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Abstract

The objective of this work was to develop low-energy nanoemulsions for enhanced
dermal delivery of curcumin, using monoterpene compounds eucalyptol (EUC) and pinene (PIN)
as chemical penetration enhancers.

Spontaneous emulsification was the preparation method. All formulations contained
10% of the oil phase (medium-chain triglycerides (MCT), or their mixture with EUC or PIN.
Formulations were stabilized by the combination of polysorbate 80 and soybean lecithin
(surfactant-to-oil-ratio=1). Concentration of curcumin was set to 3 mg/ml.

Average droplet diameter of all tested formulations ranged from 102nm to 132nm, but the
ones containing monoterpenes had significantly smaller size compared to the MCT formulation.
Such finding was profoundly studied through electron paramagnetic resonance spectroscopy,
which proved that the presence of monoterpenes modified the nanoemulsions’ interfacial
environment, resulting in droplet size reduction. The release study of curcumin (using Franz
cells) demonstrated that the cumulative amount released after 6h of the experiment was
10.1£0.2% for the MCT nanoemulsions, 13.9+0.1% and 14.0+0.2% for PIN and EUC
formulations, respectively. In vivo tape stripping revealed their performances in delivering
curcumin into the skin, indicating the following order: EUC>MCT>PIN. The formulation with
EUC was clearly the most successful, giving the highest cumulative amount of curcumin that
penetrated per surface unit: 34.24+5.68 pg/cm? The MCT formulation followed (30.62+2.61
ng/cm?) and, finally, the one with PIN (21.61+0.11 pg/cm?). These results corelated with
curcumin’s solubility in the chosen oils: 4.18+0.02 mg/ml for EUC, 1.67+0.04 mg/ml for MCT
and 0.21+0.01 mg/ml for PIN. Probably, higher solubility in the oil phase of the nanoemulsion
promoted curcumin’s solubility in the superficial skin layers, providing enhanced penetration.
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1. INTRODUCTION
The concept of local treatment of some specific medical conditions using nanocarriers as drug

delivery systems has gained more attention, aiming to enhance therapeutic effectivity and
possibly reduce side-effects (Mishra et al, 2018; Krukiewicz and Zak, 2016). In this context, the
skin offers a simple and convenient way for drug administration (Matos et al, 2019; Munch et al,
2018). However, transport of an active molecule into/through the skin still acts as a challenge,
due to the specific cutaneous barrier. This barrier function is primarily ensured by the external
layer — stratum corneum, a structure comprised of thickly packed keratinized cells (corneocytes),
surrounded by a complex lipid-protein domain (Zsiko et al, 2019; Munch et al, 2017; Lane,
2013). In order to overcome it, several methods.have been proposed. A novel approach is
reflected in designing nanocarriers as drug delivery systems. Due to the small size of dispersed
phase, higher drug loading capacity and potential for interactions with the superficial skin lipid
and protein domains, nanocarriers can significantly contribute to drug penetration and

availability (Un Din et al, 2017; Neubert, 2011; Mason et al, 2016).

In this context, among many possible nanoformulations, oil-in-water low-energy nanoemulsions,
as prospective lipid-based nanocarriers, have drawn attention. These colloidal systems are
characterized by high solubilization capacity for hydrophobic active molecules and ability to
protect them from degradation. Moderate preparation conditions and inherent resistance to
stability issues make them even more suitable as candidates for drug delivery systems (Komaiko
and McClements, 2016). On the other hand, there is a long-standing approach of adding
chemical penetration enhancers in the formulations, in order to alter stratum corneum cohesivity,
causing higher fluidity and, consequently, enhanced drug molecule permeability (Neubert, 2011;

Mohammed et al, 2014; Haque and Talukder, 2018)
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It is expected that penetration enhancers can induce fluidization of the stratum corneum lipids
and proteins or increase the partitioning of the active molecule into the stratum corneum (Lane,
2013). Among several classes of most common chemical penetration enhancers cited in the
literature (including surfactants, alcohols and glycols, fatty acids and their esters...), terpenes
have been established as effective penetration enhancers with lower skin irritation compared to
conventional, synthetic ones (Pham et al, 2015; Ahad et al, 2009). They are volatile and fragrant
compounds composed of isoprene units, found in essential oils (Zhu et al, 2019; Chen et al,
2016; Bilia et al, 2014; Dos Anjos, et al, 2007). Several terpenes (eucalyptol, menthol and
menthone) are declared as generally recognized as safe (GRAS) by the US Food and Drug
Administration. However, available bibliographical sources do not offer a satisfying level of
information for terpene-governed penetration enhancement in humans (Lane, 2013). Penetration
enhancement mediated by terpenes is generally.accepted. However, this class of compounds is
very heterogeneous. In order to elucidate the exact mechanism of the specific terpene responsible
for the penetration of an active.molecule, its physicochemical characteristics, interactions with
other components of the formulation and with the skin should be profoundly studied (Yang et al,

2017; Karande and Mitragotri, 2009).

Based on the substantial research evidence, but also traditional use, curcumin, a polyphenol of
natural origin, appeared opportune active molecule for treating various skin disorders (Ahangari
et al, 2019; Choudhary et al, 2019; Panahy et al, 2019; Mohammad et al, 2018; Mouthuy et al,
2017, Vaughn et al, 2016; Thangapazham, 2007). Some of them, such as psoriasis, skin cancer
or scleroderma require penetration of an active molecule in deeper skin layers for successful
treatment (Thangapazham, 2007). However, highly demanding physicochemical characteristics

of curcumin discourage its more intense concrete application (Panahi et al, 2019).
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Therefore, the general goal of this work is to evaluate curcumin-loaded low energy
nanoemulsions with terpene compounds (eucalyptol and pinene) in terms of their ability to
enhance the penetration of curcumin through superficial skin layers in vivo, combining two
strategies (nanotechnology and chemical penetration enhancers) for altering the cohesivity of
stratum corneum. Special focus was put on a structural investigation in order to shade more light
on the interactions of the formulation components that affect the performances of designed
delivery system. In addition, the ability of these two terpene compounds to act as co-stabilizers
in developed low-energy nanoemulsions was also assessed in a comprehensive manner, aiming
to address their specific property to influence the interfacial phenomena, which has not been
previously described in this manner. Data on curcumin stability and antioxidant efficacy after

encapsulation were also provided.

Taken together, linking microstructural analysis and molecular interactions in the vehicle with
biopharmaceutical performances offered a new perspective in elucidation of penetration

enhancement efficacy in general.
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2. MATERIALS AND METHODS

2.1.Materials
For sample preparation following chemicals were used: curcumin, pinene, eucalyptol (Sigma—
Aldrich Co; St. Louis, USA), soybean lecithin S75 (Lipoid GmbH; Ludwigshafen, Germany),
polysorbate 80 ( Acros Organic, Thermo Fisher Scientific Company; Geel, Belgium), and
medium-chain triglycerides (MCT, Miglyol 812, Fagron GmbH & KG; Barsbuttel, Germany).
Ultrapure water was provided by the Gen Pure apparatus (TKA Wasseranfbereitungs system
GmbH, Neiderelbert, Germany). For spin probing, 5-doxyl stearic acid was used (Sigma Aldrich,
Germany). All other chemicals used in the experimental work were of pharmaceutical or HPLC

grade and used as received, without further purification

2.2.Methods

2.2.1. Formulation preparation
Spontaneous emulsification method was used as a preparation technique. Each formulation
contained 10% of the oil phase, and 10% of the surfactants (surfactant-to-oil ratio = 1). A
mixture of oil and surfactants was prepared, and it was beirg-added dropwise to the water phase,
under constant magnetic stirring at 1000 rpm. After the whole amount of the blend had been
used, systems were under constant stirring during the 1-hour period. The oil phase consisted of
medium-chain triglycerides, or the combination of medium-chain triglycerides and terpene
compound in the ratio 1:1. Based on previous research (Nikolic et al, 2018), polysorbate 80 and
soybean lecithin in the ratio 9:1 were used as stabilizers. In case of curcumin-loaded
formulations, the active molecule was firstly completely dissolved in the mixture of the oil phase
and surfactants, and then added to the water phase as previously described. Curcumin was

solubilized so that the final concentration in the nanoemulsions was 3 mg/ml, representing the
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maximum solubilization capacity (Nikolic et al, 2018). After preparation, each nanoemulsion
was packed in a crimped glass bottle and stored at 25 °C, protected from direct sunlight
exposure.

2.2.2. Solubility study of curcumin in selected excipients
Solubility of curcumin in different excipients was evaluated through the shake flask method,
utilizing orbital shaker IKA® KS 260 basic (IKA® Werke GmbH & Company KG Staufen,

Germany). Details are given in the Supplementary material section.

2.2.3. Size analysis of dispersed oil droplets in low energy nanoemulsions
For size measurement, laser diffraction was performed, using Mastersizer 2000 (Malvern
Instruments Ltd, Malvern, UK). The obscuration range was 2-6%. This technique provided
volume weighted diameters d(10), d(50), d(90) and D[4,3] as relevant sizing parameters in the

range 20nm - 2000pm.

2.2.4. Electrical conductivity and pH measurements
Electrical conductivity was measured using the Sensio +EC 71 conductivity meter (Hach Lange
GmbH, Germany). Assessment of the pH values of the formulations was performed using

HI12221 pH-meter (Hanna Instruments Inc, Michigan, USA).

2.2.5. Atomic force microscopy
To visualize dispersed nanodroplets of optimal low-energy nanoemulsions — to determine their
morphological properties and to confirm data obtained on mean droplet size, atomic force
microscopy was carried out applying AutoProbe CP-Research SPM (TM Microscopes-Bruker),
using 90 um large area scanner. Formulations were diluted with ultra-pure water (1:50 v/v), and
10 pL of diluted sample was placed on circular mica substrate (Highest Grade V1 AFM Mica

Discs, Ted Pella Inc., Redding, California, USA) and dried in vacuum. Due to the nature of the

8
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samples, noncontact mode was applied. AFM measurements were performed in air, using
noncontact probes Bruker Phosphorous (n) doped silicon Tap300, model MPP-11123-10 with Al
reflective coating and symmetric tip. Driving frequency of the cantilever was about 300 kHz.

Both topography and “error signal” AFM images were taken and later analyzed.

2.2.6. Interfacial dynamics assessment Electron paramagnetic spin resonance
spectroscopy
In order to evaluate the influence of terpene addition to dynamics of the water-oil interfacial
region of low-energy nanoemulsions, electron paramagnetic resonance spectroscopy (EPR) with
spin-probing was conducted. EPR is a non-destructive analytical technique and it is the only
method available for the direct detection of paramagnetic species. In order to capture alterations
in the interface of low-energy nanoemulsions in relation to their composition, 5-doxyl stearic
acid (5-DSA, an amphiphilic molecule) was used for spin probing. In the presence of a surfactant
membrane, 5-DSA aligns with the surfactant molecules, exposing the doxyl- group to the
environment of the surfactant tails. Molecular motion of the 5-DSA reflects the properties of the

interfacial microenvironment.

To obtain desired concentration of the spin probe in the nanoemulsions, 1 ml of each was added
to a tube where the appropriate amount of the spin probe had been previously deposited (15ul of
7.8x10 M ethanolic stock solution of 5-DSA were transferred in the tube and the solvent was let
to evaporate at room temperature). The samples were left overnight for incubation. The final
concentration of 5-DSA in the samples was 0.117mM. Rotational correlation time (tg), as the
most relevant parameter of the spin probe molecular motion, was calculated after spectral

analysis.
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EPR spectra were recorded using the Bruker EPR spectrometer (Billerica, USA), operating at the
X-Band. The samples were inserted in the WG-813-Q Wilmad Suprasil flat cell (Buena, USA).
Instrument settings were the following: center field - 0.349T; scan range - 0.01T; receiver gain —
5.64x10% time constant — 5.12ms; modulation amplitude - 0.4mT; frequency - 9.78GHz. Data
collecting and analysis were performed using the BrukerWinEPR acquisition and processing
program. All spectral simulations were performed with home-written programs in MATLAB®

(The MathWorks, Natick, USA) employing the EasySpin toolbox for EPR spectroscopy.

2.2.7. Density and viscosity measurements
Viscosity was measured using DV-I Prime viscometer. (Brookfield Engineering Laboratories,
USA), at a shear rate of 10 rpm, at 25 °C. For density evaluation, density meter DMA 4500

(Anton Paar GmbH, Austria) was used.

2.2.8. Antioxidant activity evaluation
Free radical scavenging activity of curcumin per se and from developed formulations was
evaluated through DPPH (2, 2-diphenyl-1- picrylhydrazyl assay) assay using the protocol already

described by Nikolic et al. For more details, please consult the Supplementary material section.

2.2.9. Release study of curcumin from the formulations
To determine the liberation profile of curcumin from developed formulations, in vitro release
study was performed using Franz cells (n=6; Gauer Glas, D-Pittlingen, Germany), as already
described in Nikolic et al (2018). As acceptor medium ethanol 50 % v/v was used (Nikolic et al,
2018). Each cell receptor chamber was filled with ethanol 50 % v/v (chamber volume: 12 mL;
effective diffusion area: 2.01 cm?), preheated to 32 °C. Polycarbonate membranes (Nuclepore™,
Whatman, Maidstone, United Kingdom; pore diameter: 0.1 pum), activated in the same ethanol

solution during the 12-hours period, were carefully placed on top of the receiver compartment,

10



Journal Pre-proof

and then the donor and acceptor chamber were fastened. Any existing air bubbles were removed.
The donor chamber was filled with 1 g of the samples being investigated, and afterwards covered
with silicone film (ParafilmTM, USA) to prevent evaporation and loss of the formulation during
sampling. Cells were placed in the water bath where the temperature of 32 °C was maintained
through the whole experiment. Acceptor phase was under continuous magnetic stirring at 500
rpm. Release study was performed for 6 hours. Aliquots of 0.6 puL of the acceptor phase were
withdrawn at 6 time points (0.5 h, 1h, 2h, 3h, 4h and 6h), and then replaced with the same
volume of fresh and thermostated ethanol solution. LC-MS/MS technique was used for
determination of curcumin content. Aiming to find the model that best describes the drug
liberation profile from investigated samples, cumulative amounts of curcumin per unit area were

evaluated through several kinetic models.

2.2.10. In vivo evaluation of penetration of curcumin through superficial skin layers
To evaluate the penetration profile of curcumin through the skin from developed low-energy
nanoemulsions, in vivo tape stripping was performed with four volunteers (female, aged 23-27,
with no history of skin disease or hypersensitivity). The study was conducted in adherence to the
Declaration of Helsinki. Local Ethical Committee of University of Belgrade — Faculty of
Pharmacy had approved the study. After the potential volunteers had been informed about the

study protocol and its aims in details, they provided written consent.

Three different formulations were tested, and 250 pl of each (a single application) was uniformly
applied onto the previously marked sites (3x3 cm) on the inner, non-hairy regions of forearms.
After 2 hours, 12 discoidal adhesive tapes (D-squame® tapes, CuDerm Corporation, USA,
surface area 3.8 cm?) were utilized for removal of stratum corneum layers at each treated place.

Sampling sites were visibly marked to ensure site-precise tape removal. Each tape was placed on

11
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the determined site, subjected to uniform pressure (140 g/cm?) for 10 s, and then gently removed
from the skin surface using precise tweezers. For the analysis of the amount of removed stratum
corneum, gravimetric procedure was performed. Each adhesive tape was weighted on a high
precision analytical balance (Sartorius BP210D, Goettingen, Germany), prior to and immediately
after stripping. If the surface of the stripped area and the density of stratum corneum (1 g/cm®)
are known, then it is easy to convert the differential mass to the thickness of the removed stratum

corneum layer with each tape, using the following equation:
Am=P*x*p,

where 4m stands for the difference of the tape masses prior and after the treatment, P is stripping
area (3.8 cm?), x is the thickness of the removed stratum carenum area, and p is the density of

stratum corneum (1 g/cm®).

After the stripping, each tape was carefully transferred into a glass tube containing 4 mL of
ethanol (50%, v/v). In order to extract curcumin, tubes were sonicated (Sonorex RK 120H,
Bandelin, Berlin, Germany) for 15 min and afterwards centrifuged at 4000 rpm for 5 min
(Centrifuge MPW-56; MPW Med. Instruments, Warszawa, Poland). Curcumin-containing
supernatant was separated and immediately analyzed acquiring LC-MS/MS method. The total
thickness of stratum corneum (L) was determined as described previously (Herkenne et al., 2007,
Isailovic et al, 2016), through defined measurements of transepidermal water loss (prior to
stripping, after 4th, 8th and 12th tape stripped) using Tewameter® TM 210 (Courage+Khazaka,
Koln, Germany), precisely on the treated area. Consequently, the concentration profile of
curcumin across the stratum corneum was expressed as a function of relative position (x/L),
which enabled objective comparison of results obtained among different volunteers and different

formulations.

12
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2.2.11. Determination of curcumin concentration: LC-MS/MS technique

Accurate and precise determination of curcumin content in the formulations, as well as during
drug release study, was performed by a liquid chromatography coupled with mass spectrometry
(LC-MS/MS) technique. Liquid chromatographic system with Accela autosampler and the pump
(Thermo Fisher Scientific, San Jose, CA) was applied, and analysis was conducted under
established separation conditions. Xterra® MS C18 column (3,5um 2,1x150mm; Waters
Corporation, Ireland) was used for the separation, at 25 °C. ‘A mobile phase consisting of
acetonitrile and 0.1% formic acid aqueous solution (70:30 v/v) was used for isocratic elution, at
flow rate of 0.3 mL/min, and run time of 5 minutes. Mass analyses were conducted on TSQ
Quantum Access MAX triple quadrupole mass analyzer equipped with electrospray ionization
(ESI) source and high-purity nitrogen as nebulizing gas. Selected reaction monitoring (SRM) for
data collecting was in positive mode,and ESI source and mass spectrometry parameters were at
following values: spray voltage <5000 V; vaporizer temperature - 400 °C; sheath gas pressure -
30 units; ion sweep gas pressure = 0 units; auxiliary gas - 15 units; ion transfer capillary
temperature - 250 °C; capillary offset - 35 units; skimmer offset - 0 units; m/z 369,2—177,0;
collision energy — 22 V; peak width - 0.7; scan time - 200 ms. The data were processed through

Xcalibur software.v.2.1.0.1139 (Thermo Fisher Scientific).

2.2.12. Statistical analysis
Whenever it was appropriate, results were presented as mean values + SD. Relevant
physicochemical parameters, as well as results of the in vivo measurements were assessed

through a one-way ANOVA, followed by Tukey post hoc test.

13
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3. RESULTS AND DISCUSSION

3.1.Physicochemical characterization
Based on the overall research work conducted by Nikolic et al (2018), F_MCT was selected as
the starting formulation. In the formulations with monoterpenes, the only difference was in the
composition of the oil phase — a part of MCT was replaced by-eucalyptol or pinene. Qualitative

and quantitative composition of all investigated formulations i1s given in the Table 1.

Each formulation was first visually observed and then subjected to further analysis. All
nanoemulsions were easily flowable, with biuish refiection. Interestingly, the droplet size
decreased (Table 2) and the nanoemulsions’. transparency increased significantly when part of
the MCT was replaced by the terpenes in.both blank and curcumin-loaded nanoemulsions. Such
observation might indicate potential physical interaction and rearrangements in the interfacial

area of the low-energy nanoemuisions.

In order to check this assumption, EPR spectroscopy was performed with blank low-energy
nanoemulsions, with the idea to have an insight into the dynamics of their interfacial area. Due to
the amphiphilic nature of the 5-DSA, when mixed with a nanoemulsion, it localizes at the
water/oil interface. As a result, any dynamic alteration in the interfacial layer caused by the
presence of specific molecules may be captured. (Mitsou et al, 2018; Klare and Steinhoff, 2009;

Berliner and Rauben, 2012).

14
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For each blank nanoemulsions, obtained rotational correlation time values (tgr, Table 3, Figure 1)
indicated the presence of two different microenvironments for the 5-DSA: one where 5-DSA is
strongly immobilized (higher tgr), and a more flexible one (lower tg). Since two structurally
different surfactants were used in combination (polysorbate 80 and soybean lecithin, in the ratio
9:1) to provide efficient stability to the nanoemulsion, these two microenvironments could be
linked to the surfactant distribution. Some of the spin probe molecules were located in between
molecules of only polysorbate 80 molecules (more flexible microenvironment -
microenvironment 1) and others were in the regions where both.surfactants were present (more
rigid microenvironment — microenvironment 2). Probably; fecithin, having the structure more
complex than polysorbate 80, makes the interfacial-motion more difficult (Avramiotis et al,

2000).

Nevertheless, it should be emphasized that both populations (so-called “slow” and “fast”) belong
to the region of slow motion (telling that the 5-DSA microenvironment is very strict in each

case), but these terms are used for the ease of understanding and differing.

Another important parameter obtained from the EPR spectral analysis is the isotropic hyperfine
splitting constant (a’0), Which is sensitive to the micropolarity of the environment close to the
paramagnetic ring of the probe. It increases when the polarity of the area near the spin probe is
increased (Papadimitriou et al, 2008). In the present study, a’o values (Table 3) are higher when
the spin probe molecule is located in the microenvironment 2. Assuming that the complex
structure of the lecithin molecule creates a hurdle for the amphiphilic spin probe to enter deeper
in the surfactant layer (Avramiotis et al, 2000), 5-DSA becomes more exposed to the polar,

continuous phase.

15
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After the introduction of eucalyptol and pinene in the oil phase, TR values have been changed for
both microenvironments. Perhaps the rearrangement in the interfacial packing was caused by the
presence of more molecular species at the interface, thus reflecting the motion of the 5-DSA.
Consequently, it may be suggesting that eucalyptol and pinene participate in the interfacial layer.
If we link this finding to their effect on droplet size, it can be assumed that eucalyptol and pinene
express surfactant-like activity (costabilizing effect), influencing the surfactant curvature at the
interface of low-energy nanoemulsions. Similar was observed for eucalyptol by Zénker et al
(1980), after the tensiometry experiments. In order to be sure about the exact site of the observed
alteration, pH of the formulations should be considered. pKa of the 5-DSA is 6.55, meaning that
in the tested formulations, 5-DSA is dominantly in the unionized form. Accordingly, the main

locus for 5-DSA is closer to the nonpolar region of the interfacial layer.

It is known that the viscosity and the“density of the oil phase can influence the process of
nanoemulsification, which is especially. important in the low-energy processes (Tadros et al,
2004) Therefore, viscosity of the oil phase, surfactant-oil blends and low-energy nanoemulsions
was assessed (Table 5). As expected, MCT has a higher viscosity compared to the terpene
compounds. Consequently, oil mixtures have lower viscosity than the MCT, which can also
cause the droplet size to decrease. However, the viscosity of each nanoemulsions is very close,
regardless the oil phase composition, suggesting that this difference does not influence the final

formulation properties.

Furthermore, in order to give the final argument in favor of the statements about the co-
stabilizing phenomenon attributed to the investigated terpene compounds, formulations with the
same oil content and composition were prepared but varying only the surfactant-to-oil ratio

(SOR). Interestingly, for terpene-containing nanoemulsions the lowest SOR able to give stable

16



Journal Pre-proof

nanoemulsions was 0.3 (Table 6), whereas, as already reported by Nikolic et al (2018), in the
case of the nanoemulsions containing only MCT as the oil phase, SOR below 0.75 did not meet
the nanoemulsions formation. This decrease in droplet size with higher SOR follows the 2"
polynomial regression (Figure 2A). The functions describing this trend are negative in the whole
tested are for both terpene-containing formulations. The first derivative calculations pointed out
that with a small increase in surfactant concentration the extent of the droplet diameter reduction
is intense, especially until the SOR 0.5. After this value, the change is less significant-(Figure
2B). This statement can also be supported if the data on effective alkane carbon number (EACN)
are taken into consideration. Namely. the EACN values are telling about the “oiliness” of the oil
— the higher hydrophobicity of the oil, the higher EACN value. Literature suggests that the
EACN of medium-chain triglyceride oils is around 16, pinene has EACN 3.6, and eucalyptol can
also be characterized as relatively polar oil as it is cyclic compound with oxygen in the structure
(Bouton et al, 2009; Engelskirchen et al, 2007; Acosta et al, 2003). This “polar” nature of these
terpene oils enables the interactions with surfactants and easier solubilization process, which is in

line with the idea of their surface-activity, and co-stabilizing properties.

Finally, visualization of the dispersed nanodroplets was performed through atomic force
microscopy (Figure 3). Contrastingly, compared to the morphological properties of the F_MCT,
which were previously analyzed (Nikolic et al, 2018), here the droplets are regular spheres, and
it is visible that the droplets much smaller than 100 nm are dominant. This regular shape gives
rise to the conclusion that these terpene compounds probably influence the interfacial curvature,
affecting the monolayer morphology. What is more, topography analysis showed that the droplet
surface is smooth and regular, which was not the case with the formulation F1_MCT, where

droplets were of irregular shape and bumpy.

17
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3.2.Curcumin encapsulation, antioxidant evaluation of the formulations and release
kinetics
In order to ensure the good and reliable comparison among formulations, the ones with SOR 1
were chosen for curcumin encapsulation, and their properties were checked, focusing on the
performance of curcumin within the formulations. Droplet size followed the same trend as in the
blank formulations (Table 2), and pH was in accordance with the stability requirements for

curcumin (Sharma et al, 2005).

Encapsulation of curcumin affected microstructural organization, implying that some interactions
occur at the interface (Table 4). Curcumin’s encapsulation induced an increase in the tx for the
“more flexible” microenvirnonment Wwhile in the Ssame parameter of the “more rigid”
microenvironment decreased. Such finding could be due to the curcumin’s interactions with the

hydrophobic chains of the surfactant layer.

To check the antioxidant activity after encapsulation, DPPH assay was performed. Even though
it is known that curcumin possesses remarkable antioxidant activity (Nikolic et al, 2018), this
experiment was performed with the view to check whether the emulsification process or any
interaction during formulation preparation would influence its stability and activity. Based on
obtained results, curcumin exhibited high scavenging activity, regardless of the formulation type
(Figure 4). The pH values of each formulation supported the high proton-donating ability of
curcumin, enabling it to neutralize the free radical. Calculated ICsq value was in accordance with
already reported results - 0.11 mg/ml (Nikolic et al, 2018). These results suggested that no
alterations in antioxidant power occurred after curcumin’s encapsulation in terpene-containing

low-energy nanoemulsions.
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Knowing that for the in vivo effects the appropriate release of the active ingredient from the
formulation is a prerequisite, liberation profiles of curcumin were evaluated using Franz
diffusion cells. Performed experiments indicated that release profile from eucalyptol- and
pinene-loaded nanoemulsions followed Higuchi kinetics, which was the case with the F_MCT,
as well (Figure 6). The difference between terpene-containing formulations and the terpene-free
one can be noticed — F_EUC and F_PIN exhibit higher release (14.0+0.2% and 13.9+0.1%,
respectively) compared to F_MCT (10.1+0.2) after 6 hours of the experiment. la-additionas-t-is

visible-from-the-Figure-6, The difference is more intense starting from the 3" hour.

Attempting to correlated microstructural characterization (EPR study) with the release Kinetics,
an interesting finding was made. Namely, observed  changes in the surfactant monolayer
flexibility upon curcumin encapsulation did pet significantly affect the release kinetics. More
precisely, in order to describe the effective frictional forces that the probe molecule experiences
under rotation at the interfacial layer, microviscosity could be analyzed. Consequently, the same
parameter can be used to characterize the environment to which an active molecule is exposed
prior to the release (Mikosh et al, 1994). Based on the EPR measurements of the rotational
correlation time, the viscosity of the environment of a spin probe (microviscosity) may be
estimated utilizing the Debye-Stokes-Einstein equation (Bales and Zana, 2002; Berliner and

Raubenl, 2012):
TR = 4/3R"3mnKT (1);

where m is the shear viscosity of the solvent, K the Boltzmann constant, T the absolute

temperature, and R the hydrodynamic radius of the molecule.
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Clearly, as microviscosity increase, TR also increase. Such observation may be used in order to
link the release rate (diffusion) of the active molecule to the microstructural studies.
Accordingly, for higher microviscosity, lower diffusivity would be expected. However, in the
present study, no such correlation was observed. In the in vitro release study, formulation with
monoterpene compound presented higher release compared to the formulation containing only
MCT as the oil phase, which would not be expected after the microstructural study (Tables 3 and
4), because these formulations exhibited higher TR values. It appears that the flexibility of the
interfacial layer is not crucial for the release of curcumin. Similar was observed by Kalaitzaki et
al (2014). However, it is known that the main driving force for diffusion across the membrane is
the thermodynamic activity of the active molecule in the formulation, which is reflected by its
initial concentration and saturation solubility in the formulation and acceptor compartment
(Karsa and Stephenson, 1996). As these low-energy nanoemulsions did not differ significantly in
the bulk viscosity, and structural investigation did not correlate with the obtained data, the only
explanation for such finding could be that the presence of volatile terpene compounds (after 2-3
hours, due to some evaporation) induced the decrease in the saturation solubility of curcumin in
the formulations, encouraging the escaping tendency of the molecule from the nanoemulsions

(Karsa and Stephenson, 1996).

3.3.In vivo penetration evaluation
The extent of curcumin delivery into the stratum corneum was significantly higher for F_EUC
(34.2445.68 pg/cm?), compared to other two formulations (30.62+2.61 pg/cm? for F_MCT and
21.61+4.01 pg/lcm? for F_PIN) (Figure 6). Even though it was expected that both terpenes would

give a pronounced effect, pinene did not meet the imposed expectations - it had the lowest

performance,—which—was—even—mere—surprising: This was the case where in vivo significant
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difference in penetration did not match the results after the in vitro release experiments. Similar
findings were already reported for other model active substances (Jaksic et al, 2012). As there is
no viscosity difference among the formulations (Table 5), and similar microstructural behavior
was described through the EPR measurements, it seems reasonable to conclude that expressed
difference—may—be—due—to—the—different solubility of curcumin in the oil phases used for
preparation of these low-energy nanoemulsions governed the penetration through the superficial
skin layers. Namely, saturation solubility of curcumin follows the in vivo skin penetration
results: solubility is the highest in eucalyptol (4.18+0.02 mg/ml), then in MCT (1.67 = 0.04
mg/ml) and then in pinene (0.21+0.01 mg/ml). Probably, penetration of eucalyptol in the tissue
alters the solubility properties of the superficial skin layers. It modifies the thermodynamic
activity of the drug, and upon evaporation, it provides a supersaturated state which promotes
penetration, supporting the escape of curcumin from the nanoemulsion droplets (Parhi and
Swain, 2018). In the case of MCT, there was no evaporation of the oil. However, curcumin has
much higher solubility in the MCT than in pinene, it seems logical that MCT, due to higher

solubility, enabled better diffusion of curcumin through the skin.

Additionally, there may exist some cross activity of the enhancers (lecithin and polysorbate 80
are also declared as penetration enhancers (Lane, 2013)), so the diffusion through the skin and

penetration extent could not be always so easily explained only by concentration gradient.
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4. CONCLUSION

In this study, the idea was to link microstruetural properties to biopharmaceutical performances
of monoterpene low-energy nanoemulsions for improved dermal delivery of curcumin.
Evaluating the potential of manoterpene compounds eucalyptol and pinene to deliver curcumin
into the stratum corneum, it was demonstrated that the solubility of the active molecule within
the oil phase is a key feature for delivery into the skin, regardless of the penetration enhancement
mechanism that stands in behind. Moreover, in attempting to correlate the data obtained through
several complementary techniques, it was highlighted that physicochemical characterization
methods cannot be independently used to predict the biopharmaceutical performances and the in

vivo fate of an active molecule.

In  addition, during  the  microstructural  study, it was proved that
that monoterpene compounds eucalyptol and pinene strongly modify the nanoemulsion

interfacial environment. They reduced the amount of surfactant needed for obtaining stable
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formulations with significantly smaller droplet size. Observed additional terpenes’ role
overcomes their already established penetration enhancement effect. Such properties should be
further exploited with the view to obtain topical formulation with enhanced penetration efficacy,

and better safety profile due to lower surfactant content.
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Figure 1. EPR spectra of the low-energy nanoemulsions: blank formulations

Results represent the mean value of 3 independent replications.
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Figure 2. A: Change of the average droplet diameter with an increase in the surfactant-to-oil

ratio (described through the 2™ polynomial regression); B: First derivative of the function
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Figure 3. AFM micrographs of the terpene-containing low-energy nanoemulsions; A: 2D

images, B: 3D images; C: signal-error images
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Absorance at17 am

Figure 4. DPPH antioxidant evaluation of free curcumin and curcumin-loaded low-energy
nanoemulsions; A: DPPH absorbance dependence on curcumin concentration, B: Percentage of
antioxidant activity for different concentrations of curcumin

Results represent the mean value of 3 independent replications. There is no statistically

significant difference among the antioxidant activity of the tested samples.

36



Journal Pre-proof

0.25

E] 0.2 O F_MCT _CU i
3
8
= @ F EUC CU i v
: o015 ) ?
E @F PIN CU § P
e
£ 01 g °
£ 005 '

0

0 05 1 15 2 25 3

Time (h*1/2)

Figure 5. Release kinetics determination of curcumin-loaded low-energy nanoemulsions

Results represent the mean value of 6 independent replications + standard deviation.
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Figure 6. Analysis of curcumin penetration through the stratum corneum, A: Penetration profile

of curcumin from different formulations, B: Amount of curcumin extracted per each tape;

Presented data are the result of 4 independent replications + standard deviation.

F_PIN exhibited statistically lower penetration of curcumin (p<0.05) through the stratum

corneum compared to F_ EUC and F_PIN
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Table 1. Concentration (%) of each component in the tested formulations

Formulation | MCT | Eucalyptol | Pinene | Curcumin | Soybean | Polysorbate | Ultrapure
lecithin 80 water
F_MCT 10 / /
F_EUC 5 5 / / 80
F_PIN / 5
- 5 1 9
F MCT_CU | 10 / /
F_EUC_CU 5 5 / 0.3 79.7
F_PIN_CU 5 / 5
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Table 2. Results of the sizing analysis, pH and electrical conductivity

Formulation | d(10) | d(50) | d(90) |d[4, 3] | pH Electrical
(nm) | (nm) | (nm) | (nm) conductivity
(uS/cm)
F MCT 81 125 197 132 4.78+0.05 | 97.1£5.1
F_EUC 79 95 128 101° 6.25+0.1 | 104.7+0.3
F _PIN 74 105 138 117 4.65+0.1 | 100.3+0.7

F_ MCT_CU | 63 119 [206 |128 |5.6£0.1 |95.1%0.9
F_ EUC_CU |65 93 127 | 102" | 6.4+0.05 | 99.7+1.5
F PIN.CU |69 109 [135 |115° |45+0.1 |96.5+1.1

“p<0.05 compared to F_MCT
#p<0.05 compared to the F_ MCT_CU
Presented data are the mean values of 3 independent replications
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Table 3. Hyperfine splitting constant (o.’0), rotational correlation time (tR) values and volume
distribution of the spin probe in two different microenvironments

Volume Volume
_ ) Tr1 (M) distribution of the Tro (NS) a0 distribution of the
Formulation a0y R1 microenvironment | R 2 microenvironment
1 (%) 2 (%)
F_MCT | 13.300.07 | 4 9,05 87.4+2.1 12.8+0.4 | 14932016 12.642.7
F EUC 13.35+0.19 | 5.7+0.3 88.6+2.4 14.4+0.3 | 14.77+0.37 11.4+2.4
F PIN 13.42+0.06 | 4.3+0.5 87.9+2.1 13.8+0.3 | 14.61+0.07 12.1+1.90

Presented data are the mean values of 3 independent replications + standard deviation.
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Table 4. Rotational correlation time (zg) of the spin probe in two different microenvironments
in the curcumin-loaded formulation

Formulation | gy (ns) | Tz (NS)
F MCT CU |550.2 |6.5+0.1
F EUC_CU 8.5+0.2 | 13.4%0.5
F PIN_CU 5.9+0.4 | 13.2+0.2

Presented data are the mean values of 3 independent replications + standard deviation
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Table 5. Viscosity and density results for the different oils used for the preparation of the nanoemulsions

Qil type Viscosity (cP) Density (g/cm®)

MCT 23.58+0.19 0.94289+0.00010
EUC 2.58+0.01 0.92229+0.00008
PIN 1.32+0.01 0.85674+0.00031
EUC/MCT (1:1) 3.34+0.14 0.93150+0.00014
PIN/MCT (1:1) 2.3£0.11 0.90007+0.00007

Presented data are the mean values of 3 independent replications + standard deviation
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Table 6. Sizing results of the low-energy nanoemulsions prepared with different surfactant-to-oil rations

Formulation d(10) d(50) d(90) d[4, 3]
(nm) (nm) (hm) | (nm)
SOR 0.8 MCT/EUC |69 102 139 104
SOR 0.5 MCT/EUC |72 105 156 111
SOR 0.4 MCT/EUC |71 110 160 117
SOR 0.3 MCT/EUC |78 116 174 122
SOR 0.8_MCT/PIN 67 118 145 121
SOR 0.5_MCT/PIN 69 123 153 128
SOR 0.4_MCT/PIN 73 129 167 133
SOR 0.3_MCT_PIN 72 132 173 138

SOR - surfactant-to-oil ratio
Presented data are the mean values of 3 independent replications.
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