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Polyphenols, which are secondary plant metabolites, gain increasing research interest due to their ther-
apeutic potential. Among them, resveratrol and curcumin are two agents showing antioxidant,
anti-inflammatory, antimicrobial as well as anticarcinogenic effects. In addition to their individual ther-
apeutic effect, increased activity was reported upon co-delivery of the two compounds. However, due to
the poor water solubility of resveratrol and curcumin, their clinical application is currently limited. In this
context, lipid-core nanocapsules (LNC) composed of an oily core surrounded by a polymeric shell were

Keywords: introduced as drug carrier systems with the potential to overcome this obstacle. Furthermore, the encap-
Resveratrol . . . . . .
Curcumin sulation of polyphenols into LNC can increase their photostability. As the attributes of the polyphenols

make them excellent candidates for skin treatment, the aim of this study was to investigate the effect
of co-delivery of resveratrol and curcumin by LNC upon topical application on excised human skin. In
contrast to the formulation with one polyphenol, resveratrol penetrated into deeper skin layers when
the co-formulation was applied. Based on vibrational spectroscopy analysis, these effects are most likely
due to interactions of curcumin and the stratum corneum, facilitating the skin absorption of the
co-administered resveratrol. Furthermore, the interaction of LNC with primary human skin cells was ana-
lyzed encountering a cellular uptake within 24 h potentially leading to intracellular effects of the
polyphenols. Thus, the simultaneous delivery of resveratrol and curcumin by LNC provides an intelligent
way for immediate and sustained polyphenol delivery for skin disease treatment.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Over the last years increasing research interest has been
focused on polyphenols and their therapeutic potential. These

Abbreviations: LNC, lipid-core nanocapsules; B-LNC, blank lipid-core nanocap-
sules; RC-LNC, lipid-core nanocapsules loaded with resveratrol and curcumin;
R-LNC, lipid-core nanocapsules loaded with resveratrol; C-LNC, lipid-core nanocap-
sules loaded with curcumin; RC-LNCg or RC-LNCc, lipid-core nanocapsules loaded
with resveratrol and curcumin but only data for one drug (resveratrol/curcumin)
are discussed; RC-solution, resveratrol and curcumin in one solution; R-solution,
resveratrol in solution; C-solution, curcumin in solution; RC-solutiong or
RC-solutiong, resveratrol and curcumin in solution but only data for one drug
(resveratrol/curcumin) are discussed; CARS, coherent anti-Stokes Raman scattering;
DMEM, Dulbecco’s modified eagles medium; EE, encapsulation efficiency; FCS, fetal
calf serum; NHDF-p, primary normal human dermal fibroblasts; SC, stratum
corneum.
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secondary plant metabolites, present in fruits and vegetables as
well as in red wine, act as effective free radical scavengers and play
a beneficial role in preventing cardiovascular diseases, neurode-
generative disorders and cancer (Bisht et al., 2010). Amongst plant
polyphenols, the phytoalexin resveratrol (trans-3,40,5-trihydroxys
tilbene) has received considerable interest. This compound is nat-
urally found in grapes, berries and peanuts and presents a wide
range of pharmacological properties including antioxidant,
anti-inflammatory, anti-aging and antimicrobial activity as well
as potential chemopreventive effects against skin cancer (Amri
et al, 2012). Curcumin (diferuloylmethane), another natural
polyphenol, is a yellow pigment extracted from the rhizome of
the turmeric plant Curcuma longa which is used as a popular spice
in the South Asian cuisine (Amri et al., 2012). This promising
non-toxic molecule has already successfully been used in
Ayurvedic medicine for anti-inflammatory treatments. In addition,
curcumin exhibits antioxidant, antibacterial, antimicrobial and
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anticarcinogenic activity (Gupta et al., 2013). Besides the therapeu-
tic potential of these individual substances, positive therapeutic
effects of a combination of resveratrol and curcumin have previ-
ously been reported (Gupta et al., 2013; Iwuchukwu et al., 2011;
Malhotra et al., 2010; Tavano et al., 2014). However, despite their
beneficial properties, both polyphenols have limited clinical appli-
cation due to their low water solubility and rapid metabolism
within the human gastro-intestinal tract which result in poor sys-
temic bioavailability and restrict their oral administration (Amri
et al., 2012; Gupta et al.,, 2013).

To overcome these delivery obstacles, different nanoscale deliv-
ery systems including liposomes (Narayanan et al., 2009; Tavano
et al.,, 2014), nanostructured lipid carriers (Wu et al., 2010),
nanoemulsions, polymeric micelles and polymeric nanoparticles
(Coradini et al., 2014; Detoni et al., 2012; Yallapu et al., 2012) have
been described as strategies to improve the bioavailability, the
pharmacological efficacy as well as the limited photostability of
these polyphenols. Among these nanocarriers, special interest has
been aroused on developing polymeric nanoparticles, either as
solid spheres or capsules, based on biodegradable and biocompat-
ible materials (Mora-Huertas et al., 2010).

In this context, a specific type of nanocapsules called lipid-core
nanocapsules (LNC) has been introduced which are composed of an
oily core surrounded by a polymeric shell stabilized by surfactants
in aqueous medium (Jornada et al., 2012). LNC have shown high
capacity to encapsulate poorly water soluble substances and have
been proposed for systemic as well as for topical drug delivery
(Detoni et al., 2012; Friedrich et al., 2014).

With respect to resveratrol, its encapsulation in LNC enabled
higher deposition in the brain tissue of rats and showed promising
effects in multiform glioblastoma and Alzheimer’s disease models
(Frozza et al., 2010, 2011). The nanoencapsulation of curcumin
led to reduced tumor size and increased the animal survival rate
in a pre-clinical model of gliomas (Zanotto-Filho et al., 2013).
Considering the combination of polyphenols, Coradini et al.
(2014) reported that nanoencapsulation enhanced the in vitro
antioxidant activity of resveratrol and curcumin against HO" radi-
cals and a synergic effect was observed after co-encapsulation of
both polyphenols. In addition, the co-encapsulation also improved
the photostability of resveratrol (Coradini et al., 2014).

Against this background, the local delivery of resveratrol and
curcumin in LNC via the human skin became interesting as a
non-invasive alternative administration route, especially with
respect to the local treatment of skin disorders including photocar-
cinogenesis, photoaging and sunburn (Nichols and Katiyar, 2010;
Suwannateep et al., 2012).

Considering the topical application, initial in vitro studies showed
the capacity of LNC to improve the photostability and promote the
retention of resveratrol under UVA radiation (Detoni et al., 2012).
However, to the extent of our knowledge, the interactions of such
LNCand human skin, including the penetration and release of encap-
sulated actives, remains unexplored. As such investigations are
mandatory for the development of effective dermal drug delivery
via LNGC, the objective of this study was to investigate the behavior
of LNC co-encapsulating resveratrol and curcumin upon application
onto excised human skin and their interactions with human primary
skin cells. In addition, LNC loaded with the individual actives were
investigated to evaluate the effect of co-administration.

2. Material and methods
2.1. Materials

Curcumin, sorbitan monostearate and poly(e-caprolactone)
(PCL) were obtained from Sigma-Aldrich (S3o Paulo, Brazil).

Resveratrol was acquired from Pharma Nostra (Andpolis, Brazil)
and polysorbate was supplied by Henrifarma (Sdo Paulo, Brazil).
Grape seed oil was acquired from Delaware (Porto Alegre, Brazil).
Acetone, methanol and acetonitrile were purchased from Sigma-
Aldrich (Steinheim, Germany). All chemicals and solvents were of
pharmaceutical or HPLC grade and were used as received.

2.2. Preparation of lipid-core nanocapsules

Lipid-core nanocapsules were prepared according to the formu-
lation reported by Coradini et al. (2014). In brief, 0.1 g polymer
(PCL), 0.0385 g sorbitan monostearate as well as 165 pl of grape
seed oil were dissolved in 27 ml of acetone at 40 °C. For the
polyphenol-loaded formulations, resveratrol (0.005g) curcumin
(0.005 g) or the combination of both substances was added. This
organic solution was poured into 54 ml of an aqueous phase con-
taining 0.077 g polysorbate 80 wunder moderate stirring.
Subsequently, acetone was evaporated and the aqueous phase
was concentrated under reduced pressure to a final volume of
10 mlL

2.3. Characterization of lipid-core nanocapsules

The pH values were determined directly in the formulations
using a calibrated potentiometer (VB-10, Denver Instrument,
Arvada, USA). Particles size and polydispersity index of the samples
were analyzed by photon correlation spectroscopy (PCS) (Zetasizer
Nano ZS, Malvern Instruments, Malvern, UK) after dilution in ultra-
pure water (500 times dilution). The same instrument was used to
measure the zeta potential by electrophoretic mobility after dilu-
tion of the formulations in 10 mM NaCl (500 times dilution).
Further, nanoparticle tracking analysis (NTA) was performed
(NanoSight LM 10 & NTA 2.2 Analytical Software, Malvern
Instruments former Nanosight Ltd., Amesbury, UK) after diluting
(5000x ) the formulations in ultrapure water.

Morphological analysis was performed by transmission electron
microscopy (TEM) (JEM JEM 2010, Tokyo, Japan) operating at
200 kV. For this analysis, the suspensions were diluted 200x in
ultrapure water, placed on a specimen grid and negatively stained
with phosphotungstic acid hydrate (1% w/v).

The drug content was assayed by ultra-high-performance liquid
chromatography (UPLC) using Thermo Scientific Dionex UltiMate™
3000 equipment. For resveratrol analysis, acetonitrile:acetic acid
2% (30:70, v/v) was used at a flow rate of 0.5 ml/min and the detec-
tion wavelength was 306 nm. The mobile phase used for curcumin
was composed of methanol:acetic acid 2% (70:30, v/v) with a flow
rate of 0.3 ml/min. The detection wavelength was 427 nm. The col-
umn used for both methods was a Purospher® STAR RP-18 end-
capped (3 um) Hibar® HR 50-2.1, kept at 30°C. Total drug
contents were determined after dissolution of nanoparticles
(1ml) in 10 ml acetonitrile. These solutions were maintained
under stirring for approximately 20 min. After subsequent cen-
trifugation, an aliquot of the supernatant was withdrawn, diluted
in acetonitrile:water (50:50 v/v), filtered (0.22 pum) and 6 pl were
injected in the UHPLC system.

The encapsulation efficiencies (EE, %) were determined by ultra
filtration-centrifugation technique according to the previously
reported protocol by Coradini et al. (2014). The percentage of
polyphenol encapsulated was calculated by the difference between
the total (content) and free polyphenol concentrations (ultrafil-
trate) divided by the total polyphenol content and multiplied by
100 (Venturini et al., 2011).

The solubility of polyphenols in grape seed oil was determined
by adding an excess of polyphenol powder (~30 mg) into 1 ml of
oil. The dispersion was mixed for 2 min. After 24 h of storage in
vertical position at room temperature, the samples were
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centrifuged at 10,000 rpm for 10 min, and the supernatant was
diluted 200 times in acetonitrile and analyzed by UPLC.

2.4. In vitro drug release study

The in vitro release studies of resveratrol and curcumin from
different LNC were carried out with static Franz diffusion cells
(15 mm diameter, type 4G-01-00-20, Perme Gear, Riegelsville,
PA, USA) with a diffusion area of 1.77 cm? and a receptor volume
of 12 ml. Donor and receptor chamber were separated by a dialysis
membrane (Mw cut off: 12-14,000 daltons, Medicell International
Ltd, London, UK), previously saturated with water for 30 min.
500 pl of LNC suspension were placed in the donor compartment.
The receptor medium was composed of PBS buffer pH 7.4 and etha-
nol (70:30 v/v) to guarantee sink conditions. At defined time
points, samples (600 pl) were drawn from the receptor compart-
ment and replaced with fresh medium. Air bubbles forming under-
neath the membrane were removed via the side arm. The
experiments were performed over 24 h in triplicate at 32 °C and
agitation of 400 rpm. Samples were diluted with acetonitrile
(50:50 v/v) and analyzed using previously described UPLC
conditions.

2.5. Cell culture

Primary normal human dermal fibroblasts (NHDF-p, Promocell
C-12352, Heidelberg, Germany) were cultured in Dulbecco’s mod-
ified Eagle medium (DMEM) supplemented with 10% fetal calf
serum (FCS) in a 98% relative humidity atmosphere of 5% CO, at
37 °C. All materials were sterilized and LNC suspensions were pre-
pared under aseptic conditions.

2.6. Colloidal stability of LNCs in biological medium

Before cell viability evaluation, the colloidal stability of
lipid-core nanocapsules in cell culture medium was investigated.
The suspensions were diluted 50 and 100 times in DMEM supple-
mented with 10% FCS. These concentrations were equivalent to 10
and 5 pg/ml of each polyphenol. Hydrodynamic diameter and
polydispersity index (PDI) were measured by photon correlation
spectroscopy immediately and 24 h after diluting the nanocapsules
in cell culture medium.

2.7. Cell viability assay

Cell viability was examined by MTT ((3-(4,5-dimethylthiazo
1-2-y1)-2,5-diphenyltetrazolium bromide) assay. NHDF-p cells
(passage 23) were seeded in 96-well plates (2 x 10* cells per well)
and cultured for 72 h to reach semi-confluence. Cells were washed
twice with PBS buffer and incubated with LNC suspensions for
24 h. LNC suspensions were directly diluted with cell culture
media at concentrations of 5 and 10 pg/ml of each polyphenol.
The control cells were treated with cell culture medium only (neg-
ative control), or with Triton X-100 (positive control).
Subsequently, cells were washed with PBS buffer and incubated
with MTT reagent (5 mg/ml in PBS pH 7.4) for 4 h. The precipitated
formazan was dissolved with DMSO and quantified by measuring
the absorbance at 550 nm in a plate reader (Tecan Deutschland
GmbH, Crailsheim, Germany). The cell viability (%) was calculated
in relation to the control culture without treatment (negative con-
trol), which represents 100% viability. Data are presented as mean
of three samples + standard deviation (SD) from three independent
experiments.

2.8. Cellular uptake

30,000 NHDEF-p cells (passage 9) were seeded in imaging dishes
with a cover glass bottom and incubated with a 50 times diluted
RC-LNC suspension. After 24 h, cells were washed and kept in med-
ium during coherent anti-Stokes Raman scattering (CARS) micro-
scopy analysis. The CARS microscope was equipped with a
picosecond pulsed laser operating at a fundamental wavelength
of 1032 nm (aeroPULSE-10, NKT Photonics, Birkered, Denmark).
Images were acquired with an Olympus 60x water immersion
objective. The setup of the custom built CARS microscope has been
described in detail elsewhere (Garbacik et al., 2012).

2.9. Skin penetration experiments

The penetration studies were performed in the static Franz dif-
fusion cell system described above (Section 2.4) using
full-thickness human skin and infinite-dose conditions.
Abdominal skin samples were obtained from plastic surgery
(Department of Plastic and Hand Surgery, Caritas-Krankenhaus,
Lebach, Germany) with written consent of the patients and ethical
approval of the Saarland medical association. Immediately after
excision, the skin was prepared for storage at —26 °C until usage
by removing the subcutaneous fat layer with a scalpel. Samples
of one skin donor (female, 49 years old) were used for all experi-
ments to reduce interindividual variability.

0.5 ml of R-LNC, C-LNC and RC-LNC were directly applied onto
the skin in the donor compartment. In order to gain a better under-
standing of the co-encapsulation effect of resveratrol and curcumin
on their skin penetration behavior, experiments were also carried
out with 0.5 ml solutions (water:ethanol 50:50 (v/v)) of resveratrol
(R-solution) and curcumin (C-solution) individually or in combina-
tion (RC-solution) containing 0.5 mg/ml of each polyphenol. As
receptor medium, a mixture of PBS buffer pH 7.4 and ethanol
(30%) was used. The abbreviations RC-solutiong and RC-solutionc
were used to express the results for resveratrol or curcumin,
respectively, from a solution containing the combination of both
polyphenols.

After 24 h of incubation at 32 °C, the skin was carefully taken
out of the cell and the excess formulation was removed with a
swab. The stratum corneum (SC) was separated by tape stripping
using 20 tapes and a weight of 2 kg placed centrally over the strip-
ping delimited area (15 mm) for ten seconds. Then, a punch of
15 mm diameter was taken from the stripped area and viable epi-
dermis and dermis were separated by heating the skin in a water
bath at 60 °C for 90 s.

Resveratrol and curcumin were extracted from the skin by add-
ing acetonitrile:acetic acid 2% (3:1, v/v), orbital shaking (120 min)
and sonication (30 min) for tapes or by vortex mixing (90 s) and
sonication (45 min) for viable epidermis and dermis, respectively.
Moreover, the deeper skin layers (epidermis and dermis) were cen-
trifuged for 15 min at 5000 rpm and the supernatant was collected
for analysis. The polyphenols were quantified by UPLC described in
Section 2.2 yielding an extraction recovery higher than 90% for all
skin samples.

2.10. Infrared (IR) spectroscopy

Stratum corneum was separated following the protocol of
Kligman and Christophel (1963) and subsequently incubated for
24h in either pure ethanol or an ethanol water mixture
(50:50(v/v)) with and without dissolved curcumin (1 mg/ml etha-
nol). IR spectra were recorded with 10 accumulations at three dif-
ferent sample positions using a FT-IR spectrometer (Spectrum 400,
Perkin Elmer, Waltham, USA). All spectra were normalized to the
peak at 1655 cm™! in the IR spectrum of stratum corneum.
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2.11. Statistical analysis

Statistical analysis was performed using analysis of variance
(ANOVA) and Bonferroni test. A difference was considered statisti-
cally significant at the level of p < 0.05.

3. Results and discussion

For effective local application of polyphenols to human skin,
LNC provide an elegant delivery approach as the photostability of
the substances is increased and their in vitro antioxidant activity
against HO radicals which are harmful for skin cells is enhanced
(Coradini et al., 2014). Further, as the lipophilic polyphenols can
sufficiently be encapsulated into the delivery system due to the
lipid core shell structure, no further organic solvents are required
for the final application form.

3.1. Characterization of LNC suspensions

Lipid-core nanocapsules were prepared by interfacial polymer
deposition using biodegradable and biocompatible materials
approved by the U.S. Food and Drug Administration (FDA).
Furthermore, previous in vivo studies indicate safety of the formu-
lations for topical (Paese et al., 2009) as well as systemic applica-
tion (Bulcdo et al., 2013). The physicochemical characteristics of
lipid-core nanocapsules are depicted in Table 1. All formulations
presented a slightly acidic pH value, which is beneficial for topical
application as it matches the skin surface pH (Schmid-Wendtner
and Korting, 2006). The measured slight negative zeta potentials
are in agreement with literature and potentially result from the
coating of nanocapsules by polysorbate 80, giving them a steric
stabilization at the particle/water interface (Friedrich et al., 2014;
Venturini et al., 2011). Consequently, slight interactions between
LNC and the skin can be expected, since the skin is slightly nega-
tively charged (Honary and Zahir, 2013).

Lipid-core nanocapsules were also analyzed by NTA. The results
(depictedinFig. 1) confirm the data generated by PCS with mean par-
ticle sizes in the nanometer range as well as polydispersity indices
<0.12 indicating a narrow size distribution. The hydrodynamic
diameters obtained by this technique were 183 +4 nm,
185+ 14 nm, 185+08 nm, and 181 +04 nm for B-LNC, R-LNC,
C-LNC, and RC-LNC, respectively. The number of nanocapsules per
milliliter was calculated for each formulation by multiplying the
counted number of capsules considering the dilution (5000 times).

TEM images depict the spherical shape of the nanocapsules
(Fig. 2). The mean particle size observed by TEM analysis was in
agreement with those obtained by PCS and NTA. These results
are in accordance with recently reported values for these formula-
tions (Coradini et al., 2014).

3.2. In vitro drug release study

In vitro dissolution testing was performed using Franz diffusion
cells with dialysis membranes separating donor and acceptor

compartment. LNC suspensions were applied on top of the mem-
brane in the donor compartment and samples from the acceptor
compartment were withdrawn after predefined time intervals.

Comparing the release kinetics of the two different drugs
revealed major differences (Fig. 3). 37.58% and 43.37% of resvera-
trol were released from R-LNC and RC-LNC after 6 h. However, less
than 3% of curcumin were released from the respective LNC over
the same time period. After 24 h, 58.47% and 73.43% of resveratrol
were released from R-LNC and RC-LNC, respectively, whereas only
10.49% and 9.03% of curcumin were released from C-LNC and
RC-LNC at the same time point.

The slower release of curcumin in comparison to resveratrol is
consistent with results obtained by a dialysis bag method
(Coradini et al., 2014). The differences in release kinetics can be
correlated to the solubility of the individual polyphenols in grape
seed oil constituting the lipophilic core of the nanocapsules.
Solubility measurements with polyphenols and grape seed oil
resulted in a solubility of 90 pg/ml for resveratrol and 475 pg/ml
for curcumin, respectively. Consequently, the slower release of cur-
cumin from the LNC can be related to the higher solubility in the
oily carrier core compared to the aqueous dissolution medium.

The release profiles of curcumin from C-LNC and RC-LNC did not
differ significantly. Thus, with regards to the co-encapsulation
effect, the release profiles of curcumin were not influenced by
the simultaneous presence of resveratrol (p > 0.05). In contrast, a
significant difference in the release profiles of resveratrol was
observed when both polyphenols were encapsulated in the same
carrier. Whereas no differences between release profiles of R-LNC
and RC-LNC was observable up to 6 h, the resveratrol release was
significantly higher from RC-LNC beyond this time point
(p<0.05) suggesting a promoted release of resveratrol from
RC-LNC triggered by co-encapsulation.

Therefore, the co-encapsulation of the polyphenols curcumin
and resveratrol is an interesting strategy for skin application and
was in the focus of a subsequent study investigating the interac-
tions with human skin and the penetration behavior of the actives.
The faster release of resveratrol may provide a controlled and
immediate effect against free radicals, whereas curcumin could
then provide a sustained source of an antioxidant agent over longer
time intervals.

3.3. Colloidal stability investigations of LNC in biological medium

Maintaining physicochemical stability of nanoparticles in sus-
pension is a prerequisite for the adequate evaluation of their
potential biological effects (Allouni et al., 2009). Here, we analyzed
if suspending LNC in cell culture medium supplemented with 10%
FCS influenced size and PDI values of the lipid-core nanocapsules
to avoid phenomena like agglomeration. PCS measurements were
performed right after suspending LNC as well as after 24 h of stor-
age in medium. LNC retained their size and narrow polydispersity
indices (Table 2) for blank and loaded nanocapsules. Furthermore,
results were similar to those obtained with LNC analyzed under

Table 1
Physicochemical properties and number of blank and drug-loaded lipid core nanocapsules (B-LNC, R-LNC, C-LNC, RC-LNC).
Formulation B-LNC R-LNC C-LNC RC-LNC
Size (nm) 209 +0.07 202 +0.04 207 £+ 0.06 201 £0.05
PDI 0.12 £0.03 0.12 £0.01 0.12 £0.01 0.09 +0.02
Zeta potential (mV) -6.19+0.17 -7.19+1.19 ~7.24+0.74 -7.73£0.73
pH 6.34 + 0.06 6.20 £ 0.03 6.28+0.19 6.48 + 0.09
Drug loading (mg/ml) - 0.48 £ 0.03 0.47 £0.03 Resveratrol Curcumin
0.49 £ 0.03 0.49 £ 0.01
Encapsulation efficiency (%) - 99.79 +£0.03 100 + 0.00 99.80 + 0.02 99.94 + 0.08
Capsule number (x10'2)/ml 9.49 +0.68 9.53+0.45 9.67 £0.21 9.70 £ 0.69
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Fig. 1. Tracking analysis plots of (A) B-LNC, (B) R-LNC, (C) C-LNC, and (D) RC-LNC.

standard conditions (Table 1). Thus, the results indicate particle
stability under standard cell culture conditions. This is likely due
to steric hindrances based on polysorbate 80 micelles around the

particles (Sabuncu et al., 2010). Polysorbate 80 is a non-ionic sur-
factant which attaches to the shell of lipid-core nanocapsules, thus
providing steric stabilization (Venturini et al., 2011). In addition,
polysorbate 80 coating of nanoparticles has been introduced as a
strategy to modify body distribution of particles and to prevent
protein plasma adsorption, thereby increasing their blood circula-
tion time (Friedrich et al., 2014; Troster et al., 1990).

3.4. Cell viability assay

As LNC are potentially taken up by cells after application via the
skin, evaluating the toxicological potential of the nanocapsules is
an important step towards the investigation of their efficacy at
the cellular level. In our study, the cell viability of human dermal
fibroblasts (NHDF-p cells) was investigated by an MTT assay, after
NHDF-p cells were exposed to two different concentrations of each
polyphenol (5 and 10 pg/ml) for 24 h. Subsequently, cell viability
of the treated cells was calculated (Fig. 4). B-LNC did not show sig-
nificant alterations in cell viability when compared to the
untreated control group (p>0.05). Moreover, the different
polyphenol combinations or concentrations did not influence the
cell viability in comparison to negative control cells (p > 0.05)
either. Especially, as LNC with co-encapsulated polyphenols did
not alter the cell viability profiles significantly, this delivery system
bears a great potential for the simultaneous delivery of both
actives.

3.5. Cellular uptake

In order to investigate potential cellular uptake of LNC, primary
human skin cells (fibroblasts) were incubated with LNC suspension
and coherent anti-Stokes Raman scattering (CARS) was applied as
non-invasive chemically selective technique. CARS images were
acquired at two frequencies to distinguish the lipid-core nanocap-
sules from the cell body. For this purpose, the protein band at
2928 cm~! was excited to visualize the cell body (Fig. 5 left panels),
whereas the frequency at 2845 cm™!, which is characteristic for
lipids, was chosen to image the LNC with a high contrast to their
surroundings (Fig. 5 right panel). Fig. 5 shows the LNC uptake at
different time points (A: 0 h; B and C: 24 h with different magnifi-
cations). By comparing left and right panels (especially in the close
up images), the engulfed lipid-core nanocapsules are clearly distin-
guishable in the cell after 24 h. Due to the lipid core of the LNC, the
excited anti-Stokes scattering becomes very intense in areas where
LNC are located (Fig. 5, right panels). In contrast, these locations
appear as the darkest parts in the left panels. The image contrast
underlines the specificity of the chosen CARS frequencies to visual-
ize the cellular LNC uptake. Overall, the LNC are taken up within
24 h in a reasonable quantity. They are localized in the cell cytosol
and no evidence was found that LNC enter the nucleus.
Furthermore, CARS images underline the results from the viability
test, as morphological changes of the cells, which indicate decreas-
ing cell viability, do not become visible. NHDF-p cells still show the
elongated shape after 24 h exposure to LNCs which is typical for
healthy fibroblasts.

3.6. Skin penetration

Considerable interest has been devoted to study the effects on
skin upon topical application of free resveratrol and curcumin in
different physiological and pathological conditions of skin
(Narayanan et al., 2009; Ndiaye et al., 2011). Consequently, the
main interest of this study was to evaluate the influence of the
penetration behavior of the polyphenols within human skin when
encapsulated in a delivery system. Thus, we investigated the skin
penetration of nanocapsules containing resveratrol and curcumin



R.B. Friedrich et al./ European Journal of Pharmaceutical Sciences 78 (2015) 204-213 209

Fig. 2. Transmission electron micrographs of (A) B-LNC, (B) R-LNC, (C) C-LNC and (D) RC-LNC with 10,000x magnification (scale bar = 0.2 pm).
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Fig. 3. In vitro release profiles of resveratrol and curcumin from lipid-core
nanocapsules (n=3) at 32 °C. Release from RC-LNC is depicted with circles (@
resveratrol; O curcumin), whereas M and 4 depict release curves for polyphenols
from R-LNC and C-LNC, respectively. Standard deviations, which were always below
1.06%, are not shown for curcumin curves to maintain a clear data presentation.

encapsulated as a single agent or in combination. For comparison,
the skin penetration behavior of free polyphenols in solution was
also tested.

Fig. 6 depicts the amount of polyphenols (jig/cm?) which pene-
trated into the three skin layers: stratum corneum (SC) (Fig. 6A),
viable epidermis (Fig. 6B) and dermis (Fig. 6C).

Overall, resveratrol and curcumin presented significantly differ-
ent skin penetration behavior, regardless if the polyphenols were
encapsulated or in their free forms (p < 0.05).

In stratum corneum, higher amounts of resveratrol applied as
drug solution (R-solution: 1.19%0.30 ug/cm?; RC-solutiong:
1.07 £0.18 pg/cm?) were found in comparison to encapsulated
resveratrol (R-LNC: 0.52 + 0.08 pg/cm?; RC-LNC: 0.40 + 0.06 pg/cm?)
as depicted in Fig. 6A left side. In the viable epidermis, the amount
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Fig. 4. NHDF-p cell viability after 24 h of incubation with blank and polyphenol-
loaded LNC. B-LNC are diluted 50x (open bar) and 100x (gray bar), which is
according to the tested two polyphenol concentrations 10 pg/ml (open bars) and
5 pg/ml (gray bars).

of resveratrol delivered by RC-LNC (0.69 + 0.14 ng/cm?) was signif-
icantly higher than resveratrol originating from single encapsula-
tion and drug solution (R-solution: 0.33 +0.15 ug/cm?,
RC-solutiong: 0.43 +0.02 pg/cm? and R-LNC: 0.25 + 0.07 pg/cm?;
p <0.05) as depicted in Fig. 6B left side. Likewise, the same situa-
tion was found for resveratrol which penetrated into the dermis
(Fig. 6C left side) (RC-LNCg: 2.34 +0.74 pg/cm?; R-solution:
0.76 +0.17 pug/cm?, RC-solutiong: 1.26 +0.15 ug/cm? and R-LNC:
1.32 £0.20 pg/cm?, p < 0.05).

The four bars on the right side in Fig. 6A-C depict the amount of
curcumin per area (pg/cm?) which penetrated into the different
skin layers within 24 h after the application of drug solutions or
lipid-core nanocapsules, respectively. In general, curcumin pene-
tration into stratum corneum, viable epidermis and dermis was
lower for LNC formulations compared to solutions (p > 0.05).
3.06 + 0.62 pg/cm? and 2.61 +0.59 pug/cm? of curcumin applied in

Table 2
Size and polydispersity indexes (PDI) of lipid-core nanocapsules diluted in cell culture medium (100x and 50x).
Polyphenol concentration (pg/ml) 0Oh 24h
Size (nm) PDI Size (nm) PDI
B-LNC - 207.2+2.5 0.15+0.01 212.0+1.9 0.15+0.01
- 216.8+1.7 0.16 £ 0.01 211.1+£038 0.12 £ 0.02
R-LNC 5 205.9+0.6 0.14 £0.01 206.2+23 0.15+0.03
10 2105+1.1 0.13+0.01 217.4+13 0.17 £0.01
C-LNC 5 216.8 £2.0 0.19 £ 0.00 205.5+0.5 0.14+0.01
10 208.8 +1.1 0.12+0.01 2115038 0.11£0.01
RC-LNC 5 232.7+1.8 0.22 +0.00 2254124 0.17 £0.03
10 226.7+1.5 0.17 £0.01 224.7+£0.7 0.16 £ 0.01
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protein band

lipid band

Fig. 5. CARS images of NHDF-p cells incubated with RC-LNC for 0 h (A) and 24 h (B: overview, C: close up). Left side depicts images acquired at the frequency of proteins
(2928 cm™!) showing the cell body. Right side shows images acquired at the lipid frequency (2845 cm™!) depicting LNC with high contrast in false color. Scale bars are sized to
10 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

solution on the skin (C-solution and RC-solutionc, respectively)
were found in stratum corneum, whereas only 0.24 + 0.06 pg/cm?
and 0.29 + 0.04 pg/cm? of curcumin originated from C-LNC and
RC-LNCc. Significantly higher amounts of curcumin deriving from
polyphenol solutions were found in viable epidermis and dermis
compared to curcumin which was released from LNC (C-solution:
1.59 £ 0.30 pg/cm?/4.26 + 0.88 pg/cm?; RC-solutionc: 1.87 = 0.29 pg/
cm?/3.68 £ 0.74 pg/cm?; C-LNC: 0.16 +0.08 pg/cm?/0.26 + 0.05 -
pg/cm?; RC-LNC¢: 0.24 + 0.18 pg/cm?/0.46 £ 0.10 pg/cm?).

It is striking that significantly higher amounts of curcumin
applied in solution were found in all skin layers when compared
to LNC. This phenomenon is due to differences in the diffusion pro-
cesses for curcumin solution and loaded nanocapsules. Curcumin
in solution was immediately available for skin penetration after
application onto the skin. However, when curcumin was applied

in its encapsulated form, the polyphenol had to be first released
from the nanocapsule. Due to the slow diffusion out of the
nanocapsule (Section 3.2), only low amounts of curcumin were
able to penetrate into the skin within 24 h. Formulations contain-
ing both polyphenols (RC-solution and RC-LNC) did not influence
the penetration behavior of curcumin in any of the three skin
layers (p > 0.05) compared to the formulations containing only cur-
cumin. The contrary was found for resveratrol. Here, the polyphe-
nol combination in form of a solution did not affect the skin
penetration behavior either (p > 0.05), whereas co-encapsulated
resveratrol in form of nanocapsules was found in significantly
higher amounts in viable epidermis and dermis than resveratrol
applied as solution.

By comparing Fig. 6A-C for both polyphenols in solution, cur-
cumin was found in larger quantities than resveratrol in all skin
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Fig. 6. Penetration of resveratrol and curcumin into different skin layers (A:
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drug solutions or nanocapsules. Results are expressed as mean*SD, n=3.
*Statistically different (p < 0.05).

layers. In stratum corneum, curcumin was found in 2.57
(C-solution) and 2.43 (RC-solution) times higher amounts than
resveratrol (R-solution and RC-solution, respectively). Curcumin
penetrated in 4.8 (C-solution) and 4.33 (RC-solution) times higher
amounts into the viable epidermis than resveratrol applied in the
respective solutions and in the dermis the amounts of curcumin
were 5.57 and 2.91 times higher than resveratrol.

Overall, the penetration into all skin layers was higher for cur-
cumin than for resveratrol, when polyphenols were applied in
solution on the skin. An important factor was probably the differ-
ent lipophilicities of the polyphenols. Taking this into account, the

higher liposolubility of curcumin can provide a stronger affinity to
the lipid bilayers of the stratum corneum, representing the most
important barrier of the skin. After penetrating through the stra-
tum corneum, possibly by following the intracellular route along
the lipid bilayer, curcumin can penetrate further into deeper skin
layers.

In contrast, the penetration behavior for both polyphenols
encapsulated in lipid-core nanocapsules was opposed to the
polyphenol solutions (Fig. 6). Here, resveratrol was found in larger
quantities than curcumin in all skin layers. In stratum corneum,
resveratrol was present in quantities 2.15 times (R-LNC) and 1.38
times (RC-LNC) higher than curcumin originating from the respec-
tive nanocapsule formulations (C-LNC and RC-LNC). In the viable
dermis, resveratrol was found in 1.6 (R-LNC) and 2.91 (RC-LNC)
times higher amounts than curcumin and in the dermis around 5
times higher.

In spite of polyphenol co-encapsulation (RC-LNC), the skin pen-
etration behavior of curcumin was not modified (p > 0.05) com-
pared to C-LNC. The opposite was observed for co-encapsulated
resveratrol. Here, the penetration rate of the polyphenol into viable
epidermis triplicated and doubled for the dermis (p < 0.05) in com-
parison to R-LNC.

The discrepancy in skin penetration behavior of the two
polyphenols co-encapsulated can be related to different phenom-
ena. The differences in the in vitro release profiles observed for
each individual polyphenol lead to different amounts of drug freely
available for skin penetration. Thus, the fast release kinetics of
resveratrol provides a considerably higher amount for penetration
at an early time point. Contrary, the lower amount of curcumin in
all skin layers can be due to its slower in vitro release kinetics in
relation to resveratrol.

As resveratrol delivered by R-LNC presented an increased pene-
tration ability but not to the same extent as delivery by RC-LNC,
the co-encapsulated curcumin states most likely a second causal-
ity. Curcumin potentially alters the structure of the phospholipid
bilayer in the stratum corneum due to its good lipophilicity,
thereby facilitating an easier and faster transport of resveratrol,
which subsequently accumulates in the deeper skin layers. The
high penetration capacity of resveratrol loaded-LNC is consistent
with a previous study conducted over 8 h utilizing Franz diffusion
cells and porcine skin (Detoni et al., 2012). In summary, our results
support the assumption that the penetration of free molecules
through the skin is mainly determined by their physicochemical
properties and when the compounds are encapsulated, their skin
absorption kinetics also depend on the release from the carrier
system.

3.7. Infrared (IR) spectroscopy

Due to the observed discrepancy in skin penetration depth
between resveratrol and curcumin, further analysis on the molec-
ular basis was carried out. Infrared spectra were recorded to gain
information about potential interactions or changes in the SC
structure when exposed to polyphenols, as such effects are known
for organic solvents (Megrab et al., 1995; Morimoto et al., 2002;
Williams and Barry, 2012). As resveratrol is penetrating into deep
skin layers in significantly higher amounts than curcumin
(Section 3.6), it is likely that curcumin influenced SC components
and thus facilitated the deeper penetration of resveratrol in the
combined formulation.

The reference spectra of curcumin and stratum corneum are
depicted in Fig. 7 (top spectra). The curcumin spectrum shows no
significant overlap with characteristic peaks in the SC spectrum.
Here, especially the amide I peak at around 1655 cm™! (C=0
stretch vibration) (Williams et al., 1992) as well as the peaks orig-
inating from symmetric and asymmetric CH-stretch vibrations at
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about 2850 and 2920 cm™!, respectively (Clancy et al., 1994;
Mendelsohn et al., 2006), are important (highlighted with gray bars
in Fig. 7A). The amide [ band gives information about protein con-
formation, whereas bands arising from CH-stretch vibrations are
associated with molecular conformation arrangements of skin
lipids (Golden et al., 1986; Mendelsohn et al.,, 2006; Williams
et al., 1992). As curcumin is water insoluble, curcumin dissolved
in either 100% ethanol (EtOH) or a water:ethanol mixture
(50%:50% (v/v)) was used to incubate excised human SC for 24 h,
where the latter is the closest representation of our LNC formula-
tion. To exclude structural changes within the SC samples caused
by EtOH, SC was incubated in curcumin free solutions as well.
Fig. 7A shows the full IR spectra, whereas panels B and C depict
the enlarged peak regions of interest. A change of the amide I peak
indicates conformational changes in proteins. Mendelssohn et al.
observed a peak shift to lower wavenumbers in IR spectra due to
conformational changes from a-helix to B-sheet structures, when
SC was incubated with dimethylsulfoxide (Mendelsohn et al.,
2006). In Fig. 7B a broadening and left shift of the amide I peak
is visible compared to the references peak. The amide I peak in
the spectrum of an intact protein in its native conformation is
located at around 1655 cm™'. A change or shift of this amide I peak
indicates conformational changes in proteins. There is a difference
in peak structure between SC incubated in water:ethanol with and
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Fig. 7. IR spectra of curcumin, stratum corneum (SC) as well as SC incubated with
curcumin containing and curcumin free solutions with different ethanol (EtOH)
content. (A) Full IR spectra. (B) Enlarged section focusing on amide I peak. (C)
Enlargement of CH-stretch vibration bands.

without curcumin, indicating a potential curcumin influence in
protein structural changes. It is unlikely that the shoulder and peak
broadening arose due to the presence of curcumin, as curcumin
peaks of similar intensity such as at about 1430 cm™! did not
become visible either. Due to the high ethanol content, these vari-
ations are hardly observable in the other IR spectra. However, a
high ethanol content caused drastic peak intensity losses for the
CH-stretch bands (Fig. 7C), which is probably linked to a lipid
extraction from the SC due to the alcohol (Clancy et al., 1994). A
reduced ethanol content did not reveal this intense spectral
change.

It has been reported that a change in the ratio of absorption
intensities in CH-stretch vibrations indicates a relative lipid acyl
chain disorder (Clancy et al., 1994; Yau, 1984). As IR spectra of
SC show slightly more pronounced peak alterations in the presence
of curcumin when compared to curcumin free solutions, it can be
assumed that curcumin influences the lipid structure of SC. Thus,
it is likely that curcumin mainly remains in upper skin layers
where it alters SC properties and thus facilitates penetration of
resveratrol across the stratum corneum into deeper skin layers
upon co-delivery of the two polyphenols.

4. Conclusions

In conclusion, lipid-core nanocapsules were successfully fabri-
cated with different polyphenol loading and characterized, provid-
ing high encapsulation efficiency as well as a narrow size
distribution, which remained stable upon LNC dilution in biological
medium. Upon interaction studies of LNC with human dermal
fibroblast, lipid-core nanocapsules did not show cell toxic effects
on fibroblasts. Skin cells engulfed LNC within 24 h, showing the
great potential of this delivery system for further investigations
on the subcellular level. In vitro drug release profiles showed a fast
release for resveratrol, whereas curcumin was released slowly. The
co-encapsulation led to an even faster release of resveratrol, while
the curcumin release rate remained constant. Thus, due to the
polyphenol combination an immediate as well as a sustained
polyphenol release in one carrier system can be achieved. Skin
penetration studies showed an increased delivery into deeper skin
layers of resveratrol upon co-delivery in comparison to encapsula-
tion of one individual polyphenol. Based on vibrational spec-
troscopy analysis, this phenomenon is most likely due to an
interaction of curcumin with the lipid bilayers of the stratum cor-
neum facilitating the penetration of the less lipophilic resveratrol
across the major skin barrier into viable epidermis and dermis.

In light of these results, lipid-core nanocapsules bear a great
potential as carrier systems for the delivery of low water soluble
compounds like resveratrol and curcumin for local application to
human skin.
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