107.70 2.90x1072
mul-
sion
gel

5.03%x 10~ g/N/min. This is a technique to evaluate the force
needed to extrude a gel from the tube. The result revealed
that minimum force was enough to extrude the gel out of
the tube. The drug content test was carried out to evaluate
the uniformity of content in each portion. The analysis was
carried out in triplicate and the uniformity was evaluated
in terms of percent drug content. There was no significant
difference in three portions and the drug content of the opti-
mized nanoemulsion gel formulation was found to be in the
range of 98.66 +0.89-99.56 +0.29%.

In vitro skin permeation studies

The in vitro permeation profile of nanoemulsion showed that
1890 pg/cm? of resveratrol permeated through the rat skin in
7 h (Table 4). The permeation coefficient and flux were found
to be 3.40x 1072 cm/h and 237.40 ug/cm?/h, respectively. On
the other hand, the in vitro permeation profile of aqueous
dispersion of resveratrol showed that 978.34 +3.54 ug/cm?
of resveratrol permeated through the rat skin in 7 h. The flux

Fig.7 Resveratrol permeated 2000 -

per unit time from nanoemul-
sion, aqueous dispersion,
normal resveratrol gel and
nanoemulsion gel (mean +SD,
n=3). p<0.001 highly signifi-
cant, nanoemulsion vs. aqueous
dispersion, nanoemulsion gel
and normal gel. p <0.05 sig-
nificant, nanoemulsion gel vs.
normal gel

1750 A

1500

1250

1000

(ng/cm?)

750
500
250

Drug permeated per unit area

was found to be 144.50 ug/cm?/h and the permeation coeffi-
cient was 2.06 x 1072 cm/h. The permeation profile of nanoe-
mulsion gel showed 666.74 ug/cm? amount of resveratrol
permeation. Flux was found to be 107.70 pg/cm*h and the
permeation coefficient was 2.9 x 1072 cm/h. The in vitro per-
meation profile of normal gel showed that 384.77 +2.16 ng/
cm? amount of resveratrol permeated through the skin. The
flux was found to be 65.27 pg/cm?/h and the permeation

coefficient was 3.4 x 1072 cm/h (Fig. 7).

Drug deposition in skin

The drug deposition in the rat skin treated with nanoemul-
sion, nanoemulsion gel, conventional gel and conventional
dispersion of resveratrol was studied. Resveratrol deposi-
tion in rat skin from nanoemulsion, nanoemulsion gel,
conventional gel and conventional dispersion was found
to be 45.65+4.76%, 62.65 +4.98%, 33.42+2.14% and
22.42 +1.32%, respectively.

—— Nanoemulsion
—a— Aqueousdispersion
—&— Nanoemulsion gel

—o— Normal gel
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Fig.8 DSC thermogram of a
normal skin and b nanoemul- 1 (a)
sion gel treated skin. Peak-II
(116.049 °C) shifted to lower
temperature (87.177 °C) in skin
treated with nanoemulsion gel
that indicates denaturation of
keratin protein
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Mechanism of skin permeation
DSC

The mechanism of drug permeation was elucidated by meas-
urement of the enthalpy changes in skin surface. The DSC
thermogram of the nanoemulsion gel-treated skin was com-
pared with the thermogram of normal rat skin. The DSC
thermogram of normal skin showed two endotherm peaks
at 85 °C (peak-I) and 116 °C (peak-1I) (Fig. 8). Further, the
DSC thermogram of the nanoemulsion gel-treated stratum
corneum showed only a prominent sharp peak at 87.177 °C.
It indicated that the treatment of skin with the nanoemul-
sion gel caused shifting of peak-II to 87.177 °C (lowered
by 28.833 °C).

Fig.9 FTIR of a normal

skin and b resveratrol loaded
nanoemulsion gel treated skin.
A prominent decrease in peak
area and height of characteristic
asymmetric CH- stretching in
the FTIR of formulation-treated
skin indicates conformational
disruption and fluidization of
lipid bilayer of stratum corneum

130 180 L] L] Fo ] F ] 240 F o] F I
e L |

FTIR

The FTIR spectra of nanoemulsion gel-treated and -untreated
skin were recorded and compared. The characteristic bands
in the spectra of untreated skin appeared at 2923.14 and
2852.70 cm™!. These peaks were due to asymmetric and
symmetric —C—H stretching in lipids, respectively. Another
band at 2958 cm™' was due to asymmetric CH, vibrations
and it related to the major stratum corneum lipid components
(ceramides and cholesterol). Moreover, two strong bands at
1647 cm~! and 1553 cm™! occurred due to the amide I and
amide II C=O0 stretching. The C=0 stretching is related to
protein conformation. In FTIR spectra of treated skin, split
peak at 1651.14 cm™! was observed. Moreover, the specific

(b)
(a)
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(a) Nanoemulsion gel

¥

Conventional gel

(b)

Fig. 10 Confocal laser microscopy images of rat skin treated with a
nanoemulsion gel of resveratrol, b conventional gel of resveratrol.
The intensity of red color is indicative of drug deposition in skin
layers. Skin treated with normal gel showed maximum fluorescence

C-H stretching peaks at 2852.70 and 2923.14 cm™~! were of
weaker intensity (Fig. 9).

Depth of permeation: CLSM study

The distribution of resveratrol in epidermal layers of rat
skin was studied for nanoemulsion gel and plain gel (nor-
mal gel) using confocal microscope. The intensity of color
produced by a fluorescence dye Rhodamine was measured
in the epidermis and dermis layers of the skin. The con-
focal microscopic data revealed a significant difference
in fluorescence intensity in nanoemulsion gel and normal
gel-treated skin. The highest fluorescence intensity in skin
treated with conventional gel of resveratrol was found to
be at 0-5 um. It means maximum drug was deposited at
the surface of the skin and it was limited to the stratum
corneum layer of skin (Fig. 10). Further, the fluorescence
dye distribution in epidermis and dermis layer of skin
from nanoemulsion gel was pronounced. The highest
fluorescence intensity in skin treated with nanoemulsion
gel of resveratrol was found to be at 15-20 um. Further-
more, after 20 um depth of skin, the fluorescence intensity
decreased and became negligible after 40 um.

intensity at the surface of the skin (0 um), whereas skin treated with
nanoemulsion showed drug deposition in viable epidermis (15—
25 pm)

Skin irritation study

The skin irritation test was performed to confirm the
safety of the optimized nanoemulsion gel formulation of
resveratrol. Optimized nanoemulsion gel was subjected
to primary skin irritation test and the score obtained was
zero, suggesting that the formulated nanoemulsion gel was
nonirritant to skin.

Oxidative stress study: biochemical estimation

The skin-protective potential of conventional gel and nanoe-
mulsion gel of resveratrol was evaluated on UV-induced
oxidative damaged skin of rats. Oxidative damage was
measured in terms of TBARS (MDA level), GSH, SOD,
catalase and protein carbonyl. SOD, GSH, catalase MDA
and protein carbonyl contents level in the normal group,
control group, resveratrol gel-treated group and resvera-
trol nanoemulsion gel-treated group was 420.73 +31.82,
nM/mg of protein, 102.83 + 14.17 nM/mg of protein,
221.8+17.02 nmol H,0, consumed/min/mg protein,
654.29 + 18.20 nM/mg of protein, 1.57 +0.5 nM/mg of pro-
tein, 220.25 +43.57 nM/mg of protein, 79.16 +9.91 nM/mg
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Table 5 Effects of different formulation in GSH, TBARS, SOD, catalase and protein carbonyl

Group GSH (nM min/ TBARS (nM/mg of SOD (uM/mg of Protein carbonyl Catalase (nmol of H,0,)
mg of protein) protein) protein) (nmol carbonyl/mg
protein)
Normal 102.83+14.17  654.29+18.20 420.73+31.82 1.57+0.50 221.80+17.02
Control 79.16+9.91 1777.60+61.59 220.25+43.57 2.89+0.59 132.38+7.91
Normal gel treated 79.00+10.30 1070.85+42.41 314.62+£43.71 2.56+0.12 155.81+16.05
Nanoemulsion gel 90.00+19.19  731.23+21.59 405.45+31.94 2.24+0.24 202.13+09.43
treated
Stratum Corneum Ruptured stratum corneum
Viable Epidermis Epidermal hyperplasia
Damaged
collagen
Hair Follicle bundles
Dermal Edema
Blood vessel
Collagen Bundles X gl
B R T A SRR L,

Hypodermis

Fig. 11 Histopathology of rat skin a normal skin, b UV-irradiated
skin, ¢ skin treated with plain gel of resveratrol and d skin treated
with nanoemulsion gel of resveratrol. Histopathology of the skin tis-

of protein, 132.38 +7.91 nmol H,0, consumed/min/mg pro-
tein, 1777.6 +61.59 nM/mg of protein, 2.89 +0.59 nM/mg
of protein, 314.62+43.71 nM/mg of protein, 79 +10.30 nM/
mg of protein, 155.81 +16.05 nmol H,0, consumed/min/mg
protein, 1070.85 +£42.41 nM/mg of protein, 2.56 +0.12 nM/
mg of protein and 405.45+31.94 nM/mg of protein,
90.00 +19.19 nM/mg of protein, 202.13 +9.43 nmol H,0,
consumed/min/mg protein, 731.23 +21.59 nM/mg of protein
and 2.24 +0.24 nM/mg of protein respectively (Table 5).
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sue of various groups indicates that resveratrol inhibits UV-induced
spongosis, edema and epidermal hyperplasia response

Histopathological studies

Since the highest drug deposition was found with nanoemul-
sion gel, it was used for further investigation of histopatho-
logical changes in treated skin and findings were compared
with the results of conventional gel of resveratrol. Histo-
pathological analysis of the rat skin specimens was evaluated
using light microscope (Motic Japan) at 10X. These studies
were performed to determine the degenerative effect, erosion
and other changes occurring in the epidermis and dermis
of the skin after UV irradiation. The microscopic structure
of normal skin, UV-irradiated skin and skin treated with
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plain gel of resveratrol and nanoemulsion gel of resveratrol
is shown in Fig. 11. Rat skin of the normal group (group 1)
displayed a complete and clear structure with well-defined
epidermal and dermal layers (Fig. 11a). The epidermis is
composed of several layers of squamous cells and covered
with a thin layer of stratum corneum on the top, whereas the
dermis shows orderly arranged collagen bundles, fibroblasts
and hair follicles. Altered histological characteristic features
in UV-irradiated rat skin were detected. Figure 11b shows
the histological appearance of UV-irradiated skin of rat in
which UV irradiation caused transformation of the stratum
corneum as well as changes in the cellular structure of the
basal layer of epidermis. The dorsal skin of UV-irradiated
rat showed moderate spongosis, intracellular edema and epi-
dermal hyperplasia. Further, damaged collagen fibers, dense
fibronoblast and collagen bundles were also observed in the
papillary dermis of skin. However, the skin of rats treated
with nanoemulsion gel of resveratrol showed well regular
epidermis and dermis as compared to the skin of rats treated
with normal gel. The epidermis consisted of multiple layers
of squamous cells and was covered with stratum corneum.
The dermal layer was occupied by sebaceous glands attached
to hair follicles. In addition to it, an ordered arrangement of
collagen bundles was also observed.

Discussion

The oil selected should be capable of dissolving the required
quantity of the drug freely, as forced solubility with the
incorporation of surfactants results in the precipitation of
the drug over a period of time. The highest solubility in
Sefsol 218® can be attributed to the non-polarity of res-
veratrol, which favors solubilization in median chain mono/
di/triglycerides. Sefsol 218® has potential to solubilize the
maximum amount of drug. Sefsol 218® consists of mono-
glyceride chains of propylene glycol and caprylic acid,
which makes it an excellent solubilizer. It has the capabil-
ity to penetrate the oil-water interface and enhance interac-
tion of the surfactant at the interface to thus increase the
emulsification potential of the surfactant [28]. Surfactants
play an important role in the formation of stable nanoemul-
sion. Selection of surfactant is also critical, as the selected
surfactant should not only lower the interfacial tension, but
also be safe at the concentration used [26].Tween 80 is a
polyoxyethylene derivative of sorbitan monooleate, and has
good solvent capacity. It also facilitates oil emulsification at
the oil-water interface to form a nanoemulsion and provide
stability to the nanoemulsion droplets by incorporating the
long chain fatty acids into the core of oil droplets. Tween 80
is a non-ionic surfactant with non-irritant characteristics on
the skin. Moreover, a main thing regarding the surfactant to
produce fine droplets is its molecular geometry. Molecular

geometry is characterized by the packing parameter. Packag-
ing parameter (P) is defined as the ratio of the tail group area
to the head group area: P = a/ay. Variation in the packing
of surfactant at oil-water interface affects the mobility and
surface tension, which play a key role in the spontaneous
formation of oil droplets using low-energy emulsification
techniques. Tween 80 exhibits a higher packing param-
eter (because of more ary), thus it has optimum surfactant
geometry required to promote the spontaneous formation
of ultrafine dispersion [37]. From the pseudoternary phase
diagram, it is clear that the region of nanoemulsion increases
with increase in the concentration of Tween 80 in Smix. But
there is no significant difference in the area of the nanoe-
mulsion region of S ;, ratio 4:1 and S, ;, ratio 5:1. As the
maximum emulsification was obtained in S,;, ratio 4:1, this
ratio was used for the preparation of nanoemulsion by high-
pressure homogenization method.

The concentration of oil, S,,;,, homogenization pres-
sure and cycle were optimized by using response surface
methodology. The droplet size increased with increase in
oil composition, as on increasing the oil concentration, the
globule disruption mechanism became more difficult as there
was more flow resistance and thus the globule breakup rate
became severely restricted. Secondly, part of the effect can
be attributed to the increased rates of collision frequency,
particularly at lower concentration, between the emulsion
droplets followed by an ultimate increase of coalescence
frequency, which subsequently led to a higher probabil-
ity of coalescence of the droplets. On increasing the sur-
factant content, there was reduction in droplet size. This was
because of the surfactant capability to decrease the interfa-
cial tension, thereby decreasing the Laplace pressure and the
stress required for droplet deformation [37]. Increment in
pressure leads to decrease in the droplet size, because pres-
sure significantly influences the properties of the formula-
tion. Increase in homogenization cycle resulted in significant
decrease in droplet size of the formulated nanoemulsion.
Transmittance denotes the clarity of the formulation due to
the smaller droplet size of the formulation which is required
for the stability of formulation. Increase in concentration of
oil significantly increased the droplet size of the formula-
tion, which ultimately decreased the transmittance or vice
versa. Increase in concentration of the surfactant reduces the
droplet size of the formulation. This is due to the lowering
of surface tension of the formulation due to small droplet
size, resulting in more clarity (transmittance). It was also
observed that transmittance increased with the increase in
homogenization cycle and pressure. The formulation has
droplet size in the nano range with low value of polydis-
persity. The higher value of PDI indicates low uniformity in
the size of the formulation, whereas lesser value indicates
good size distribution [24]. The PDI value ranges from 0.00
to 1.00 for monodispersed system to high dispersed system,
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respectively. Smaller PDI values are indicative of the fact
that the drug is uniformly dispersed in the oil phase and is
not leaking into the aqueous phase of the system. The PDI
value of the developed formulation indicates narrow size
distribution and size uniformity of the optimized nanoemul-
sion formulation. It was observed that PDI increased with
increase in oil concentration and decreased with increased
Six- The nanoemulsion droplet appeared as a dark spot with
bright surrounding. The droplet size obtained was compared
with the droplet size obtained by using Malvern Zetasizer
and was in the range with no aggregation. Refractive index is
approximately equal to water, thus the obtained formulation
was transparent in nature. Moreover, the refractive index of
the nanoemulsion was not significantly changed in the opti-
mized formulation and placebo formulation, suggesting that
the prepared nanoemulsion was physically and chemically
stable and remained isotropic in nature [25]. The pH of the
gel required for the dermal delivery should be within the
range of 6.8-7.4. The pH of obtained formulation signifies
that the optimized nanoemulsion gel was well accepted to
avoid skin irritation upon application to skin.

The obtained droplet size suggested that it can easily per-
meate through skin due to its smaller size [23]. The skin per-
meation data indicate that the drug rapidly permeated from
nanoemulsion as compared to resveratrol dispersion. In topi-
cal delivery of drug, the permeation coefficient describes the
ability of skin conductance to a drug from the vehicle into
the stratum corneum and it depends on several factors such
as solubilization of drug in vehicle and partitioning of drug
from vehicle to stratum corneum. The increased permeation
coefficient and flux of resveratrol in nanoemulsion indicated
more solubilization and permeation of resveratrol in the lipid
layer of skin. Further, improvement in permeation of res-
veratrol is due to hydrophilic and hydrophobic contents of
nanoemulsion that altered the barrier structure. The lower
permeation coefficient and flux of resveratrol in aqueous dis-
persion were due to poor solubilization and partition of the
drug in the epidermal layer. Nanoemulsions are less viscous
and have water-like consistency that limit its topical applica-
tion. As they are removed from the applied area by sweat,
the nanoemulsion was transformed to gel for ease of applica-
tion and to increase the topical contact time of drug with the
affected area. The lowered permeation of resveratrol from
nanoemulsion gel as compared to nanoemulsion may be
due to entrapment of resveratrol in the Carbopol matrix and
hence deposition of resveratrol on the superficial covering of
skin for a prolonged time. Furthermore, the low permeation
of resveratrol from normal gel is due to poor solubilization
of resveratrol in the hydrophilic matrix and low partition-
ing of it between the matrix and epidermal layer. The high-
est drug deposition was found in skin sample treated with
nanoemulsion gel, followed by the skin sample treated with
nanoemulsion. It may be due to enhanced solubilization of
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resveratrol in the hydrophilic matrix of Carbopol, improved
partition coefficient as well as consistent release of resvera-
trol from the polymeric matrix. The dermal retention of res-
veratrol was due to greater contact with corneocytes, skin
occlusion and sustained release owing to the characteristics
of the nanoemulsion gel. Moreover, the relatively low drug
deposition in nanoemulsion-treated skin is due to its low
viscosity and hence low retention at the applied site. The
result revealed that nanoemulsion-based gels are suitable for
dermal use where local effect is required. The CLMS study
indicated that the drug permeated between the epidermis and
dermis and maximum drug was deposited in the viable epi-
dermis. The enhanced penetration of drug to the epidermis
and dermis layers of skin may be due to nanosized particles
that enhanced solubilization of the drug. Moreover, it may
also be due to the lipid component of the formulation vehicle
that increases fluidization of the phospholipid bilayer of the
stratum corneum [32].

Peak-I and peak-1I are due to melting of stratum corneum
lipids and denaturation of intracellular stratum corneum pro-
teins (keratin), respectively. It was observed that peak-I com-
pletely disappeared in DSC thermogram of nanoemulsion
gel-treated stratum corneum. Disappearance of peak-I was
due to disruption of lipid bilayers of stratum corneum. This
is because of fluidization of stratum corneum lipids by the
interaction of Sefsol 218® (oil), Tween 80 (surfactant) and
PEG 400 (co-surfactant) present in nanoemulsion. Shifting
of peak-II suggests denaturation of stratum corneum protein
and the possibility of intracellular permeation of resveratrol.
All these findings indicated that the nanoemulsion enhanced
fluidization of SC lipids, thereby enhancing the skin permea-
tion of resveratrol [38]. There was clear difference in the
FTIR spectra obtained with nanoemulsion gel-treated stra-
tum corneum as compared to FTIR spectra of untreated skin.
A prominent decrease in peak area and height of asymmet-
ric CH- stretching was observed, due to the conformational
disruption of the lipid bilayer and fluidization of stratum
corneum lipids. In addition to this, the splitting of the peak
at 1651.14 cm™! was also observed which indicated break-
ing of hydrogen bonds. Treatment with nanoemulsion gel
caused a change in the fluidity of stratum corneum lipids
by disruption of the lipid bilayer and breaking of hydrogen
bonds in ceramide [39].

In vitro antioxidant activity study indicates that the per-
centage inhibition of nanoemulsion was more than that of
the drug solution, because the nanoemulsion resulted in
greater solubilization of resveratrol, whereas in resveratrol
dispersion the drug particle was not solubilized thus leading
to limited inhibition [3]. Pangeni and associates have also
reported that resveratrol exhibits high scavenging efficiency
toward DPPH radicals [15]. Its phenolic hydroxyl groups
have redox characteristics. Moreover, it has potential for
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electron delocalization. Both these properties are responsi-
ble for its ROS scavenging activity.

SOD plays a defensive key role against oxidative dam-
age. It catalyzes dismutation of free radicals such as O7,
OH™ and hydrogen peroxide. It has been reported earlier
that SOD level in skin tissue is significantly decreased after
exposure to UV radiation and hence the skin cells become
more susceptible to oxidative damage. The result revealed
that SOD level in the control group was lowered significantly
(p <0.01) when compared with normal. However, the SOD
activity of normal gel and nanoemulsion gel-treated group
was increased significantly (p <0.01) as compared to the
control group. Increased activity of SOD in animals treated
topically with nanoemulsion gel of resveratrol indicates
significant inhibition of UV-induced generation of ROS,
demonstrating skin-protective potential of the developed
formulation. GSH, which is an endogenous antioxidant,
plays a defensive role against oxidative damage. Reduced
glutathione is able to donate H" (a reducing equivalent) to
reactive oxygen species (ROS) that is generated in oxidative
damage and thereby neutralize them. Moreover, it also helps
to maintain endogenous antioxidants (vitamin C and E) in
active forms. A decreased glutathione concentration in skin
cell indicates impaired defensive antioxidant enzyme mecha-
nism that makes the skin sensitive to oxidative damage. The
GSH concentration in skin tissue of UV-irradiated animals
was decreased significantly (p <0.01) as compared to nor-
mal. The GSH level increased significantly (p <0.01) in skin
tissue of animals treated with nanoemulsion gel of resvera-
trol. Further, no significant difference was observed in the
level of GSH in the control group and normal gel group.
Catalase is an important component of cellular antioxidant
enzymes system that protects the epidermis from oxidative
damage. It is responsible for the degradation of hydrogen
peroxide generated in lipid peroxidation in oxidative stress.
UV irradiation causes the formation of ROS and thereby
generation of hydrogen peroxide. The generated hydro-
gen peroxide accelerates oxidation of cellular components
in skin cells and also deactivates SOD. Catalase scavenge
formed ROS mainly hydrogen peroxide. It protects SOD and
hence protects skin cells from oxidative damage. Catalase
activity in UV-irradiated rats was significantly (p <0.01)
lower as compared to the normal group. Further, catalase
activity in animals treated with resveratrol formulation
(plain gel and nanoemulsion gel) was significantly (p <0.01)
increased when compared to the UV-irradiated group. How-
ever, increased catalase activity was more prominent in ani-
mals treated with nanoemulsion gel of resveratrol. Nanoe-
mulsion gel formulation of resveratrol increased the catalase
activity by 52.68% as compared to the control group. This
prominent effect of nanoemulsion gel of resveratrol is due
to solubilization of resveratrol and enhanced permeability
of resveratrol that increased its deposition in the epidermal

layer. TBARS formation in UV-irradiated skin is a reliable
indicator of free radical formation in the tissue and is used
as an index of lipid peroxidation in biological systems [40].
It is expressed in terms of malondialdehyde (MDA). The
increased level of MDA in skin tissue suggests increase in
lipid peroxidation ultimately leading to tissue damage and
failure of antioxidant defense mechanism to prevent forma-
tion of excessive free radicals. However, topical pretreatment
with nanoemulsion gel of resveratrol significantly reversed
these changes and showed a significantly decreased MDA
content after UV irradiation. This effect is due to antioxidant
and skin-protective potential of resveratrol. Protein carbonyl
content is greatly affected by UV irradiation and most com-
monly used marker of protein oxidation in oxidative dam-
age. Carbonyl (CO) groups are produced on protein side
chains when they are oxidized. Their derivatives can also
be generated through oxidative cleavage of proteins or by
secondary reaction of amino acid residues with aldehyde
such as 4-hydroxy-2-nonenal, malondialdehyde and acrolein
produced during lipid peroxidation. After the UV irradia-
tion, the protein carbonyl content increased significantly in
the control group (p <0.01) as compared to normal, which
shows that UV irradiation greatly induced the protein oxi-
dation in the skin cells and caused cellular damage. Normal
gel-treated and nanoemulsion gel-treated group decreased
the formation of protein carbonyl content as compared to
the control group. However, resveratrol nanoemulsion gel-
treated animal showed significantly lowered content of pro-
tein carbonyl as compared to the control group. Further,
treatment of animals with nanoemulsion gel of resveratrol
before UV irradiation resulted in significant improvement
in epidermal damage caused by oxidative stress in the skin
cells. Nanoemulsion gel of resveratrol inhibits UV-induced
spongosis, edema and epidermal hyperplasia response. This
effect of resveratrol is due to antioxidant and skin-protective
potential. The greater solubilization of resveratrol in nanoe-
mulsion gel resulted in the epidermal deposition of resvera-
trol leading to significant improvement in photo damaged
skin of rat. Slight improvement was noticed in animal treated
with plain gel of resveratrol. The findings of this study indi-
cates topical delivery of resveratrol via nanoemulsion gel
may result in better treatment outcomes in diseases associ-
ated with oxidative stress in epidermal tissue.

Conclusion

Resveratrol nanoemulsion gel was developed, optimized
and characterized for topical delivery in the management of
UV-induced oxidative skin damage. In vitro skin permea-
tion and skin deposition study indicated that nanoemulsion
gel has potential to deliver drug to the upper layers of skin.
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FTIR spectra and DSC thermograms of the nanoemulsion
gel-treated skin provided an idea about the mechanism of
the phenomenon of drug permeation through the stratum
corneum. The result of histopathology studies have revealed
the potential of nanoemulsion gel in the prevention of UV-
induced oxidative skin damage, due to enhanced skin per-
meation and hence epidermal and dermal deposition of
drug. Moreover, CLSM studies confirmed the deposition of
resveratrol in the epidermis and dermis layers of skin. It
can be concluded that topical delivery of resveratrol-loaded
nanoemulsion gel is a better approach for the prevention of
UV-induced oxidative skin damage.
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