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Abstract: Gel microemulsion combines the advantages of the microemulsion, which can encapsulate,
protect and deliver large quantities of active ingredients, and the gel, which is so appreciated in the
cosmetic industry. This study aimed to develop and characterize new gel microemulsions suitable
for topical cosmetic applications, using grape seed oil as the oily phase, which is often employed
in pharmaceuticals, especially in cosmetics. The optimized microemulsion was formulated using
Tween 80 and Plurol® Diisostearique CG as a surfactant mix and ethanol as a co-solvent. Three
different water-soluble polymers were selected in order to increase the viscosity of the microemulsion:
Carbopol® 980 NF, chitosan, and sodium hyaluronate salt. All used ingredients are safe, biocom-
patible and biodegradable. Curcumin was chosen as a model drug. The obtained systems were
physico-chemically characterized by means of electrical conductivity, dynamic light scattering, polar-
ized microscopy and rheometric measurements. Evaluation of the cytotoxicity was accomplished
by MTT assay. In the final phase of the study, the release behavior of Curcumin from the optimized
microemulsion and two gel microemulsions was evaluated. Additionally, mathematical models
were applied to establish the kinetic release mechanism. The obtained gel microemulsions could be
effective systems for incorporation and controlled release of the hydrophobic active ingredients.

Keywords: curcumin; gel microemulsion; transdermal delivery; microemulsion; dermatocosmetics;
grape seed oil

1. Introduction

Microemulsions are appreciated in the cosmetic industry due to their transparency,
stability and minimal energy consumption as a result of spontaneous formation when the
ratios of oil, water and surfactant mix are appropriate [1]. These colloidal vectors have
many applications, but in particular, they are used as systems that can encapsulate and
deliver large amounts of hydrophilic and hydrophobic active ingredients [2,3]. Another
important advantage of microemulsions is the ability to protect the encapsulated active
pharmaceutical ingredients (API) from degradative reactions [4,5].

Many active ingredients have been incorporated into microemulsions that form the
basis for cosmetic or pharmaceutical formulations, including Deepaline PVB (palmitoyl
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hydrolyzed wheat protein), for its wrinkle-reducing effect [6]; Alpha-tocopherol (alpha-T),
which is a powerful antioxidant [7]; azelaic acid, an active ingredient used in anti-acne
treatments [8]; Vitamin A palmitate [9]; babchi essential oil, with antipsoriatic effect [7];
neem oil, with strong antibacterial effect; beta-carotene [10], the combination of arbutin
with lactic acid and niacinamide, which together have a strong whitening effect [8].

Some of these cosmetic colloidal systems are already commercially available [11]
in personal care products such as shampoos, conditioners, deodorants, sunscreens, and
moisturizers. A requirement that must be fulfilled by the microemulsions is the biocom-
patibility of each component [12]. A disadvantage of these colloidal systems is the high
concentration of surfactant or mixtures of surfactants, which can cause skin irritation,
but the use of surfactants, accepted in the cosmetics industry, that are less aggressive,
biocompatible, and have low irritant potential, represents a solution [13]. Microemulsions
are also characterized by low viscosity, which is another disadvantage for most topical cos-
metic formulations [13]. The addition of a viscosity-increasing agent to the microemulsion
system leads to the formation of a gel microemulsion, a system that takes advantage of the
microemulsion and the gel at the same time.

Gels are highly appreciated in the personal care industry [11]. By converting the
microemulsion into a gel microemulsion, the contact of the product with the skin and
the release period of the active ingredient are prolonged [3,14]. Thus, the gel microemul-
sion has an attractive texture and pleasant consistency, is simple to apply, and ensures
prolonged release of cosmetic assets [15]. Due to the high content of surfactant mixtures,
microemulsions are able to facilitate skin penetration and ensure a constant and controlled
release, instead of the burst release of cosmetic active ingredients.

Curcumin, the main compound of the turmeric rhizome (Curcuma longa L. Family:
Zingiberaceae), is appreciated for its anti-oxidant, anti-inflammatory, wound healing
and anti-microbial characteristics [16-18]. With so many benefits for the human body,
especially for the skin, Curcumin is used in a variety of cosmetics and pharmaceutical
applications [19].

In the present work, we aimed to prepare and characterize new gel microemulsions
suitable for topical applications in dermatocosmetics, using grape seed oil as the oily phase,
and a mixture of cosmetic surfactants and biocompatible polymers. The study also aimed
to determine the ability to encapsulate Curcumin in the systems obtained for the first time,
both in the microemulsion and in the gel microemulsions. The selected oily phase, grape
seed oil, is a biocompatible ingredient that itself contains cosmetic active ingredients, and
it is often used in pharmaceuticals and, especially, cosmetics.

In this study, a mixture of biocompatible surfactants, at a minimum concentration,
but which ensures the stability of the system, was chosen. To obtain the gel microemul-
sions, three biocompatible polymers, one synthetic and two polymers of natural origin,
were selected. Carbopol® 980 NF was selected as a synthetic gelling agent, because it is
biocompatible and non-toxic [20]. The first natural polymer selected was the sodium salt of
hyaluronic acid, which, especially at a high molecular weight, can increase viscosity, being
also one of the primary structural components of the dermis and epidermis, with the specifi-
cation that with age, the amount of hyaluronic acid in the epidermis decreases considerably
or even disappears [21-23]. In addition to sodium hyaluronate, high molecular weight
chitosan was the second natural polymer selected. It is an amino-polysaccharide derived
from chitin, appreciated for its biocompatibility, bacteriostatic effect and wound-healing
properties [23].

The current trend in dermatocosmetics is to formulate products with oils from natural
sources, e.g., vegetable oils, with intrinsic therapeutic activity. However, obtaining Winsor
IV microemulsions with vegetable oils is still considered a real challenge. Additionally, the
restrictions in the cosmetics industry regarding surfactants must be taken into account. In
this work, the prepared formulations contain a vegetable oil as the oily phase; moreover,
the surfactants and polymers used were selected only from among ingredients approved
in the cosmetics industry. To the best of our knowledge, this is the first study that reports
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the preparation and characterization of gel-type microemulsions, based on grape seed oil,
Plurol® Diisostearique CG, Tween 80, ethanol, water and polymers. The microemulsion
with selected composition (denoted LVM-low viscosity microemulsion) was characterized,
and the ability to encapsulate Curcumin in this system was analyzed by high-performance
reverse-phase liquid chromatography (HPLC). Additionally, the composition of the gel mi-
croemulsion is unique and proves the possibility of obtaining suitable changes in viscosity
using hyaluronic acid and chitosan as natural polymers with beneficial anti-aging activity
in cosmetic formulations. The LVM microemulsion was converted into gel microemul-
sions by incorporating the biocompatible polymers listed above at different concentrations,
which were studied in terms of the ability to control the release of the Curcumin as a model
active ingredient and compared with the polymer-free (simple) microemulsion.

2. Materials and Methods
2.1. Materials

Cold-pressed grape seed oil (MAYAM Cosmetics, Oradea, Romania), Tween 80
and ethanol absolute (SIGMA-ALDRICH), Plurol® Diisostearique CG (Polyglyceryl-3
Diisostearate—PDCG, kindly gifted by Gattefosse, Saint-Priest, France), Carbopol® 980 NF
(high molecular weight poly(acrylic acid), Lubrizol Advanced Materials, Inc, Wickliffe, OH,
USA), hyaluronic acid sodium salt (Streptococcus Equi sp., molecular weight ~1.5-1.8 x 10°
Da, SIGMA-ALDRICH), chitosan (highly viscous, Fluka®), Curcumin (95%, Natures aid),
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 1-bromide (97.50%, Sigma-
Aldrich) and human keratinocyte cells (HaCaT, an immortal keratinocytes cell line spon-
taneously transformed from adult human skin, Cell Lines Service GmbH, Eppelheim,
Germany) were used as received. Acetonitrile (>99.9%), phosphoric acid solution (>85%)
and ethanol (>99.8%) solvents, used for HPLC analysis, were purchased from Sigma-Adrich
(Sigma-Adrich Chemie GmbH, Taufkirchen, Germany) and were all HPLC grade purity.
Distilled water was employed in all experiments.

2.2. Preparation of the Microemulsion and Gel Microemulsions

To obtain the single-phase optimized microemulsion, grape seed oil, Tween 80, Plurol®
Diisostearique CG, ethanol and distilled water in certain ratios were stirred at 2500 rpm
by using a Vortex equipment for 1 min and the obtained mixture was left to equilibrate
for 24-48 h at 25 °C. Single-phase microemulsions were prepared by stirring the suitable
amount of surfactants in oily and aqueous phases and left to stand for at least 24 h,
since equilibrium is not immediately achieved in the systems with vegetable oils and
surfactants. For the incorporation of Curcumin, a prolonged mixing time is needed to
obtain complete dissolution of the active ingredient and to achieve the equilibrium of the
loaded microemulsion due to the very different solubility of Curcumin in each component.

The preparation of gel microemulsions using Carbopol® 980 NF and hyaluronic acid
sodium salt was carried out by adding the polymer to the previously prepared LVM
microemulsion under magnetic stirring, for 24-48 h until complete dissolution of the
polymer, as previously described. The polymer concentrations in the gel microemulsions,
expressed as mass percentage based on the entire microemulsion mass, are displayed
in Table 1.
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Table 1. Polymer content of the gel microemulsions prepared.

Sample Polymer Polymer Content ! wt.%
HILVM Hyaluronic acid Na salt 0.1
H2LVM Hyaluronic acid Na salt 0.15
H3LVM Hyaluronic acid Na salt 0.2
H4LVM Hyaluronic acid Na salt 0.3
CP1LVM Carbopol® 980 NF 0.1
CP2LVM Carbopol® 980 NF 0.15
CP3LVM Carbopol® 980 NF 0.2
CT1LVM Chitosan 0.115
CT2LVM Chitosan 0.23
CT3LVM Chitosan 0.298
CT4LVM Chitosan 0.34

1 Based on the entire microemulsion mass.

To achieve the maximum viscosity, 5% NaOH solution was added to the Carbopol
gel microemulsions. The preparation of gel microemulsions using chitosan was made in
two steps. In the first step, chitosan was dissolved into 1% acetic acid to obtain solutions
of 0.5%, 1%, 1.3%, and 1.5% polymer concentration. Next, gel microemulsions of various
polymer concentrations were obtained by adding the other microemulsion components to
the chitosan solutions previously prepared, in the same ratio as above and stirring.

The selection of the polymer concentrations was made based on the rheological
characteristics. A small concentration does not necessarily offer viscosity, but at higher
concentrations the polymers could not be completely solubilized in the LVM microemulsion.
Therefore, a range of suitable concentrations was selected, in order to obtain the desired
viscosity and also to allow comparison between the rheological characteristics of different
polymers at the same concentrations.

2.3. Incorporation of Curcumin

Curcumin incorporation was carried out by adding it to the LVM microemulsion
or gel microemulsions and magnetically stirring the mixture for 24-48 h until complete
dissolution. To determine the maximum encapsulation capacity, surplus Curcumin was
added to some samples, followed by centrifugation at 13,000 rpm for 10 min to remove the
excess [24].

2.4. Incorporation Capacity of the Microemulsion

Reversed-phase high-performance liquid chromatography (HPLC) was employed to
determine the incorporation ability of Curcumin in the microemulsion and selected gel
microemulsions using a system made up of a Jasco LC-Netll/ADC HPLC equipped with a
Jasco PU-2089Plus Quaternary Gradient Pump, a Jasco UV-2075Plus Intelligent UV-VIS
detector, and a Teknokroma HPLC NUCLEOSIL 100 C 18 5 um 25 x 0.4 column. The
mobile phase was composed of 50 vol.% acetonitrile and 50 vol.% of a 1 vol.% phosphoric
acid solution and the flow rate was set at 1 mL/min [25]. The elution of Curcumin was
monitored at 420 nm [17]. All samples were diluted in a 1:200 mass ratio with ethanol before
analysis. The standard calibration curve was obtained by employing samples of 0.5 wt.%;
0.75wt.% and 1 wt.% Curcumin in the corresponding microemulsion. The resulted equation
of the calibration curve was y = 65.4x + 6.2833, with a correlation coefficient R? = 0.9989.

2.5. Characterization of Microemulsions and Gel Microemulsions

The microemulsion droplet size was measured using dynamic light scattering (DLS)
(Nano ZS ZEN3600 Zetasizer, Malvern Instruments, Malvern, UK) equipment. Electrical
conductivity was tested in triplicate on undiluted samples using a Cole-Parmer conduc-
tivity meter model 500. The microemulsion was analyzed using cross-polarized light
microscopy (Optica Microscopes Instruments, Ponteranica, Italy), equipped with a Lev-
enhuk M1400 PLUS Microscope video camera to collect digital images. A small quantity
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of microemulsion was placed on the glass slide and covered with a plastic coverslip and
the picture was taken at a 10x magnification, at 25 °C. The rheological properties of the
microemulsion and gel microemulsions were determined using a Kinexus Pro rheometer
(Malvern Instruments, UK) with 1.60 software for data acquisition, equipped with a Peltier
element for temperature control. The measurements were carried out in rotation mode at
25 °C using a 1° /40 mm cone. Each sample was equilibrated for 5 min before measurement.

2.6. In Vitro Release of Curcumin

The release behavior of Curcumin from the LVM microemulsion and the microemul-
sions gel H4LVM and CT4LVM was determined by in vitro release experiments, at 25 °C,
by using a Spectra/Por™ (Spectrum™, New Jersey, NJ, USA) regenerated cellulose dialysis
membrane tubing of 6.4 mm diameter, with 12.000-14.000 Dalton MWCO. The dialysis
membrane was previously hydrated for 24 h. A certain amount of each sample was placed
into the dialysis bag and immersed into the receptor medium that completely covers the
sample. The receptor medium consisting of a 1:1 (v/v) water/ethanol mixture [26] was
placed under magnetic stirring at 200 rpm. After certain time intervals, 1 mL samples
of the receptor medium were withdrawn and replenished with fresh receptor medium,
maintaining a constant volume. The amount of released Curcumin was analyzed using the
HPLC method, described above. The results were expressed as percent of cumulative drug
release, using the formula: CR% = the cumulative release amount of Curcumin/the total
amount of Curcumin in the formulation x 100 [27].

2.7. In Vitro Permeation Study

In vitro study for Curcumin skin permeation was performed using a vertical Franz
cell (PermeGear, Inc., Hellertown, PA, USA). The effective diffusion area was 0.99 cm?. The
8 mL receptor compartment was filled with medium consisting of a 1:1 (v/v) phosphate-
buffered saline (PBS; pH 7.4)/ethanol mixture [28]. The diffusion cell was maintained at
37 °C and the receptor chamber was continuously homogenized using a magnetic stirrer.
Each experiment was performed in triplicate. Strat-M® membrane, a synthetic membrane
that is predictive of diffusion in human skin [27], was used for the study. The membrane
does not need to be hydrated prior to use and was loaded into the Franz cell, with the shiny
layer upward [28]. Next, 0.5 g of the microemulsion was added to the donor chamber, and
the donor was sealed with Parafilm® to prevent sample evaporation. After certain time
intervals (2, 3,4, 5, 6, 24 h), 0.5 mL samples of the receptor medium were withdrawn and
replenished with a fresh receptor medium to maintain constant volume. Additionally, the
Curcumin retained in the model membrane was measured. At the end of each experiment,
the membrane was carefully cleaned, in order to remove the excess sample. The part
of the membrane exposed to the sample was cut and soaked in 5 mL of ethanol and
stirred for 30 min at 37 °C. The permeation samples were analyzed by using the HPLC
method, described above. The standard calibration curve was obtained by employing
samples from 0.001 wt.% to 0.015 wt.% (eight points) Curcumin in the 50% ethanol solution.
The calibration curve equation was found to be y = 1.5498x — 5.8829, with a correlation
coefficient R? = 0.9944.

Experimental data were used to determine the cumulative Curcumin permeation per
unit of membrane surface area (Q;), the steady-state permeation flux (Jss) and apparent
permeability coefficients (P,pp), calculated using equations from the literature [28]. The
cumulative Curcumin permeation Q; (expressed as cumulative drug permeation per unit
of model membrane area) was calculated using Equation (1):

-1
Qr = VG + )_ ViC (1)
i=0
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where C; is the drug concentration in the receiver media (ethanolic solution 50%) at the
selected sampling time t, C; is drug concentration of the i-th sample, and V, and V; are the
volumes of the receiver solution and the sample, respectively.

The steady-state fluxes (Jss) were calculated by linear regression interpolation of the
experimental data at a steady state, according to Equation (2):

AQ:

Jss = m 2
Apparent permeability coefficients (P,) were calculated using Equation (3):
Jss
Popp = = 3)
app C,

where C; is Curcumin concentration in the microemulsion donor compartment. The experi-
ment was performed to ensure sink conditions, thus presuming that the drug concentration
in the receiver solution is negligible compared to that in the donor compartment.

2.8. Biocompatibility

Cell viability was determined by the MTT test, which is a colorimetric test that
analyzes cell metabolism and is based on the reduction of the MTT compound under the
action of mitochondrial succinate dehydrogenases (NAD (P) H-dependent mitochondrial
dehydrogenase succinate) present in the metabolically active cells. The reduction of yellow
soluble tetrazolium salts from the MTT and the formation of violet formazan crystals is
indicative of the presence of viable cells. Evaluation of the cytotoxicity by the MTT test
allows the quantification of metabolic activity directly related to the number of living cells.
Human keratinocyte cells were cultured in DMEM culture medium (Dulbecco’s modified
Eagle Medium) supplemented with 2 mM L-glutamine, 100 units per milliliter of antibiotic
mix (Penicillin/Streptomycin/ Amphotericin) and 10% fetal bovine serum, and kept in an
incubator humidified at 37 °C with a CO, concentration of 5%.

To evaluate the cytotoxic effect of the samples (LVM, CP3LVM, H4LVM, CT4LVM) on
HaCaT cells, each sample was added to sterile 24-well culture plates, at a concentration
of 1 uL sample per 1 mL culture medium. Immediately after the addition of the samples,
culture medium was added with cells at a seeding density of 2-x 10° cells per well of
1.9 em?. Incubation of the cells with samples was performed in an incubator at 37 °C for
24 h. Untreated cell wells were used as controls. Next, the examination was performed
under the inverted optical microscope in phase contrast Olympus IX71 (Olympus, Tokyo,
Japan) with a 10 x objective. The culture medium was immediately removed and washed
with 1 mL phosphate-buffered saline (PBS) per well and 500 uL of MTT solution (1 mg/mL)
was added to each well. After two hours of incubation with the MTT solution, it was
removed, and the formazan crystals are solubilized with isopropanol. At the end of the
procedure, cell viability was determined spectrophotometrically at a wavelength of 595 nm
using the FlexStation 3 Multi-Mode board reader (Molecular Devices, San Jose, CA, USA).

3. Results
3.1. Preparation and Characterization of the Optimized Microemulsion for Curcumin Incorporation

To obtain the optimized microemulsion, preliminary studies were performed to deter-
mine the optimal concentrations and ratios for each ingredient for the water system-grape
seed oil-mix of surfactants, using the pair of surfactants Tween 80 and PDCG.

As the oily phase is a vegetable oil, high concentrations—mass concentrations of about
80%—of surfactants are required to obtain a WIV-type microemulsion. In a previous pa-
per [29], we developed a microemulsion with grape seed oil as an oily phase and Tween 80
and 1-octanol as the surfactant and co-surfactant, respectively. Winsor IV-type microemul-
sions were obtained, with a concentration of the surfactant—co-surfactant mix of around
70%, and low viscosity, at below 0.25 Pa-s, that was capable of encapsulating a significant
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Number (Percent)

amount of Curcumin. However, taking into account the restrictions on surfactant concentra-
tions in the pharmaceutical and cosmetic fields, the possibility of obtaining microemulsions
with lower concentrations of surfactant mixture by adding ethanol co-solvent was studied.
Systems with oil-water ratios of 2:1 and 3:1 were further investigated, since for the 1:1
ratio, no single-phase microemulsions were obtained, even at high surfactant mixture
concentrations. The ratio 3:1 was finally selected, in order to facilitate the solubilization of
the polymer and formation of gel microemulsion systems. Winsor IV microemulsions were
obtained for the Plurol-Tween 80 mixture only at very high concentrations, usually above
70%, depending on the surfactant-co-surfactant ratio. For the Plurol-Tween 80 mixture at a
1:3 ratio, it was possible to obtain a single-phase microemulsion at a minimum surfactant
mixture concentration of 63% with the aid of ethanol as cosolvent. The microemulsion
(called LVM) with the minimum surfactant content was selected, and the ingredients of
the microemulsion, their function and concentration are shown in Table 2. The visual
appearance of the LVM microemulsion was examined over 1 year at a temperature of 25 °C,
and the lack of change confirmed its stability over time.

Table 2. Appearance and composition of the LVM microemulsion.

W‘ Ingredients Function Concelzltj;iion %
' Grape seed oil Oily phase 7.6
Water Aqueous phase 23.7
1 Plurol® Diisostearique CG Surfactant 15.1
» "g;_f Tween 80 Surfactant 452
N Ethanol Co-solvent 8.4

To obtain information about the structural state, the LVM microemulsion was char-
acterized by electrical conductivity measurements, DLS, in order to determine the size
of the discontinuous phase droplets, and polarized light microscopy. The conductivity
measurements provided a value of electrical conductivity of 228 uS/cm, which is char-
acteristic for an O/W type microemulsion [30-33]. The DLS measurements showed that
the discontinuous phase droplets had a uniform dimensional distribution and an average
diameter of about 74.73 & 6.06 nm (Figure 1). The encapsulation of drugs did not produce
significant changes in the microemulsion droplet, and the average size was found to be
75.52 + 5.22 nm.

Size Distribution by Number

1 10 100 1000 10000
Size (d.nm)

Figure 1. Size and size distribution of undiluted and freshly prepared microemulsion without Curcumin (red) and with

Curcumin (green).
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The stability of the optimized microemulsion with and without encapsulated Cur-
cumin was also investigated by measuring of size and size distribution of droplets after one
year storage in the absence of light, under refrigeration. As expected, the microemulsion
was stable over a long period of time, and the average diameter of droplets was found to
be 71.44 £ 2.08 nm for the void microemulsion and 72.56 + 3.38 nm for the microemulsion
with Curcumin. Additionally, the encapsulated active ingredient Curcumin exhibited
stability in terms of solubility in the colloidal carrier. No visible micro-crystals of the drug
were observed after storage.

The LVM sample was examined using a polarized light microscope in order to differen-
tiate between the microemulsion and the lyotropic liquid crystal phase [34]. The polarized
light microscopy images obtained for the investigated sample did not show birefringence,
and no texture could be observed in the polarized light, so according to the literature,
the sample can be classified as a microemulsion and it can be stated that it does not con-
tain lyotropic liquid crystal phases [35]. Based on the composition, visual appearance of
the microemulsion, conductivity and polarized light microscopy, the microemulsion was
classified as a WIV-type O/W microemulsion.

3.2. Physico-Chemical Characterization of Gel Microemulsions

Microemulsions are characterized by a low viscosity, which is not suitable for topical
applications [26,36]. Gel microemulsions, which are characterized by higher viscosity, are
considered to be a beneficial alternative. The selection of thickeners is made according to
the type of the continuous phase of the formulation, which can be aqueous or oily [37].
Because the LVM sample was classified as an O/W microemulsion, three types of water-
soluble polymers were selected for the preparation of gel microemulsions, one synthetic
(Carbopol® 980 NF) and two natural (hyaluronic acid sodium salt and chitosan).

The prepared gel microemulsions were homogeneous and transparent (Figure 2), and
were characterized in terms of rheological behavior compared to the LVM microemulsion
(Figure 3). The LVM microemulsion showed a Newtonian behavior, its viscosity being
about 0.36 Pa-s. The relatively low value of the viscosity was due to the presence of a low
concentration of oil simultaneously with a high concentration of water [37].

Figure 2. Visual appearance of gel microemulsions used as Curcumin delivery system.

The obtained gel microemulsions showed a pseudoplastic non-Newtonian rheological
behavior, with decreasing viscosity with increasing shear rate (Figure 3).

A similar mass concentration of the thickening agent (approximately 0.2%), Carbopol®
980 NEF, generated a significantly lower viscosity value compared to the other two polymers,
for which relatively close viscosity values were obtained (Figure 3a).

Additionally, the increase in the concentration of Carbopol® 980 NF (Figure 3b) pro-
duced a much smaller increase in the viscosity of the microemulsion compared to sodium
hyaluronate (Figure 3c) and chitosan (Figure 3d). This behavior can be explained by the
lower solubility and globule conformation of the poly (acrylic acid) in the aqueous phase
of the microemulsion.
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Figure 3. Flow curves for LVM microemulsion and gel microemulsions obtained with: (a) mass concentration of approxi-
mately 0.2% thickening agent; (b) Carbopol® 980 NF (“TEA” for gel microemulsions neutralized with triethanolamine);
(c) hyaluronic acid salt; (d) chitosan.

According to the manufacturer, “the sample containing the Carbopol® 980 NF polymer
must be neutralized until a pH of 6-7 is reached, to obtain a maximum viscosity” [38].
Neutralization of poly (acrylic acid) leads to an increase in its solubility in water and the
adoption of a more relaxed conformation, which increases the viscosity of the solution.

To increase the viscosity of the microemulsion in the presence of Carbopol® 980 NF,
two types of neutralizing agents were tested in this study, namely a 5% NaOH solution
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and triethanolamine, respectively. In fact, when the pH reached 6-7, the viscosity of the
system decreased in both cases and flocs/precipitate appeared. This can be explained
by the presence of ethanol in the microemulsion system, which reduces the solubility of
Carbopol® 980 NF in the continuous phase, following its transformation into sodium,
or, respectively, triethylammonium salt. For this reason, microemulsions with Carbopol
were abandoned.

3.3. Incorporation Efficiency of the Microemulsion and Gel Microemulsions

The solubility of Curcumin in water is extremely low, but it is higher in oils, co-
solvents and surfactants [39,40]. For this reason, we can affirm that, in the obtained system
of microemulsion and gel microemulsions, Curcumin was incorporated in the oily phase
of the microemulsion and in the surfactant film formed at the oil-water interface.

Reverse-phase liquid chromatography (HPLC) was used to quantify the incorporation
capacity of the prepared microemulsions for Curcumin [24,41]. The analysis of Curcumin
showed a chromatogram with three peaks, corresponding, respectively, to Curcumin
(the majority compound, 70%), demethoxycurcumin (20%) and bisdemethoxycurcumin
(10%) [42], with the last two compounds representing impurities [41]. The results obtained
were consistent with data from the literature [17,42].

The calibration curve was constructed by representing the total area of the peaks as
a function on the concentration of solubilized Curcumin (representing Curcumin with
impurities) in the LVM microemulsion. To avoid changes in the appearance of the chro-
matogram caused by the components of the microemulsion, Curcumin encapsulated in the
microemulsion system was used as a standard.

To determine the maximum incorporation capacity, an excess of Curcumin was added
to the chosen systems [39], and after saturation of the microemulsion, the excess Curcumin
was separated by centrifugation. A Curcumin-loaded microemulsion sample was then
injected into HPLC. Based on the previously determined calibration curve, the maximum
amount of Curcumin that can be solubilized in LVM microemulsion and gel microemulsions
was identified (Figure 4). The maximum Curcumin capacity that could be encapsulated
in the LVM microemulsion (1.69 wt.%, Figure 4) was approximately 2-fold higher than
in the microemulsion prepared with oleic acid, Smix (ethanol and Tween 80, Span 80, n-
butanol) and water, as described by S. Sharma et al. [43]. In the case of gel microemulsions,
there was generally a very small increase in the incorporation capacity of Curcumin
(Figure 4) compared to simple microemulsion, probably due to the interaction between
drug molecules and polyelectrolyte chains. This increase may also be due to the two
impurities of the active principle, which had a more hydrophilic character than pure
Curcumin [17] and a higher compatibility with polymers, which also have a hydrophilic
character. In the case of samples HILVM and CT1LVM, the gel microemulsions formulated
with the smallest amounts of the polymers hyaluronic acid and chitosan, the incorporation
capacity slightly decreased. The molecular interaction between the Curcumin and the two
polymers in such reduced concentrations was not studied, and further research is needed
to explain it.

According to data from the literature, the solubility of Curcumin in water is very low,
almost insignificant [44]; the solubility of Curcumin in oil increases slightly [45], but in
microemulsion and gel microemulsion systems, it is possible to solubilize a significant
amount of Curcumin. The incorporation capacity of gel microemulsions did not change
considerably depending on the nature and concentration of the polymer used, which can
be explained by the different localization phases of the two components: the polymer in
the aqueous phase, and Curcumin in the oily phase.
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Figure 4. The incorporation efficiency of Curcumin with variation of the polymer content in gel microemulsion: H—for
LVM with sodium hyaluronate; CP—for LVM with Carbopol; CT—for LVM with chitosan. For details on sample content,

see Table 1.

3.4. In Vitro Release of Curcumin

To select the most suitable formulation for topical application, it is necessary to
establish the amount of Curcumin that is released from the gel microemulsion system and
to analyze the release profile [46]. The release of Curcumin was evaluated at 25 °C, using a
regenerated cellulose dialysis membrane and a 1:1 (v/v) water/ethanol mixture, considered
in the literature as a suitable release medium [29,47,48], wherein Curcumin is soluble. To
study the properties of controlled release, the gel microemulsion systems with the highest
viscosity were chosen, namely the H4LVM, CT4LVM samples, whose release behavior was
compared with the control system, namely the LVM microemulsion.

Figure 5 displays the curves for the cumulative amount of Curcumin released from the
three microemulsion systems. For all systems, an initial induction period of approximately
three hours was observed (Figure 5 inset), followed by a constant increase in the amount of
Curcumin released. Thus, most of the Curcumin was released in up to 100 h, approximately
80%, followed by a flattening of the release curve up to 336 h. A possible explanation for
the behavior in the first three hours could be the existence of an induction period, due to
the different composition of the continuous phase of the microemulsion, i.e., water, and the
release medium made up of 1:1 v/v water/ethanol, respectively. In microemulsions, Cur-
cumin located in the oil droplets and the surfactant film formed at the oil-water interface,
being insoluble in the continuous phase, cannot diffuse outside the membrane, or the diffu-
sion rate was extremely low. After placing the microemulsion in contact with the release
medium, ethanol from the release medium penetrated the membrane due to the different
concentration and, gradually, the ethanol concentration in the microemulsion continuous
phase increased until the concentrations on both sides of the dialysis membrane became
equal. With the increase of the ethanol concentration in the microemulsion continuous
phase, the solubility of Curcumin in this phase increased, and thus it began to be released
from the oil droplets and from the oil-water interface, thus reaching the release medium.
As the ethanol concentration in the microemulsion continuous phase increased, the rate
of Curcumin release progressively increased as well, until the ethanol/water ratio in the
continuous phase and the release medium were equalized. After that, a constant Curcumin
release rate was first noticed, which decreased slightly over time. Based on the shape of
the release curves, we estimate that the equalization of the water/ethanol ratio occurred
after three hours from the beginning of the experiment for all systems (Figure 5 inset).
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Figure 5. Curcumin release profile of LVM microemulsion (red), 0.3 wt.% sodium hyaluronate in LVM (blue), and 0.34 wt.%

Chitosan in LVM (green).

It can also be observed that by increasing the viscosity of the microemulsions, namely
the formation of gel microemulsions, the release profile of the cosmetic active ingredients
was not significantly influenced. Compared to other microemulsions that are employed as
release systems for Curcumin and show an over 70% release in less than 24 h [39,49-51], the
three systems obtained in this study display a much slower release of Curcumin, therefore
making it possible to obtain a prolonged release. This feature is essential in cosmetic
applications, where a gradual and prolonged release of active principles is desired.

To evaluate the release profile of the Curcumin from the selected formulations, the ex-
perimental data were fitted to equations describing different release kinetics. The following
mathematical models were used: zero-order, first-order, Higuchi and Korsmeyer-Peppas.
The zero-order model refers to the process of slow and constant drug release from a drug
delivery system, where the release of the active substance is independent of the initial drug
concentration. The first-order model characterizes a release process where the amount of
drug released at any time is directly proportional to the drug concentration. The Higuchi
model supposes a homogeneously dispersed drug that is released from the delivery system
through a pure diffusion release mechanism, without erosion or swelling of the matrix
occurring [52]. The Korsmeyer-Peppas model describes the drug release from a polymeric
delivery system. In this model, the release profile depends on the diffusion exponent “n”,
namely, n = 0.5 suggests a Fickian diffusion; 0.45 < n < 1.0 means a non-Fickian transport
(both diffusional and relaxational transport); for n = 1.0, non-Fickian case-II drug transport
mechanism is characteristic, meaning the zero-order model, while for n > 1, the non-Fickian
super case-II drug transport mechanism is characteristic [53-55].

Because the number of parameters was not identical for each model, and R? increases
with increasing numbers of parameters, for the selection of the mathematical model which
fits best on the experimental data, it was necessary to use the adjusted correlation coefficient
(Rzad]-) [56,57]. This formula was used: Rzadjusted =1—((n—1) x (1 —-R2)/(np — 1), where
“p” is the number of parameters in the model and “n” is the number of experimental data
points [58].

Figure 6 shows the theoretical release curves, obtained by applying the models, over-
laid onto the experimental data, for each of the samples.
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Figure 6. The mathematical models applied to the Curcumin release profile of LVM (a), CTALVM (b), and H4LVM (c) (blue).

Table 3 displays the values of the parameters and the coefficients calculated with each
of the four mathematical models for the delivery systems of the active ingredients.
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Table 3. Parameters of each model applied to the selected samples to study the mechanism of
Curcumin release.

Formulation
Model Parameter
LVM CT4LVM H4LVM
s o] Ko 0.462 0.294 0.425
ero-or erK . Qo 18.378 22.254 16.071
Qe =Qo+Ko- R, 0.730 0.678 0.697
K 0.005 0.003 0.005
. 1 1th
Eirg"fifb Kt Qo 31.008 32.322 28.660
t= 00T Mth R%,; 0.533 0.503 0.468
Hiouchi 1 Ku 7.417 6.199 6.748
1gucni
Q2 Qy + Ky 12 o 0 0 0
0 R2,4; 0.896 0.887 0.864
Kkp 6.370 7.533 5.555
Korsmeyer-Peppas 1 Qo 0 0 0
Qt = Qo+ Kp - t° n 0.532 0.461 0.541
R%,4; 0.884 0.878 0.846

1 where “K” is the kinetic constant, “Q;” is the cumulative amount of drug released at time “t”, and “Qp” is the
initial amount of drug; for Korsmeyer-Peppas equation “Qp” is the amount of the drug released after infinite
time [52-54].

For all systems, the lowest values for the adjusted correlation coefficients were ob-
tained for the equation of the first-order model, followed by the zero-order one. Therefore,
these two equations are not suitable for describing the release profile of the active principle
from the studied colloidal vector system. Furthermore, Table 3 shows that the values of the
adjusted correlation coefficients for the Korsmeyer-Peppas model are very close to those of
the Higuchi model, which best explains the release profile of Curcumin in all three systems:
LVM microemulsion, and gel microemulsion with chitosan or hyaluronic, respectively.

Some preview studies confirm that the Higuchi model best fits the release profile of
the Curcumin from microemulsion [55,56]. According to the Higuchi model, the active
principle is homogeneously dispersed and the release, from these three selected samples, is
achieved by pure diffusion and without erosion or swelling of the matrix [57].

3.5. In Vitro Permeation Study

Because the proposed gel microemulsion formulations are being proposed as trans-
dermal delivery systems, an in vitro permeation study was performed using a Strat-M®
membrane. The major drawbacks of the use of ex vivo human or animal skin in drug
permeation studies include the complexity of preparation and storage of the specimens,
the variability of the collected samples, and high cost. Synthetic membranes have been
developed as an alternative to natural skin, and possess some important advantages, such
as low cost, reduced space and simplicity of storage, and higher reproducibility of data.
One of the synthetic membranes most studied in terms of correlation with human skin
results is Strat-M®, a multilayered polymeric membrane, the morphology of which is
designed to mimic the different layers of human skin. Recent literature has reported the
similar permeability coefficients and partition parameters being obtained for many active
pharmaceutical ingredients in permeation experiments with Strat-M® membrane and hu-
man skin, and recommended the use of this synthetic membrane for in vitro screening
tests for formulation optimization [59,60]. Additionally, since the novel formulation in the
present study is proposed for application in the cosmetic industry, where the use of animals
is banned in testing products, the Strat-M® membrane was used in the permeation studies.

Three formulations were selected to be subjected to the permeation study, namely
LVM, the parent microemulsion, and CT4LVM and H4LVM, the gel microemulsions with
the maximum amounts of hyaluronic acid and chitosan, respectively. The cumulative drug
permeation, steady-state fluxes, apparent permeability coefficients and retained Curcumin
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amounts in the Strat-M® membrane were determined [26]. The steady-state fluxes and
apparent permeability coefficients for Curcumin permeation through the model membrane
from the microemulsion and the two gel microemulsions are shown in Table 4.

Table 4. In vitro permeability parameters: steady-state fluxes, and apparent permeability coefficients
of Curcumin loaded in microemulsion and gel microemulsions.

. Jss Papp

Sample Time (h) (ug/cm?-h) (10-3 cm/h)
4 28.59 2.64
5 13.26 1.22
LVM 6 21.30 1.97
24 22.86 211
33.22 1.97
5 8.19 0.49
CT4LVM 6 29.99 1.78
24 17.38 1.03
4 18.60 1.16
5 28.17 1.75
H4LVM 6 22.94 1.43
24 26.93 1.68

The permeability coefficient Papp, was very high (2.64- x 1073 em/h) for Curcumin
from the simple microemulsion, and was higher than the value obtained for the other
microemulsion formulations. The permeation decreased with gel microemulsions by up
to 1.97 x 1073 cm/h for the microemulsion with Chitosan and 1.16 x 1073 cm/h for the
microemulsion with hyaluronic acid, due to the viscosity changes in systems containing
rather large amounts of polymers.

In Figure 7, the cumulative permeation over a period of 24 h and the total amount of
Curcumin retained in the model membrane are presented.

600 - 250 4

200 4

(ng/cm?)

Curcumin retained levels

Cumulative Curcumin permeation
(ng/cm?)

200 —0—LVM 100 ~
——CT4LVM
100
—A— HA4LVM 5o -
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Figure 7. In vitro permeation of Curcumin from microemulsion and gel microemulsions through the Strat-M® membrane
(a) and the total Curcumin retained in the membrane after 24 h (b).

For all three formulations, the amount of the permeated Curcumin Q; increased in
a time-dependent manner. These results are in concordance with previous studies, in
which the permeation ability of various microemulsions incorporating hydrophobic active
pharmaceutical ingredients was studied [31]. The value of Q; at 24 h was about three times
higher than the amount of Curcumin retained in the membrane; therefore, more drug
is delivered transdermically than is expected to be retained in the skin. The amounts of
Curcumin retained in the membrane were: 159.76 ug/ cm? for the LVM, 105.84 ug/ cm? for
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the CTALVM and 214.82 pg/cm? for the HALVM. The highest cumulative permeation was
obtained for the gel microemulsion with sodium hyaluronate (554.51 ug/ cm?), while the
lowest one was obtained for the gel microemulsion with chitosan (382.73 pg/cm?). The
influence of the nature of polyelectrolyte on drug permeation is based on the diffusion
patterns from matrixes with different viscosity values and the possible complexes between
Curcumin molecules and polyelectrolyte chains with various charges.

Compared to the results reported in other papers on the permeability of Curcumin
incorporated in microemulsion systems [31,35], the values for Q; at 24 h and Pypp in the
case of the simple microemulsion LVM and the gel microemulsions CT4LVM and H4LVM
forms were significantly higher, suggesting an improvement of the Curcumin transdermal
permeability. The high permeation rate of these three formulations may be due to both the
small droplet size and high concentration [28] of Curcumin, namely 1.1 wt.% in the LVM
microemulsion; 1.6 wt.% in the CTALVM and H4LVM gel microemulsions.

3.6. Biocompatibility

Biocompeatibility is an essential characteristic for biomedical and cosmetic applications.
Because the microemulsion and gel microemulsions developed in this study are intended
to be applied topically, before performing any in vivo test it is necessary to determine
the cytotoxicity potential in vitro. The biocompatibility of the microemulsion and gel
microemulsions was evaluated and measured by MTT assay.

The assay results can be seen in Figure 8. A cell density of 100% was observed for
the control (Figure 8E), while in the pictures containing the keratinocytes treated with the
respective samples (Figure 8A-D), gaps can be observed (areas without texture), which are
actually keratinocytes that are no longer viable.

Figure 8. Keratinocytes visualized under a phase-contrast inverted light microscope (magnification 40x) after being treated
with the following samples: (A) LVM; (B) CP3LVM; (C) H4LVM; (D) CT4LVM; (E) Control.

The sample containing chitosan (Figure 8D) shows a cell viability of 80% and can
be considered according to ISO 10993-5 to be non-toxic, unlike the rest of the samples
(Figure 8A—C), which show a moderate toxicity.

The biocompatibility characteristic can be observed (Figures 8 and 9) to increase in
the following order: LVM; H4LVM; CP3LVM; CT4LVM. The highest value of cell viability
(80%) was obtained for the sample containing chitosan. The cell viability of approximately
50% for H4LVM and CP3LVM systems and approximately 40% for LVM was caused by
the high concentrations of surfactant mixture required to stabilize the microemulsion. It is
important to note that cytotoxicity tests, for which suspended cells are used, exaggerate
adverse effects compared to in vivo cytotoxicity tests because they do not take into account
the presence of the natural barrier of the protection of human skin and the continuous
tissue repair processes of epithelial tissue [61,62]. According to several sources, the increase
in the cell viability for the formulation with chitosan may be due to the ability of chitosan to
increase cell viability and the degree of keratinocyte proliferation [63,64]. The characteristic
whereby chitosan is able to improve the penetration into the skin of formulations in which
it is included represents an important advantage for topical applications [61]. Thus, gel
microemulsions, especially those with chitosan, are better suited for topical applications,
compared to the simple LVM microemulsion.
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Figure 9. Percentage of viable keratinocytes for LVM microemulsion and gel microemulsions.

4. Conclusions

The purpose of this work was to obtain and characterize novel gel microemulsions that
could be used for topical cosmetic applications, using grape seed oil as an oily phase. It was
also proposed to conduct a study to evaluate the capacity of the newly obtained systems,
namely microemulsion and gel microemulsions, to encapsulate and release Curcumin.

Winsor IV microemulsion was obtained using biocompatible surfactants, at a mini-
mum concentration, with a suitable balance of surfactant-cosurfactant to ensure the stability
of the system. The obtained microemulsion was further used as the base for gel microemul-
sion carriers, prepared using Carbopol® 980 NF as a synthetic polymer, and two polymers
of natural origin, chitosan and sodium hyaluronate. The physico-chemical characteriza-
tion step of the obtained microemulsion was necessary to determine its structure and to
establish the type of polymers suitable for obtaining gel microemulsions.

In this study, an important amount of Curcumin was encapsulated in the optimized
microemulsion and gel microemulsions; approximately 1.7 (w/w)%.

The gel microemulsions exhibited a pseudoplastic non-Newtonian rheological behav-
ior. At a similar mass concentration of thickening agent, Carbopol® 980 NF showed a lower
viscosity value compared to the other two polymers. In the case of the gel microemulsions
with hyaluronic acid and those with chitosan, close values of viscosity were obtained.

The evaluation of cell viability for keratinocytes as a normal cells model showed
that the gel microemulsions had a lower cytotoxicity than the simple microemulsion, and
for the gel microemulsions, the percentage of viable keratinocytes increased in the order
hyaluronic acid, Carbopol® 980 NF, then chitosan.

Taking into account the fact that the highest viscosity was obtained for gel microemul-
sions with chitosan, and their high biocompatibility with the skin, the CT4ALVM sample
would be the most suitable as a system for the delivery and controlled release of active
ingredients in the skin.

Due to the physico-chemical characteristics of gel microemulsions, high encapsulation
capacities and the improvement of the penetration degree of the active principles, these
systems are suitable to be used as colloidal vectors for formulations in topical application
of Curcumin in dermatocosmetic products.
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