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Abstract. Emulsions are widely used as topical formulations in the pharmaceutical and cosmetic indus-
tries. They are thermodynamically unstable and require emulsifiers for stabilization. Studies have indi-
cated that emulsifiers could affect topical delivery of actives, and this study was therefore designed to
investigate the effects of different polymers, applied as emulsifiers, as well as the effects of pH on the
release and topical delivery of the active. O/w emulsions were prepared by the layer-by-layer technique,
with whey protein forming the first layer around the oil droplets, while either chitosan or carrageenan was
subsequently adsorbed to the protein at the interface. Additionally, the emulsions were prepared at three
different pH values to introduce different charges to the polymers. The active ingredient, salicylic acid,
was incorporated into the oil phase of the emulsions. Physical characterization of the resulting formula-
tions, i.e., droplet size, zeta potential, stability, and turbidity in the water phase, was performed. Release
studies were conducted, after which skin absorption studies were performed on the five most stable
emulsions, by using Franz type diffusion cells and utilizing human, abdominal skin membranes. It was
found that an increase in emulsion droplet charge could negatively affect the release of salicylic acid from
these formulations. Contrary, positively charged emulsion droplets were found to enhance dermal and
transdermal delivery of salicylic acid from emulsions. It was hypothesized that electrostatic complex
formation between the emulsifier and salicylic acid could affect its release, whereas electrostatic interac-
tion between the emulsion droplets and skin could influence dermal/transdermal delivery of the active.

KEY WORDS: emulsion; release; salicylic acid; topical; transdermal.

INTRODUCTION

Emulsions are widely used as topical formulations, due to
their excellent solubilizing capabilities for lipophilic and hydro-
philic active ingredients (1). However, various studies have
shown that emulsifiers could affect dermal and transdermal
delivery of actives from emulsions. Studies, in which the inves-
tigated emulsions had exactly the same composition, with vari-
ation only in the emulsifier component, showed that structure
and physicochemical properties of emulsifiers, such as the hy-
drophilic–lipophilic balance value, emulsifier charge, or solid
particles versus surfactant, could affect skin absorption of the
active. Youenang Piemi et al. (2), for example, had found that
positively charged emulsion droplets enhanced the delivery of
econazole and miconazole nitrates through and into the skin. It
was hypothesized that positively charged emulsion droplets
could promote skin absorption, due to a superior binding of
the positively charged droplets to the negatively charged skin
surface. Another study indicated that Pickering emulsions,
which are solely stabilized by solid particles, could enhance

percutaneous penetration. Frelichowska et al. (3) investigated
the skin absorption of caffeine from silica particle-stabilized
water-in-oil emulsions and compared it to the absorption from
surfactant-stabilized emulsions. They observed a three-fold
higher flux of caffeine from the Pickering emulsion, which was
explained by a higher adhesion of the silica particle-stabilized
water droplets onto the skin surface. In addition, it was hypoth-
esized that caffeine may have been transported into the skin by
means of adsorption onto the silica particles, which were found
to penetrate into the upper layers of the stratum corneum.
Studies by Förster et al. (4) and Oborska et al. (5) indicated that
permeation was inversely related to the hydrophilic chain length
of the non-ionic surfactants. These results could be explained by
an increasing solubilization effect of the non-ionic surfactant
micelles with increasing length of the oxyethylene chain, without
an apparent interaction between the surfactants and the stratum
corneum lipids (6).

In recent years, research has also focused on biopolymers,
derived from natural, renewable sources, as suitable emulsifiers
for pharmaceutical delivery systems. Furthermore, in conjunc-
tion with the layer-by-layer technique, multi-layered emulsions
could be produced, consisting of oppositely charged biopoly-
mers, adsorbed to each other at the oil–water interface, with
improved stability against environmental stresses, or controlled
release properties (7). Such multi-layered emulsions are pre-
pared by a multiple-step process. First, primary oil-in-water
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emulsions are prepared with a water-soluble ionic emulsifier,
e.g., whey proteins. Secondary emulsions are subsequently for-
mulated by adding another water-soluble biopolymer (e.g., car-
rageenan or chitosan), preferably with an opposite charge than
the droplets in the primary emulsions, to form multi-layered,
interfacial coatings. Ionic strength, pH, and temperature may
alter the characteristics and functions of biopolymers and hence
the stability of resulting emulsions (7). In addition, coatings
formed by different biopolymers would have altered physico-
chemical properties, such as droplet charge, thickness of the
biopolymer layer at the oil–water interface, its permeability,
and environmental responsiveness, which concomitantly would
lead to changes in emulsion characteristics, such as stabil-
ity and delivery (8).

In this study, three different biopolymers were employed as
potential emulsifiers, i.e., solely whey proteins (Whey emulsion),
whey proteins layered with chitosan (Chi emulsion), and whey
proteins layered with carrageenan (Car emulsion). Furthermore,
three different pH values (pH 4, 5, and 6) were chosen for the
emulsions in order to introduce different charges to the poly-
mers. Whey proteins are derived from milk, comprising two
major proteins, β-lactoglobulin and α-lactalbumin (9).
Research on the stabilization of emulsions with whey proteins
has been reported, but mostly in food science (10). It was found
that whey proteins have a better emulsifying capacity than tradi-
tional emulsifiers and that β-lactoglobulin-stabilized emulsions
showed higher resistance to gravitational separation (11). The
isoelectric point (pI) of whey proteins was reported as pI≈5.2
(10,12). At pH values higher than the pI (e.g., pH 6), the whey
proteins have a negative charge, whereas at pH values below the
pI (e.g., pH 4), they are positively charged. At pH 5, being close
to the pI value, the whey proteins would have a net charge of
around zero. Chitosan (Fig. 1) is a cationic biopolymer with a
pKa value of ≈6.5. Therefore, chitosan would be positively
charged at all pH values chosen for this study (pH<6.5).
Chitosan has further shown to have emulsifying properties (13)
and penetration enhancing effects (14). Different states of com-
plexation between chitosan and β-lactoglobulin in the aqueous
phase at various pH values were reported (15) that could affect
emulsion stability. In a study by Li et al. (16), for example, it was
found that β-lactoglobulin–chitosan-stabilized emulsions were
more stable to droplet aggregation at pH values between 3 and
6, but less stable at pH values higher than 6, due to the loss of the
positive charge of chitosan at pH>6. In contrast, carrageenan
(Fig. 1) is an anionic polysaccharide with a pKa value of ≈2 (8)
and would be negatively charged at all pH values used through-
out this study (pH>2). A study by Ru et al. (12) indicated that
stable emulsions could be obtained with a combination of β-
lactoglobulin and ι-carrageenan at pH values of 3.4 and 4, de-
pending on the protein/polysaccharide ratio used. Contrary, it
was found that extensive flocculation occurred at pH 6. A differ-
ent trend in β-lactoglobulin–ι-carrageenan-stabilized emulsions
was observed during a study by Gu et al. (17), where the most
stable emulsions toward creaming were found at pH 6, most
likely due to improved electrostatic repulsion between the emul-
sion droplets, owing to highly charged droplet surfaces.

This study was designed to evaluate the release and the
topical delivery of salicylic acid-containing emulsions, by utiliz-
ing whey proteins as emulsifier, solely and in conjunction with
chitosan or carrageenan at different pH values. Characterization
of the various emulsions was performed, i.e., droplet size, zeta

potential, and viscosity, to further investigate the effects of the
various polymers and pHon the release of the active and also on
the dermal and transdermal delivery thereof.

MATERIALS AND METHODS

Materials

Whey protein isolate (BiPro®) was kindly donated by
Davisco Foods International (Le Sueur, MN, USA). As per
the manufacturer, the whey protein isolate powder comprised
at least 97% of dry basis protein, with the main proteins being
β-lactoglobulin and α-lactalbumin. Miglyol 812 N® was kindly
donated by Cremer (Hamburg, Germany). Carrageenan
(commercial grade, type I, predominantly κ-carrageenan, less-
er amounts of λ-carrageenan) and chitosan glutamate were
purchased from Sigma Aldrich (Johannesburg, Republic of
South Africa) and CarboMer (San Diego, CA, USA), respec-
tively. Salicylic acid (99+%) was acquired from SAFC (St.
Louis, MO, USA). Potassium chloride and citric acid an-
hydrous were also purchased from Sigma Aldrich
(Johannesburg, Republic of South Africa). Sodium dihydrogen
orthophosphate, disodium hydrogen orthophosphate anhy-
drous, propylene glycol, 1 N hydrochloric acid (HCl), 1 N
sodium hydroxide (NaOH), and methanol were purchased
from ACE Chemicals (Johannesburg, Republic of South
Africa). Acetonitrile (LiChrosolv®, gradient grade for liq-
uid chromatography) and acetic acid (glacial) were ac-
quired from Merck Chemicals (Johannesburg, Republic of
South Africa).

Aqueous and Oil Phase Preparation

The buffer solution used for the preparation of the aque-
ous phase of emulsions was prepared by dissolving 0.01 mol of
citric acid and 0.02 mol of dibasic sodium phosphate in deion-
ized water. The solutions were mixed in order to attain citrate-
phosphate buffer solutions at pH 4, 5, and 6. The whey protein
solution was then prepared by dispersing 3.5% wt. whey pro-
tein powder into citrate-phosphate buffer on a mixing plate at
room temperature for approximately 2 h to ensure complete
hydration. One percent wt. chitosan glutamate and 0.5% wt.
carrageenan were separately dissolved in citrate-phosphate
buffer at 60°C, and the resultant solutions were allowed to
cool to room temperature.

The oil phase consisted of 2% wt. salicylic acid in Miglyol
812 N®. Salicylic acid was left to dissolve in Miglyol 812 N®
overnight at 37°C.

Emulsion Preparation

The emulsions were prepared in two phases. First, prima-
ry emulsions were prepared by ultrasonication for 30 s (Model
UP200St, Hielscher Ultrasonics, Teltow, Germany) at room
temperature to yield 30% wt. oil-in-water emulsions. The
aqueous phase used for the primary emulsion was the 3.5%
wt. whey protein solution. The secondary emulsion was then
prepared by diluting the primary emulsion 1:1 (v/v), either
with pure citrate-phosphate buffer or 1% chitosan solution
or 0.5% carrageenan solution by ultrasonication for 30 s at
room temperature. After the secondary emulsion was
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prepared, the pH of the emulsion was adjusted to pH 4, 5, and
6 by adding 1 N HCl or NaOH. These emulsions were then
again sonicated for 30 s to yield the final formulations. The
compositions of the final emulsions are listed in Table I. An oil
solution, containing the same concentration of salicylic acid as
the final emulsions, was prepared as a control formulation.

Particle Size Analysis

Droplet size was determined by using the Malvern
Mastersizer 2000, equipped with a wet cell Hydro 2000 SM
dispersion unit (Malvern Instruments, Worcestershire, UK).
The emulsions were diluted with deionized water to yield
obscuration values between 10% and 20%. Particle size mea-
surements were performed on days 0 (day of preparation), 1,
and 7 to determine the changes in particle size over time.
Measurements were taken from two freshly prepared samples
per emulsion, with two readings made per sample.

The particle size was confirmed on day 0 by means of
microscopy. A Motic microscope (Motic, Hong Kong) was
used, equipped with a Moticam 3 camera and Motic Images
Plus 2.0 software.

Zeta Potential Measurements

The zeta potential was determined, using a Malvern
Zetasizer 2000 (Malvern Instruments, Worcestershire, UK).
Prior to analysis, emulsions were diluted 1:3,000 (v/v) with
citrate-phosphate buffer at the appropriate pH. Zeta potential
measurements were taken on day 0 from one prepared sample
per emulsion, with three readings per sample.

Viscosity Measurements

The apparent viscosity was determined with a Brookfield
DV-II+ Viscometer + (Middleboro, MA, USA), equipped
with a LV1 spindle. Measurements were taken at 100 rpm
every 10 s over a time period of 100 s at room temperature.
The average of 10 readings taken for each emulsion was
calculated. The percentage torque was recorded between
7.8% and 28.9%.

Creaming Stability

Three milliliters of each emulsion was transferred into a
separate test tube and sealed with plastic wrap. These samples
were kept at room temperature for 1 week, and the height of
the emulsion and of the creaming layer was measured after
7 days. The extent of creaming was assessed by using the
creaming index (CI), which was calculated as per Eq. 1:

CI ¼ Height of creaming layer
Total heigth of emulsion

� 100% ð1Þ

Turbidity

The aqueous phases of the different emulsions, as well as
aqueous solutions of pure salicylic acid and of the different
pure biopolymers at pH 4, 5, and 6, were subjected to turbidity
measurements. The samples were analyzed using a UV–VIS
spectrophotometer (Specord 200 Plus, Analytic Jena,
Germany) at 600 nm. Two readings were performed per
sample.

Fig. 1. Structures of salicylic acid, chitosan, and κ-carrageenan
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Release of Active from the Formulations

The release of the active ingredient from all nine emul-
sions, as well as from the oil solution, was determined in
quadruplicate, using Franz-type diffusion cells having a diffu-
sion area of 1.13 cm2 and cellulose nitrate membranes (0.2 μm
pore size, Whatman, Dassel, Germany). The release
experiments were conducted at 37±1°C in a heated water
bath for 8 h. The membranes were soaked overnight in the
receptor phase, consisting of phosphate buffer pH 7.4 and
propylene glycol (PG) (1:1, v/v). Fifty percent of PG was
included into the receptor phase to increase the solubility of
salicylic acid therein to ensure sink conditions throughout the
duration of the study. The receptor compartment was filled
with 2 ml of preheated and degassed receptor phase and left to
equilibrate before adding the donor phase. The donor
compartment was filled with 1 ml of emulsion. The receptor
fluid was stirred with a magnetic stirrer at 750 rpm. The entire
volume of the receptor phase was withdrawn at 0.5, 1, 1.5, 2, 3,
4, 6, and 8 h and replaced with fresh pre-heated receptor
media. The samples were analyzed by high-performance
liquid chromatography (HPLC).

Skin Preparation

White female abdominal skin was obtained from cosmetic
surgeries. The utilization of human skin was approved by the
Ethics Committee of theNorth-WestUniversity, Potchefstroom,
SouthAfrica (Ethics number: NWU-00114-11-A5), and skinwas
obtained with the informed consent of the donors. The skin was
thawed at room temperature. Split thickness skin (400 μm),
containing stratum corneum, viable epidermis, and upper der-
mis, was removed with an electric dermatome (Zimmer Inc.,
Warsaw, IN, USA). The skin membrane was then placed with
stratum corneum facing upward on filter paper, wrapped in
aluminum foil, and frozen at −20°C until use. Prior to the
diffusion experiments, the skin membrane was thawed at room
temperature and cut into the required size (circular pieces of
approximately 1.5 cm in diameter). The time from skin collec-
tion to use of the skin did not exceed 6 months.

In Vitro Skin Absorption Study

A randomized, complete block design was used to assess
the effect of skin donor variability, as well as the effect of
formulation on dermal and transdermal delivery. Three

different skin donors were used per formulation, and each for-
mulation was applied in duplicate on each donor skin, giving a
total of six replicates per formulation.

Based on the results of the release and emulsion character-
ization data, five formulations plus the oil solution were selected
for the skin diffusion study. Whey emulsions at pH 4, 5, and 6,
the Chi emulsion at pH 6, and the Car emulsion at pH 6 were
chosen. Skin diffusion studies were performed using Franz-type
diffusion cells with a diffusion area of 1.13 cm2. The study was
conducted at 37±1°C in a heated water bath for 24 h. Prior to
the skin diffusion study, the skin integrity was assessed by
measuring electric resistance across the skin. For skin
resistance, the donor and the receptor compartments were
both filled with a 0.9% potassium chloride solution and placed
in the heated water bath for an equilibration period of 30 min.
Electrical resistance was measured by using a Tinsley LCR
Databridge Model 6401 (Tinsley Precision Instruments,
Croydon, UK). The reading was determined at 1 kHz with a
maximum voltage of 300 mV root mean square in the parallel
equivalent circuit mode, using an alternating current (18). Skin
samples with resistance values below 10 kΩ were rejected from
the study. After completion of the resistance measurements,
both the donor and the receptor compartments were emptied.
The receptor compartment was filled with 2ml of preheated and
degassed receptor phase (phosphate buffer pH 7.4 and PG (1:1,
v/v)) and left for 30 min to equilibrate before adding the donor
phase. The donor compartment was filled with 1 ml of emulsion.
The receptor fluid was stirred, using a magnetic stirrer at
750 rpm. The entire volume of the receptor phase was
withdrawn at times 3, 6, 9, 12, 18, and 24 h and replaced with
fresh pre-heated receptor media. Prior recovery tests confirmed
that salicylic acid was stable during 24 h of permeation
experiments. The samples were analyzed by HPLC.

Skin Sample Preparation

After completion of the 24-h diffusion studies, the emul-
sions were removed from the donor compartment and the skin
membranes removed from the cells and pinned onto filter paper
with the stratum corneum facing upward. The remainder of the
emulsion was removed by gently dabbing the skin surface with
paper towel. Sixteen strips of 3 M Scotch® Magic™ tape, of
which the first strip was discarded, were used to remove the
stratum corneum. The remainder of the skin after the tape
stripping was cut into pieces to increase the surface area for
extraction. The tape strip samples as well as the cut skin pieces
were separately placed into methanol in order to extract the
salicylic acid over a period of at least 12 h and stored at 4°C. A
longer storage period (up to 2 weeks) did not affect the stability
of salicylic acid in the skin samples as confirmed by tests per-
formed prior to the experiments. The samples were then vortex
mixed and filtered through hydrophilic PVDF pre-filters with a
pore size of 0.45 μm (Agela Technologies Inc., Wilmington, DE,
USA) and subsequently analyzed by HPLC.

Statistical Analysis

Data from the release study were analyzed bymeans of one-
way analysis of variance (ANOVA), and the data from the skin
absorption study was analyzed by two-way ANOVA, using
STATISTICA® (StatSoft Inc., Tulsa, OK, USA). For the skin

Table I. Composition of Secondary Emulsions and the Oil Solution

Ingredients
(% wt.)

Whey
protein

Whey
protein/
chitosan

Whey
protein/

carrageenan
Oil

solution

Oil phase
Salicylic acid 0.3 0.3 0.3 0.3
Miglyol 812 N® 14.7 14.7 14.7 99.7

Water phase
Whey protein 1.225 1.225 1.225 –
Chitosan glutamate – 0.5 – –
Carrageenan – – 0.25 –
Water 83.775 83.275 83.525 –
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absorption results, the formulation was employed as fixed effect
and the skin donor as random effect. Subsequently, Tukey’s
honestly significant difference test was performed on both data
sets to compare the various formulations with each other, and
data with p<0.05 were considered statistically significant.

HPLC-UV Method

HPLC analysis of salicylic acid was performed using an
Agilent® 1100 Series HPLC system (Agilent Technologies,
Palo Alto, CA, USA), equipped with a high-performance, sili-
ca-based, reversed phase C18-2 column (150×4.60 mm) with
5 μm particle size (Venusil XBP Agela Technologies,
Wilmington, DE, USA) in a controlled laboratory environment
at 25°C. This instrument was equipped with a G1311A quater-
nary pump, G1313A autosampler, and a G1315A multi-wave-
length, diode array detector. The mobile phase consisted of 1%
acetic acid, 45% acetonitrile, and 54% Milli-Q® water and was
degassed after preparation. Flow rate was set at 1 ml min−1 with
a run time of approximately 6 min. The UV detector was set at
236 nm. All samples were injected in duplicate. Chromatograms
were analyzed, using ChemStation Rev. A.10.03 software.

RESULTS

Characterization of Emulsions

The data obtained from the zeta potential analysis, droplet
size measurement, viscosity, and creaming index (CI) are

summarized in Table II. The data illustrate that within each
emulsion set (whey, Chi, and Car emulsions), the zeta potential
decreased with increasing pH. Furthermore, the addition of
chitosan to the whey protein emulsions resulted in increased
zeta potentials at all pH values, whereas the addition of carra-
geenan decreased the zeta potential. The results of the droplet
size analyses were presented as volume weighted means
(D [4,3]) and surface weighted means (D [3,2]). Table II shows
that the Chi emulsions initially yielded the largest droplets (with
volume weighted means between 25 and 46 μm on day 0),
followed by whey and Car emulsions (with volume weighted
means between 2 and 3 μm). The droplet size of the whey
emulsions at pH 4 and 6, the Chi emulsion at pH 6, and all Car
emulsions did not change significantly over the time period of
7 days. All other emulsions exhibited an increase in droplet size
over time. Furthermore, shortly after preparation of the emul-
sions, the droplet size data obtained by laser light scattering
were confirmedmicroscopically (Fig. 2). Themicroscopy images
of the whey emulsion at pH 4, the Car emulsion at pH 4, and all
of the Chi emulsions showed aggregation of emulsion droplets.
From the CI, it could be seen that the whey emulsions at pH 4
and 6 and the Chi emulsion at pH 6 revealed the best stability
against creaming. The apparent viscosity indicated that all nine
formulations had similar, very low viscosity values.

Turbidity

Data from the turbidity measurements are presented in
Table III. They illustrate that the highest turbidity for the

Fig. 2. Light microscopy images of whey, Chi, and Car emulsions at pH 4, 5, and 6 obtained at a magnification of ×40. The
scale bar in each photograph represents 10 μm
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aqueous solution of whey proteins was obtained at pH 5,
whereas the turbidity of the chitosan and the carrageenan
solutions increased with pH. In addition, with an increase in
pH, the insoluble complex formation between whey protein
and chitosan increased. Contrary, the insoluble complex for-
mation between whey protein and carrageenan decreased
with increasing pH. The absorbance value for the whey–car-
rageenan solution at pH 4 was very high (>9). However, the
samples were not diluted and the original polymer concentra-
tions in the various aqueous solutions were maintained in
order to enable a comparison between them. It was further
noted that the addition of salicylic acid to the aqueous solu-
tions of the various emulsifiers (solely whey, whey+Chi, or
whey+Car) did not result in a significant change in turbidity,
except for whey–Chi at pH 4 and whey–Car at pH 6.

Release of Active from the Formulations

All release samples taken at the different time points had
salicylic concentrations below 10% of the solubility of salicylic
acid in the receptor phase (cs=31 mg ml−1), which indicated that
sink conditions in the receptor phaseweremaintained throughout
the release study. The results of the release study were divided
into two groups, i.e., the effect of pH of each emulsion group
(Fig. 3) and the effect of polymer at each pH value (Fig. 4). The
results of the emulsions were also compared to the oil solution
containing the same concentration of salicylic acid as the
emulsions. The cumulative amount of salicylic acid released per
surface areawas plotted against the square root of time, according
to Eq. 2, which represents the simplified Higuchi model.

f t ¼ Q ¼ KHt
1=2 ð2Þ

where ft is the cumulative amount of salicylic acid released per
surface area, KH is the Higuchi dissolution constant, and t

1=2

represents the square root of time. The release rate KH was
calculated from the linear portion (t0.5 h− t8 h) of the correla-
tion between the cumulative amount of released salicylic acid
per surface area and square root of time. Calculated release
rates and regression coefficients are presented in Table IV. As
illustrated by Figs. 3 and 4, as well as by the regression
coefficients in Table IV, the amount of salicylic acid released
per surface area showed a linear relationship with the square
root of time (R2≥0.99) for all formulations tested according to
the Higuchi model.

During the first set of experiments, in which the effect of
pH (Fig. 3) on the release of salicylic acid from the emulsions

Table III. Turbidity Results (Absorbance Values at 600 nm) of Aque-
ous Solutions Presented as Average±SD (n=2)

Turbidity (cm−1) pH 4 pH 5 pH 6

Sal 0.008±0.001 0.300±0.002 0.339±0.007
Whey 0.745±0.007 2.430±0.003 0.437±0.001
Whey+Sal 0.749±0.044 2.464±0.011 0.469±0.017
Chi 0.067±0.013 0.945±0.002 1.331±0.022
Whey+Chi 0.302±0.014 1.674±0.039 2.990±0.003
Whey+Chi+Sal 1.878±0.017 2.720±0.023 2.825±0.001
Car 0.026±0.001 0.319±0.002 0.396±0.004
Whey+Car >9 4.335±0.487 0.450±0.002
Whey+Car+Sal >9 3.789±0.141 3.310±0.163

Sal salicylic acid, Whey whey protein, Chi chitosan, Car carrageenan

Fig. 3. In vitro release of salicylic acid through cellulose nitrate membranes for a whey emulsions, b Chi emulsions, and c Car
emulsions. Effect of pH: white square pH 4, white triangle pH 5, and multiplication sign pH 6. The oil solution (white circle)
served as control. The release data are presented as linear fit against square root of time (according to simplified Higuchi
equation). Average±SD (n=4). The cumulative amount of salicylic acid released in 8 h from all three emulsion types (whey,
Chi, and Car) at pH 4 was statistically significantly different (p<0.05) from the respective emulsions at pH 5 and 6. The
cumulative released amount from the oil solution was also statistically significant (p<0.05) from all three emulsion types at
pH 5 as well as from whey and Car emulsions at pH 6. The release rate from Chi pH 5 was statistically significantly different
(p<0.05) from Chi pH 4 and 6, and the release rate from Car pH 4 was statistically significantly different (p<0.05) from Car
pH 5 and 6
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was investigated, it was found that for all three emulsion types,
the release of salicylic acid was similar at pH 5 and 6, while the
emulsions at pH 4 consistently obtained a statistically signifi-
cantly lower release than those at pH 5 and 6 (p<0.05). The
second set of results, representing the effect of polymer
(Fig. 4) on the release of the active, showed no differences
between the different emulsion types at pH 4 and 5. However,
at pH 6, the polymer affected the release of salicylic acid, i.e.,
the addition of carrageenan resulted in an increase, whereas
the addition of chitosan reduced the release of salicylic acid
from the emulsions. The differences between the Chi and Car

emulsions at pH 6 were statistically significant (p=0.019). It
was also noted that the cumulative release of salicylic acid
from the oil solution (ca. 24% salicylic acid in 8 h) was similar
to those from the various emulsions at pH 4 (ca. 23%), but
lower in comparison with the emulsions at pH 5 (32–35%) and
pH 6 (25–31%).

In Vitro Skin Absorption

The results of the skin absorption experiments are
depicted in Figs. 5 and 6 and are expressed as the total amount

Fig. 4. In vitro release of salicylic acid through cellulose nitrate membranes for emulsions at a pH 4, b pH 5, and c pH 6.
Effect of polymer: white square whey, white triangle Chi, and multiplication sign Car. The oil solution (white circle) served as
control. The release data are presented as linear fit against square root of time (according to simplified Higuchi equation).
Average±SD (n=4). The cumulative amount of salicylic acid released in 8 h from the oil solution was statistically significantly
different (p<0.05) from all three emulsion types at pH 5 as well as from the whey and Car emulsion at pH 6. The cumulative
released amount was also statistically significant (p<0.05) between Chi and Car at pH 6

Table IV. Release Rate and Cumulative Release in 8 h Through Cellulose Nitrate Membranes Presented as Average±SD (n=4) and Steady-
State Flux Through Human Skin Presented as Least Square Means (Formulation Effect)±95% Confidence Interval (n=6)

In vitro release through cellulose nitrate membranes In vitro steady state flux trough human skin

kH
a (μg cm−2 h−1/2) R2 Cumulative release in 8 ha (%)

JSS
b (μg cm−2 h−1)

R2LSM 95% CI

Whey pH 4 300.35±42.78 0.99 22.6±2.6*** 10.87*** 7.72–15.29 0.99
pH 5 400.48±46.94 0.99 34.6±2.3 0.75******* 0.54–1.06 0.98
pH 6 361.15±12.75 0.99 30.4±1.9 0.26 0.18–0.37 0.95

Chi pH 4 282.80±10.59 1.00 22.9±0.8**** n.d.
pH 5 425.40±33.90* 1.00 33.8±1.5 n.d.
pH 6 303.98±33.93 0.99 25.7±0.9 0.75******** 0.54–1.06 0.98

Car pH 4 287.73±48.97** 0.99 22.7±2.8** n.d.
pH 5 410.58±35.29 0.99 32.0±2.0 n.d.
pH 6 407.73±44.63 0.99 31.2±2.2***** 0.17 0.12–0.24 0.97

Oil – 328.13±70.30 0.99 23.9±4.8****** 1.16 0.83–1.64 0.98

LSM least square means, CI confidence interval,Whey whey protein, Chi whey protein/chitosan, Car whey protein/carrageenan,Oil oil solution,
n.d. not determined
*p<0.05 against Chi pH 4 and 6; **p<0.05 against Car pH 5 and 6; ***p<0.05 against whey pH 5 and 6; ****p<0.05 against Chi pH 5 and 6;
*****p<0.05 against Chi pH 6; ******p<0.05 against whey pH 5 and 6, Chi pH 5, and Car pH 5 and 6; *******p<0.05 against whey pH 4 and 6;
********p<0.05 against whey and Car pH 6
a n=4
b n=6
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of active delivered over 24 h of permeation as least square
means (formulation effect)±95% confidence interval obtain-
ed after two-way ANOVA. As with the release data, the
results of the skin absorption study were also divided into

two groups, i.e., to investigate the effect of pH of whey emul-
sions (Fig. 5) and to study the effect of polymers at pH 6
(Fig. 6). Furthermore, the steady-state flux was calculated
from the linear portion of the permeation plots (cumulative

Fig. 5. In vitro skin absorption data of salicylic acid from whey emulsions through human
abdominal skin, expressed as total amount delivered over 24 h as least square means (formu-
lation effect) ± 95% confidence interval (C.I.), obtained after two-way ANOVA (n = 6). The
graph represents the effect of pH on skin absorption. The oil solution served as control. *p <
0.05 against pH 4 and oil; **p < 0.05 against pH 4, 5, and 6; ***p < 0.05 against pH 4, 5, and oil;
****p < 0.05 against pH 4 and 6

Fig. 6. In vitro skin absorption data of salicylic acid from different emulsions at pH 6
through human abdominal skin, expressed as total amount delivered over 24 h as least
square means (formulation effect)±95% confidence interval (C.I.), obtained after two-way
ANOVA (n=6). The graph represents the effect of polymer on skin absorption. The oil
solution served as control. *p<0.05 against whey and Chi; **p<0.05 against whey and Car
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amount of salicylic acid permeated per surface area plotted
against time) between t3 h− t24 h and their calculated values,
together with the regression coefficients, are summarized
in Table IV.

The first set of results, investigating the effect of pH on
topical delivery (Fig. 5), showed that the pH significantly influ-
enced skin absorption of salicylic acid, showing a decline in skin
absorption with increasing pH. Statistical analysis revealed that
dermal and transdermal delivery was statistically significantly
different among all pH values (p<0.05).When comparing the oil
solution with the whey emulsions at various pH, it was
ascertained that the dermal and transdermal delivery of the
active from the oil solution was similar to those of the emulsion
at pH 5, which were much lower than at pH 4, but higher than at
pH 6. It was further found that the trend for dermal and trans-
dermal delivery was similar for the various whey emulsions at
different pH values.

However, in the second set of results, in which the effect
of different polymers on topical delivery of salicylic acid was
compared, the trend for dermal and transdermal delivery was
different. The Chi emulsion statistically significantly enhanced
permeation of the active through the skin (p=0.009 against
whey and p=0.0002 against Car), whereas the Car emulsion
statistically significantly increased the delivery of salicylic acid
into the viable epidermis (p=0.0009 against whey and p=0.003
against Chi). In addition, the oil solution resulted in the
highest dermal and transdermal delivery, compared to the
various emulsions. However, there was neither a statistically
significant difference in transdermal delivery between the oil
solution and the Chi emulsion nor in dermal delivery between
the oil solution and the Car emulsion.

DISCUSSION

Characterization of Emulsions

Emulsion preparation was based on the principles of the
layer-by-layer technique (19), in which the oil droplets were
coated with a layer of whey proteins and then with a layer of
polysaccharides, either chitosan or carrageenan. The increase in
zeta potential after addition of positively charged chitosan to
whey-stabilized emulsions, and similarly the decrease of zeta
potential after addition of negatively charged carrageenan to
the primary emulsions at the three pH values of 4, 5, and 6
(Table II), was indicative of the successful layering of the poly-
saccharides onto the whey proteins at the oil–water interface, by
means of electrostatic complexation. An increase in zeta poten-
tial of a mixed aqueous solution of chitosan and β-lactoglobulin
between pH 4 and 7, compared to a pure aqueous β-lactoglob-
ulin solution, was also reported by Guzey andMcClements (15)
and was related to electrostatic complexation between the two
polymers. Furthermore, Cho et al. (8) reported similar results for
the adsorption of carrageenan onto β-lactoglobulin coated-lipid
droplets, as the addition of carrageenan to the primary emulsion
yielded more negative zeta potential values. Although the zeta
potential of the whey emulsion was already negative at pH 6, it
was evident from the results in Table II that anionic carrageenan
was additionally adsorbed onto the whey proteins. It was very
likely that positively charged groups were still available at the
whey protein surface to interact with the anionic carrageenan
(17). The same assumption could be made regarding the

adsorption of cationic chitosan onto positively charged whey
proteins at pH 4.

The increase in droplet size over time for the whey emul-
sion at pH 5 and for the Chi emulsions at pH 4 and 5 could either
be attributed to coalescence or flocculation of the emulsion
droplets. The light microscopy images in Fig. 2, however, re-
vealed no apparent increase in droplet size due to droplet coa-
lescence, but rather due to flocculation. The whey emulsion at
pH5, which showed an increase in droplet size over time, did not
show any flocculation in the microscopy images taken on day 0,
indicating that flocculation only occurred after 1 day, as was
confirmed by the Mastersizer results. The results for the whey
emulsions were congruent with findings in previous studies,
during which whey protein-stabilized emulsions had been unsta-
ble to droplet aggregation at pH values close to the isoelectric
point (e.g., pH 5), owing to a low net charge of the droplets and
therefore less repulsive interactions between emulsion droplets
(8,17). In contrast, the microscopy images of all Chi emulsions,
the Car emulsion at pH 4, and the whey emulsion at pH 4
indicated immediate flocculation, which was not always congru-
ent with the droplet size results obtained by laser light scattering,
e.g., for whey emulsion at pH 4 and Car emulsion at pH 4. This
was most likely due to a breakup of the emulsion droplet aggre-
gates, as a result of dilution of the formulations prior to particle
analysis. Li et al. (16) investigated β-lactoglobulin–chitosan-sta-
bilized emulsions and found that the adsorption of chitosan onto
β-lactoglobulin increased the stability of the emulsions toward
droplet aggregation between pH 3 and 6, which was a function
of the chitosan concentration in the emulsions. These findings
were in contrast to the results obtained during this study.
Different results were also obtained for β-lactoglobulin–carra-
geenan-stabilized emulsions. In a study by Cho et al. (8), the
addition of carrageenan to β-lactoglobulin resulted in extensive
droplet aggregation at pH values below 6. Gu et al. (17) also
found extensive droplet flocculation between pH values 3 and 5,
but not between pH 6 and 8, and it was further demonstrated
that the droplet aggregation was dependent on the carrageenan
concentration. In this study, however, no extensive droplet ag-
gregation was observed for theCar emulsions between pH4 and
6. These different outcomes could have been due to differences
in polymer concentration, the emulsion preparation technique,
and ionic strength of the aqueous phase.

Turbidity

Turbidity can be used as a measurement for insoluble
complex formation in the aqueous phase. However, this pro-
vides no information regarding complex formation that is solu-
ble in the aqueous phase (15). It also has to be kept in mind that
complex formation between the whey proteins and polysaccha-
rides could be different in the emulsion formulations, compared
to the aqueous solutions, because the structure of the whey
proteins may differ between the two systems, e.g., native versus
denatured form (17). The trend in turbidity of the whey and
chitosan solutions across the analyzed pH range was similar to
data presented by Guzey and McClements (15). The highest
turbidity of the aqueous whey solution was found at pH 5, close
to the isoelectric point of whey proteins. The reduced net charge
of the proteins at this pH minimized electrostatic repulsion
between the protein molecules and therefore enhanced aggre-
gation. Similarly, the aqueous chitosan solutions became more
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turbid with increasing pH, due to the loss of positive charges of
amino groups of chitosan when approaching the pKa value
(pKa≈6.5) (15).

The increase in insoluble complex formation between
whey proteins and positively charged chitosan with an in-
crease in pH of the aqueous phase could be explained by an
increased electrostatic interaction between whey and chitosan,
due to an increase in negative charge of the whey proteins
with increasing pH. In contrast, the insoluble complex forma-
tion in the aqueous phase between whey proteins and nega-
tively charged carrageenan decreased with an increase in pH
because of a decrease in the positive charge of the whey
proteins. This alteration in turbidity with a change in pH could
be indicative of a successful layering of the polysaccharides
onto the whey proteins.

Release of Active from the Formulations

In a preliminary study (data not presented here), during
which the release of salicylic acid from aqueous solutions at
pH 4, 5, and 6 had been investigated, the release rate was
determined to be in the order: pH 4>pH 5>pH 6, hence
opposite to the trend observed for the release of salicylic acid
from emulsions (Fig. 3). The preliminary release study had
been performed similarly to this emulsion study, with the only
difference being the donor phase that had consisted of the
aqueous phase of the emulsion, containing 1 mg ml−1 salicylic
acid, but no emulsifiers. The concentration of 1 mg ml−1 of
salicylic acid, which was below the saturation concentration,
was assumed as the concentration present in the aqueous
phase of the emulsions in equilibration with the oil phase
(according to the oil/water phase partition coefficient). The
decrease in release of the active with an increase in pH could
be explained by a decrease in thermodynamic activity with
increasing pH values of the aqueous donor phase, due to the
increasing solubility of salicylic acid with increasing pH (20).

The opposite trend in release, being observed for the
various emulsions at different pH, must therefore have been
related to some effect within the emulsion. No correlation
could be found between the release and droplet size, apparent
viscosity, and turbidity data. However, the active’s release
from the emulsion could be related to the zeta potential of
the emulsions. According to the Henderson–Hasselbalch
equation, more than 90% of the salicylic acid would be ionized
in the aqueous phase of the emulsions between pH 4 and 6.
Since the pKa of salicylic acid is ≈3, the salicylic acid was
negatively charged at all three pH values of 4, 5, and 6. It is
assumed that the negatively charged salicylic acid was electro-
statically interacting with the positively charged emulsion
droplets at pH 4 for all three emulsions, thus resulting in a
lower release. In contrast, the more negatively charged emul-
sion droplets at pH 5 and 6 could have yielded a reduced
electrostatic interaction between emulsion droplets and
salicylic acid, which therefore hindered the release to a lesser
extent. However, it was noted that the zeta potential of the
emulsions containing salicylic acid and of those emulsions
without salicylic acid were similar (Table II). It should, how-
ever, also be kept in mind that the emulsions were highly
diluted prior to zeta potential analysis and therefore the effect
of salicylic acid could have been weakened. Furthermore, the
proposed electrostatic interaction between the emulsifier of

the emulsion droplets and salicylic acid did not always result in
insoluble complex formation, as indicated by the consistent
turbidity results. No insoluble complex formation was, for
example, observed between whey proteins and salicylic acid
at all three pH values, since the addition of salicylic acid to the
aqueous phase of whey proteins did not result in an increase in
turbidity (Table III).

A comparison of the different emulsions, containing dif-
ferent polymers at the same pH, showed no correlation be-
tween release and droplet size, apparent viscosity, and
turbidity data. Again, the electrostatic interaction between
the emulsifiers and active ingredient could have influenced
the release. At pH 4, for example, the release of salicylic acid
was similar for the different emulsions (Fig. 4a). Similarly, the
zeta potential among the various emulsions did not differ
significantly (Table II). In contrast, at pH 6, the release of
salicylic acid increased (Chi<whey<Car) (Fig. 4c), with a
decline in zeta potential (Chi>whey>Car) (Table II), indicat-
ing that a lower zeta potential yielded a reduced electrostatic
interaction between emulsion droplets and salicylic acid,
which therefore improved release.

All of the emulsions during this study performed equally
or better in terms of release than the corresponding oil phase.
The increase in release of salicylic acid from emulsions could
have been due to an increased surface area, owing to the
presence of oil droplets. Figures 3 and 4 also showed a longer
lag time for release of salicylic acid from the oil solution,
which could have been caused by a less favorable partitioning
of salicylic acid between the oil and the aqueous receptor
phase-saturated membrane, compared to the partitioning be-
tween the aqueous phase of the emulsion and the aqueous
receptor phase-saturated membrane.

In Vitro Skin Absorption

Due to limited availability of human skin, only five out of
the nine emulsions were used for skin absorption studies
(whey pH 4, 5, 6; Chi pH 6; and Car pH 6). The whey
emulsions at different pH values were selected because they
showed better stability over the entire pH range than the Chi
and Car emulsions. Furthermore, they included positive and
negative zeta potentials (Table II). For the investigation of the
effect of the different polymers, the various emulsions at pH 6
were chosen. The reasons for the selection were again the
better stability compared to the respective emulsions at pH 4
and 5 as well as the inclusion of emulsions with negative and
positive zeta potentials.

The comparison of skin absorption data of the whey-
stabilized emulsions at three different pH values (Fig. 5) re-
vealed that dermal and transdermal delivery was significantly
increased by the whey-stabilized emulsion at pH 4, although
the release was the lowest for this formulation. This could be
related to the fact that salicylic acid had the lowest degree of
ionization at pH 4. According to the Henderson–Hasselbalch
equation, approximately 91% of salicylic acid was ionized at
pH 4, whereas more than 99% was ionized at pH 5 and 6. The
skin absorption results were congruent with the pH partition
hypothesis, which states that the unionized form of actives is
the preferred form for permeation, as was also demonstrated
by the transdermal permeation of salicylic acid during a study
by Smith and Irwin (21). However, the increase in skin
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permeation of salicylic acid was higher than what was expect-
ed solely from the effect of ionization. Another formulation
factor may therefore have influenced skin absorption. It was
hypothesized that the emulsion droplet charge (as indicated
by the zeta potential) could have contributed to the increased
delivery of salicylic acid from emulsions with decreasing pH
values. As shown in Table II, the zeta potential for the whey
emulsion was positive at pH 4, while showing a zero net
charge at approximately pH 5, with negative values at pH 6.
Since the skin surface is negatively charged (22), it is assumed
that electrostatic interactions between the negatively charged
skin and positively charged emulsion droplets at pH 4 favored
the transport of salicylic acid into and through the skin.
Similar results had been obtained during studies by
Youenang Piemi et al. (2) and Ghouchi Eskandar et al. (23),
during which positively charged emulsion droplets had yielded
increased dermal and transdermal delivery in comparison with
negatively charged emulsion droplets.

A comparison of the skin absorption data of the three
emulsions at pH 6, containing different biopolymers (Fig. 6),
revealed an enhanced transdermal delivery for the Chi emul-
sions, whereas the Car emulsions improved dermal delivery. As
with the whey emulsions at various pH values, the transdermal
delivery data of the emulsions containing different polymers
correlated well with the zeta potential data. It was found that
with decreasing zeta potential (Table II) (Chi>whey>Car), the
transdermal delivery into the receptor phasewas reduced (Fig. 6)
(Chi>whey>Car). It was assumed that the positively charged
amino groups of chitosan interacted with the negatively charged
skin surface, which enhanced transdermal delivery. The en-
hanced skin permeation could also be related to the fact that
chitosan is known to lower the diffusion resistance of the stratum
corneum and therefore enhance penetration into the skin (14).
The reduced permeation of salicylic acid from the Car emulsion
at pH 6 could also have been a result of the insoluble complex
formation between whey–carrageenan and salicylic acid, as dem-
onstrated by the increased turbidity data (increase in absorbance
from 0.45 cm−1 for whey–Car without salicylic acid to 3.31 cm−1

for whey–Car with salicylic acid) (Table III), resulting in a
reduced amount of salicylic acid available for absorption.

CONCLUSION

This study showed that the type of polymer used as
emulsifier in the preparation of emulsions, as well as the pH
of the formulation, influenced the release, as well as the
topical delivery of the active ingredient. More specifically, it
was found that electrostatic interactions between the different
emulsifiers of the emulsion droplets and salicylic acid influ-
enced the release of the active from the emulsions. Depending
on the charge of the emulsion droplets, introduced by alter-
ation of the pH of the formulation, increased electrostatic
interactions resulted in a reduced release of the active ingre-
dient. Furthermore, the extent of ionization, together with the
charge of the emulsion droplets, played an important role in
the dermal and transdermal delivery of salicylic acid from the
different emulsion formulations. It was indicated that an in-
crease in emulsion droplet charge could result in an increase in
electrostatic interaction between emulsion droplets, containing
the active ingredient, and negatively charged skin, resulting in
enhanced topical delivery.
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