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Synopsis

With the aim of improving the antioxidant activity of polyphenols from blueberries (Vaccinium myrtillus) on
skin targets after topical application, ethanolic extracts from three blueberry varieties (named Millenia,
O’Neal, and Blue Crisp) were loaded into ultradeformable liposomes. These nanocarriers are known to be
capable of penetrating through the stratum corneum reaching its deeper layers and the viable epidermis. On
the other hand, blueberries contain large amounts of polyphenols, whose antioxidant properties as tissue
protectors against processes mediated by reactive oxygen species have been extensively proved. Blueberries
are usually consumed as edible products, but their antioxidant compounds are poorly absorbed. The antioxi-
dant properties of the extracts were screened before and after being loaded into ultradeformable liposomes
made of soy phosphatidylcholine and sodium cholate, of nearly 100 nm in size at 0.223 extract/lipid w/w.
The ethanolic extract-loaded ultradeformable liposomes (nanoberries) from Millenia variety retained an 85%
of the antioxidant capacity of the free extract and showed low cytotoxicity on HaCaT cells (less than 20%) at
active concentration against free radicals.

INTRODUCTION

Polyphenols include a great diversity of compounds, with more than one hydroxyl group
on an aromatic ring among which flavonoids and several classes of nonflavonoids are usu-
ally distinguished (1). Polyphenols are highly reactive and also act as substrates for en-
zymes such as polyphenoloxidases, peroxidases, glycosidases and esterases. They can be
found in fruits (2) and plant foods (3) to which they provide organoleptic properties such
as color and flavor.

In particular, the added value related to blueberry (Vaccinium myrtillus) ingestion results
from its high content of flavonoids, mainly positive-charged derivatives from anthocyani-
dines named anthocyanins (4). Anthocyanins are highly soluble in polar solvents such as
water, and possess antioxidant (5-7), anti-inflammatory (8), antitumor (9), and cardio-
protective (10,11) properties. Blueberries are rich in anthocyanins, with a mean total
content in organic extracts of up to 6 g anthocyanins/kg of fresh fruit (12).
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In view of the potential carcinogenicity of synthetic antioxidants (13,14), the search for new
sources of natural antioxidants has gained growing interest. Blueberries are usually con-
sumed as fresh fruit or fruit juice and polyphenols undergo absorption and metabolization
along the gastrointestinal tract, the liver, and the skin, to be finally eliminated via urine and
bile (15). Compounds such as dietary flavonoids, with relative molecular mass over 500
which can form hydrogen bond interactions are generally unable to cross biological mem-
branes by passive diffusion (16); thus, having practically no chance to be passively absorbed
at the gastrointestinal level. This was confirmed by bioavailability studies showing levels
lower to 1% of the administered dose (17). In addition, cell plasma membranes generally
block the flavonoid diffusion into peripheral tissues. Anthocyanins—the main flavonoid
compounds in blueberries—are rapidly absorbed in the stomach but also rapidly elimi-
nated, showing poor efficiency in general (17). To improve the availability of natural anti-
oxidants at their intended sites of action appears as a crucial issue.

Environmentally generated free radicals act on the skin at two levels: direct oxidation (damag-
ing cell membranes, nucleic acids, and proteins) and indirectly by activating transcription
factors for matrix metalloproteases including collagenases (18,19). An alternative strategy to
increase the antioxidant effect of anthocyanins on the skin could be based on their topical ap-
plication in suitable vehicles, as a key factor on the accurate reaction of these compounds with
the damaging reactive oxygen species relies on their appropriate location (4,20).

With that aim, we prepared and characterized V. myrtillus extracts in ultradeformable
liposomes (UL) (nanoberries) made of soy phosphatidylcholine and sodium cholate
(NaChol). The elastic modulus of UL is nearly 20-fold lower than that of conventional
liposomes (21). This enables UL to penetrate the stratum corneum (SC) presumably
driven by the transepithelial humidity gradient (22), to shuttle their inner aqueous con-
tent within the viable epidermis (23) (several tens of micrometers of depth) instead of
aggregate or coalesce on the skin surface as conventional liposomes do (24). Conventional
liposomes for topical applications are mainly used as depots for sustained release on the
skin surface. When they have been studied for the delivery of cosmetic actives into the
skin, no evidence of vesicle penetration was found (25) even when actives could be effec-
tively loaded into vesicles of different lamellarity and size (26). Nonocclusive application
of UL could be a powerful tool for controlled/targeted delivery of cosmetic and/or skin-
therapeutic actives (27) and it has been found that their depth of penetration beyond the
SC depends on their applied amount per surface area (28). Although conventional lipo-
somes fail to penetrate through the SC into the viable epidermis (29) where the antioxi-
dant compounds should be delivered, UL provide a higher penetration/accumulation of
hydrosoluble actives into the epidermis and potentially into the dermis, in absence of
conventional permeation enhancers such as low molecular weight alcohols (30), dimethyl
sulfoxide (31), or oleic acid in synergy with propylene glycol (32). Thus, although con-
ventional liposomes cannot penetrate below the first layers of the SC after application on
the skin (23), ultradeformable vesicles have been reportedly found in channel-like pene-
tration pathways across the SC (33). Several studies of UL as delivery systems for small
drugs have been reported in the last years (34-36). UL matrix composition only differs
from conventional liposomes in the presence of a minor fraction of a common surfactant
(e.g., NaChol, Tween 20) (29) added to the main phospholipid, whereas the process for
obtaining them practically does not differ from the conventional technique for obtaining
large unilamellar vesicles (23). UL have been reviewed between potentially important
delivery systems for both cosmetic and cosmeceuticals (37).
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MATERIALS AND METHODS
CHEMICALS

Soybean phosphatidylcholine (SPC) (phospholipon 90 G, purity >90%) was a gift from
Phospholipid/Natterman (Ké6ln, Germany). NaChol, Sephadex G-50, butylated hidroxy-
toluene (BHT), Folin—Ciocalteu reagent, gallic acid dimethyl-thiazolyltetrazolium bro-
mide (MTT), linoleic acid, b-carotene, and 1,1-diphenyl-2-picrylhydrazyl (DPPH) were
purchased from Sigma-Aldrich (St. Louis, MO). Tween 80 was purchased from Riedel-de
Haén (Seelze, Germany). Other reagents were analytic grade from Anedra (Tigre, Argentina).
Blueberries (Millenia, O’'Neal, and Blue Crisp varieties) were donated by The Berry Store
(San Pedro, Argentina).

EXTRACTION OF POLYPHENOLS

The varieties from V.myrtillus named Millenia, O'Neal, and Blue Crisp were harvested in
November (springtime in the Southern hemisphere) 2010 at “The Berry Store” planta-
tion in San Pedro, Argentina (latitude 33°45' S, longitude 59°45'W, elevation 36 m) and
maintained at —18°C. Before extraction, 25 g of each variety were defrozen at room tem-
perature and grounded with the help of scissors. Crushed fruit from each variety was
transferred to an Erlenmeyer and then, 150 ml of ethanol (96%) and HCl 0.1% were
added. Erlenmeyers were submitted to bath sonication for 75 min at 25°C, 40 kHz. The
resultant extracts were filtered under vacuum through Whatman No. 1 filters. Organic
solvent was eliminated under rotary evaporation at 30°C, 120 rpm, and the water was
eliminated by increasing vacuum and rotation rate to 250 rpm, up to constant weight.
Residues were weighted and redissolved in ethanol-to-water 5:1 v/v, to a final volume of
35 ml. The process rendered extracts of 715 mg of fresh fruit per milliliter. Three extracts
were obtained by this process (38,39). Hydrodistillation was discarded as an extraction
method after a 48-h distillation rendered no appreciable extract.

DETERMINATION OF TOTAL POLYPHENOLIC COMPOUNDS

Total polyphenolic compounds in each extract were measured by the method of the
Folin—Ciocalteu reactive (40,41) using gallic acid as a standard. Aliquots containing
0.25 mg of each extract were mixed with 11.5 ml water and 0.25 ml Folin—Ciocalteu
reactive under vigorous agitation. After 3 min, 0.75 ml of Na,CO3 (2%) was added. The
samples were incubated for 2 h, and the tubes were periodically shaken at 15-min inter-
vals. The same procedure was followed with gallic acid in the range from 0 to 0.25 mg to
obtain a calibration curve. Absorbance of samples was then measured at 760 nm.

DETERMINATION OF ANTHOCYANINS

The content of total and monomeric anthocyanins of each extract was determined by the
spectrophotometric pH differential method (42,43). Aliquots of each extract were added
to two solutions of KCI 0.025 M and sodium acetate 0.4 M, respectively. The first one
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was adjusted to pH 1.0, and the second one to pH 4.5 with HCl and their respective
absorbance was determined at 520 and 700 nm in a Shimadzu UV-Vis 160-A spectro-
photometer (Shimadzu Corp., Kyoto, Japan). For the calculations, cyanidin-3-glucoside
(MW 449.2; €= 26,900) was used as an absorbance standard (44). The anthocyanin con-
tent was determined as:

Anthocyanins (mg/l) = A X MW X Dilution Factor X 1,000/(€ X 1)

The absorbance (A) for the monomeric anthocyanins was then calculated as:

A= (4;,, — 4,,)pHL.0— (4;,, — A,,,)pH4.5

whereas for the total anthocyanins, it was calculated as:

A=(4,,, — A,,, )PH1.0

PREPARATION OF NANOBERRIES: BLUEBERRY-LOADED ULTRADEFORMABLE LIPOSOMES (UL-B)

Blueberry-loaded ultradeformable liposomes (UL-B) were prepared according to Cevc
(21). Briefly, UL composed of SPC and NaChol at 6:1 (w/w) ratio were prepared by mix-
ing lipids from CHCl; and CHCl; : CH;OH (1:1, v/v) solutions, respectively, that were
further flash-evaporated at 40°C in a round-bottom flask until all of the organic solvent
was eliminated. The thin lipid film was flushed with N>, and hydrated in a 7.65 mg of
extract/ml solution of the ethanol extract of Millenia variety in 10 mM Tris—HCI buffer
plus 0.9% (w/v) NaCl, pH 7.4 (Tris buffer) (extract dilution-to-Tris buffer 1:19), up to a
final concentration of 43 mg SPC/ml. The suspension was sonicated (45 min with a bath
type sonicator 80W, 40 kHz) and extruded 12 times through two stacked 0.2 and 0.1 pm
pore size polycarbonate filters using a 100 ml Thermobarrel extruder (Northern Lipids,
Burnaby, Canada). After extrusion, the nonincorporated extract of Millenia variety was
eliminated by gel filtration chromatography in a Shepadex G-50 column using the mini-
column centrifugation method (45). Ultradeformability was tested allowing the UL-B
suspension to pass through a 50 nm pore membrane under low pressure (less than 0.8
MPa) and comparing it with a conventional liposomal suspension (L) (46). Liposomal
phospholipids were quantified by a colorimetric phosphate micro assay (47). To quantify
the content of extract of Millenia variety in liposomes, a calibration curve was prepared
by recording the absorbance of aliquots at 583.5 nm of extract of Millenia variety in
ethanol in the presence of phosphate, by diluting a phosphate salt to the same concentra-
tion (50 mmol/ml) as in the phospholipid mix. Mean particle size and zeta potential of
the UL-B were determined by dynamic light scattering with a Nanozetasizer (Malvern
Instruments, Malvern, Worcestershire, UK). The antioxidant capacity retained in the
UL-B was evaluated by the free radical scavenging as stated earlier.

SPECTROSCOPIC ANALYSIS

The UV-Vis spectra of the ethanolic extracts alone, in UL-B or in presence of phosphate
salts at the same phosphate concentration than that of the liposomal suspension, were
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recorded in a Shimadzu UV—Vis 160-A spectrophotometer. On the basis of this, a calibra-
tion curve at 524 nm of extract of Millenia variety in ethanol was prepared.

DIFFERENTIAL SCANNING CALORIMETRY

The effect of the ethanolic extracts on the lipid matrix of the UL-B was determined by
differential scanning calorimetry (DSC) on a MDSC Q-200 TA Instruments (New Castle,
DE). For the determination of the (gel to liquid—crystalline) transition phase (T},,) and the
related change in enthalpy (AH,)), samples were placed in T-zero capsules, first in iso-
thermal equilibrium at —40°C for 5 min, then heating to 20°C at a rate of 10°C/min.

ANTIOXIDANT ACTIVITY DETERMINATION METHODS

Free vadical scavenging activityThe ability of the extracts to donate electrons or a hydro-
gen atom to the stable free radical DPPH was determined as a measure of their radical
scavenging antioxidant activity (48). In brief, aliquots between 0.057 and 0.113 mg of
extract per milliliter were added by triplicating to a 0.0031% (w/v) DPPH solution in
methanol. After a 30-min incubation at room temperature in the dark, the remnant
DPPH was determined by reading the absorbance at 515 nm against a blank of metha-
nol. The remnant DPPH is inversely proportional to the free radical scavenging activ-
ity of the antioxidant (49). BHT and DPPH solution were used as a positive control
and inhibition blank, respectively. The inhibition percentage of DPPH (I%) was calcu-
lated (50) as:

A, —A4
[% — \ blank sample %100

blank

1Cs¢ values, corresponding to concentrations inhibiting a 50% of the free radical were
obtained by a linear regression. The activity was recorded 30 days later to evaluate the
retention of the antioxidant capacity after storage at —18°C.

B-carotene—linoleic acid assayThe total antioxidant capacity of the extracts was deter-
mined according to the following method adapted from (39,51,52). An emulsion was
formed from a mixture of 0.5 ml B -carotene in chloroform at 1 mg/ml; 0.02 ml lin-
oleic acid and 0.2 ml Tween 80. Chloroform was eliminated under rotary evaporation
and then 50 ml of oxygen-saturated milliQ water was added under vigorous agitation.
The emulsion was aliquoted in eppendorf tubes and samples from each extract (0.85 mg
of extract per milliliter) were added. BHT was used as a positive control and absolute
ethanol as a negative control. The absorbance of B -carotene at 460 nm determined
against a blank (the same emulsion lacking [ -carotene) was recorded as a function of
time in the presence of the extracts and compared with that of the negative control.
42 h later (t), when the absorbance of the negative control was reduced to 10% of the
absorbance at time zero, the percentage of antioxidant activity (% AA) was determined
as follows:
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1—(A4,— A,)
AP —A°

0 —

%AA =100

. . 0 0
where Ay and A, are the absorbances at time zero and at time 7, and Ay and A, the ab-
sorbances of the negative control at time zero and time 7, respectively.

CELLS

A cell line derived from human keratinocytes (HaCaT) was supplied by Dr. E. Salvatierra
of Fundacién Instituto Leloir (Buenos Aires, Argentina). Cells were cultured in MEM
(Gibco, Life Technologies, Carlsbad, CA) supplemented with 10% fetal calf serum (FCS),
1% antibiotic/antimycotic (PAA Laboratories GmbH, Pasching, Austria) (penicillin
10,000 U/ml, streptomycin sulphate 10 mg/ml, amphotericin B 25 pg/ml) and 2 mM
glutamine, at 37°C in 5% CO, and 95% humidity.

CYTOTOXICITY IN HaCaT CELLS

Cell viability was measured by the MTT assay. HaCaT cells were seeded at a density of
3 x 10" cells per well onto 96-well flac-bottom plates and grown for 24 h at 37°C.
Then, the medium was replaced by 100 nl of fresh MEM with 5% FCS containing dilu-
tions of the ethanolic extracts of each variety (3, 30, and 300 mg of fresh fruit per mil-
liliter), UL-B suspension (2 and 14 mg of fresh fruit per milliliter), empty UL (at the
same concentration in lipids than in UL-B) and untreated control. Cells were incubated
at 37°C for 24 h. After incubation, 110 pl of 0.45 mg/ml MTT were added to cells at-
tached to plates. After 3 h of incubation, MTT solution was removed, the insoluble
formazan crystals dissolved with 100 pl of dimethylsulfoxide , and absorbance was
measured at 570 nm using a microplate reader (Dynex Technologies, MRX tc, Chantilly,
VA). Viability of cells was expressed as a percentage of the viability of cells grown in
the medium.

RESULTS AND DISCUSSION
PHENOLICS AND ANTHOCYANIN CONTENT

The amount of polyphenolic compounds in each variety of blueberries was expressed as mil-
ligrams of equivalents of gallic acid in 100 g of extract. A calibration curve was obtained:

y= 0.004x—0.0064 (R> =0.9999)

Extracts of Millenia and O’'Neal showed nearly twice the amount of phenolic compounds
than that of the Blue Crisp extract (Fig. 1). Similarly, the anthocyanins content of Mil-
lenia and O’Neal extract were more than twice the amount in Blue Crisp, as presented in
Fig. 2. More than 90% of the anthocyanins in all extracts were found in their monomeric
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Figure 1. Content of total polyphenolic compounds in ethanolic extracts of Millenia (ME), O’Neal (OE), and
Blue Crisp (BE) per 100 g of extract.

form. The monomeric fraction is responsible for the antioxidant activity of the anthocya-
nins, whereas the deductible amount of polymerized anthocyanins serves as a parameter
for the degradation of their activity (42). Previous studies have shown higher yield and
stability of anthocyanins when they are extracted in acidic media (53,54).

The amounts of anthocyanins were between 350 and 1000 mg/100 g of extract, into the
expected range for the species (approximately 175-3500 mg/100 g extract) (55) and they
were also proportional to the antioxidant capacity in the extracts. Previous studies have
shown the correlation between the content of phenolic compounds and antioxidant ac-
tivities (56).

Similar yields of phenolic compounds (and antioxidant capacity) were found in a pool of
methanolic extracts obtained parallely (data not shown, as the method was discarded due
to potential toxicity of methanol traces).

PHYSICOCHEMICAL CHARACTERIZATION OF UL-B

NaChol was chosen as an edge activator to provide ultradeformability to the lipid matrix,
toward the need for the delivery of the actives to deep layers into the skin as it has been
remarked at the introduction of this work. The resultant UL-B were 100.6 £ 0.1 nm of
diameter, with unimodal distribution (polydispersion index of 0.042) and a zeta potential
of =10.57 mV. Their concentration in phospholipids was 46.85 wmol/ml, and their ex-
tract content was 7.93 mg of extract per milliliter (the calibration curve for the extract
showed linearity in the concentration range between 0 and 6 mg/ml with a linear correla-
tion coefficient over 0.999). The efficiency of encapsulation was 52.5% and UL-B were

g

3§ 8 4

MYanthocyanin/100gextract

b
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Figure 2. Total (light gray) and monomeric (dark gray) anthocyanin content (expressed as milligrams of
anthocyanin in 100 g of extract) in ethanolic extracts of Millenia (ME), O’Neal (OE), and Blue Crisp (BE).
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Figure 3. Spectra of the ethanolic extract of Millenia (dark plot) and bathochromic shift (gray plot) observed
after loading the extract into UL-B. Similar shifts were observed when free extracts were mixed with phos-
phate salts.

3.5-fold more deformable than L when forced to pass through a 50-nm pored membrane
under low pressure.

The color of the UL-B was gray, whereas the blueberry extracts were violet. The spectra
showed that the chromophore seen at 520 nm in the free extracts showed a bathochromic
shift when incorporated to liposomes (Fig. 3). This effect has been previously reported
when anthocyanins interact with other biological molecules (57). As it is shown in the work
of Atrooz (58), this could be due to the association of anthocyanins with the phosphate
groups of the lipids in the inner layer of the membrane. Evidence toward this direction
was that the same chromatic shift was seen when samples of the free extracts were mixed
with phosphate salts as described earlier to determine the extract content in liposomes.

DIFFERENTIAL SCANNING CALORIMETRY

Calorimetric measures were used to determine the interaction between molecules present
in the extract and the membrane of UL-B. Thermotropic profiles of empty UL and UL-B
are shown in Fig. 4. A shift of +0.25°C in the endothermic peak from the gel to liquid—
crystalline transition (1) was seen in UL-B with respect to UL. In addition, a change in
the phase transition enthalpy (from =59 to —25.6 J/imol of phospholipids) was observed.

Heat Flow (mV)
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]
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[
o
R
o
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Figure 4. DSC analysis of UL (filled circles) and UL-B (empty circles), showing the shift and the lowering
on the peak from the gel to liquid—crystalline phase transition.
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Figure 5. ICs( of radical scavenging for ethanolic extracts of Millenia (ME), O’Neal (OE), and Blue Crisp
(BE), expressed as milligrams of extract per milliliter.

These results could show that although the polar compounds in the extract are mainly
dissolved in the inner aqueous space of the liposomes, some molecules interact with phos-
phate groups of the phospholipids (57) in lamellar phase that are oriented to the interior
of these unilamellar liposomes (58), as suggested earlier. This interaction did not affect
the bilayer deformability.

ANTIOXIDANT CAPACITY

The radical scavenging of each extract, measured as ICs is shown in Fig. 5. It was found
that Blue Crisp ICsg >> O’Neal ICs( > Millenia ICs; Millenia extract being the one with
the highest antioxidant activity. The total antioxidant activity for all extracts in concen-
trations of 0.75 mg of extract per milliliter was higher than 90% (data not shown).

One month later, the Millenia and O’Neal extracts retained the 100% of their radical
scavenging activity whereas the % AA for the Blue Crisp extract was a 25% lower (Fig. 6).

It was because of its high antioxidant capacity and high content in polyphenols and antho-
cyanins that the Millenia extract was selected for being loaded in UL. The antioxidant activ-
ity of radical scavenging of the UL-B was 85% of that of the same amount of free extract.

CYTOTOXICITY IN HaCaT CELLS

The extracts were not cytotoxic on HaCaT cells in concentrations close to their ICs. Ten-
fold higher concentrations were not cytotoxic either after a 24-h incubation. Only at
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Figure 6. Retention of the antioxidant activity (AA) of the ethanolic extracts of Millenia (ME), O’Neal (OE),
and Blue Crisp (BE) after 1-month storage at —18°C. Values have been obtained by measuring the AA on the
31st day on aliquots with the ICs( concentration of day 1.
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Figure 7. Cytotoxicity in HaCaT cell line after exposure to ethanolic extracts of Millenia (light gray),
O’Neal (medium gray), and Blue Crisp (dark gray) in concentrations of 0.4, 4.25, and 42.5 mg of extract per
milliliter; UL-B suspension in two concentrations expressed in terms of the loaded ethanolic extract of Mil-
lenia; empty UL (at 2 mM of phospholipids, intermediate between the concentration tested for UL-B); and
the untreated control.

concentrations 100-fold higher than the ICsg, the cell viability was lowered under the
50% when incubated with Millenia or O’Neal extracts, as shown in Fig. 7.

Cell viability was around 80% when incubated with UL-B. Similar values were obtained
with empty ultradeformable matrices in the same range of lipid concentration. Free ex-
tracts in the same concentration than into UL-B did not affect cell viability. These results
showed that the low cytotoxic effect of UL-B could be related to the lipid matrix more
than to the loaded extracts. In total, the high cell viability at working concentrations of
both extracts and liposomes on a corneocytic-originated cell line is a good advice with
regard to the biocompatibility of this system intended for topical application.

CONCLUSIONS

Nanoberries were obtained by loading ethanolic extract of blueberry into UL. UV-Vis
spectroscopy showed an interaction between the anthocyanins and the phosphate groups
of lipids in the internal layer of the liposomes, and this was later confirmed by DSC. This
interaction could lead to the high retention of the antioxidant activity determined in UL-
B. The antioxidant activity depended on the variety of blueberries. The cell viability after
incubation with UL-B was over 80%. This nanosystem for topical delivery could be an
important tool for providing high levels of antioxidant activity from a natural product
beyond the barrier of the SC.
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