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the vesicles were determined. Also, the delivery of keratinocytes and penetrability through skin were
studied. The results show that the broccoli vesicles had high stability, in relation to their proteins, and
high entrapment efficiency. Also, the interaction between the vesicles and keratinocytes was proven
Encapsulation by the delivery of an encapsulated fluorescent product into cells and by the detection of plant proteins
Keratinocytes in the keratinocyte plasma membrane, showing the interactions between the membranes of two species
Nanocarrier of distinct biological kingdoms. Therefore, these results, together with the capacity of brassica vesicles to
Skin cross the skin layers, detected by fluorescent penetration, enable us to propose a type of nanocarrier
obtained from natural plant membranes for use in transdermal delivery.
© 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords:
Broccoli

Introduction

Peer review under responsibility of Cairo University. ) _ In recent years there has been growing interest in the develop-
* Corresponding author at: CEBAS-CSIC, P.O. Box 164, 30100 Espinardo, Murcia, ment of nanocarriers due to their multiple biotechnological appli-

Spain. . - le. in skin th din th icind
E-mail address: mcarvaja@cebas.csic.es (M. Carvajal). cations; for example, 1n skin therapy and in the cosmetic industry.

https://doi.org/10.1016/j.jare.2020.02.004
2090-1232/© 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jare.2020.02.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jare.2020.02.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mcarvaja@cebas.csic.es
https://doi.org/10.1016/j.jare.2020.02.004
http://www.sciencedirect.com/science/journal/20901232
http://www.elsevier.com/locate/jare

102 L. Yepes-Molina et al./Journal of Advanced Research 23 (2020) 101-111

The power of nanocarriers in these areas stems from their potential
use as controlled and targeted delivery systems for bioactive
compounds or drugs [1]. There are many types of nanocarriers:
lipid-based nanocarriers, metallic nanoparticles, simple emulsions,
vesicular nanosystems and polymeric nanoparticles [2]. One of
the main challenges in therapies and cosmetology is to find
biocompatible and biodegradable systems that can be
functionalised.

In skin therapies and cosmetics, another important requirement
of nanocarriers is that they be skin-permeable. Skin permeability is
very important because human skin is a gateway to the body and
the target organ of skin therapies. However, the skin layers are
not accessible to all molecules. Skin acts as an efficient barrier to
molecules exogenous to the body and only allows the entrance of
small molecules [3]. This aspect is the main limitation to the use
of nanoparticles in cosmetic products and according to the 500
Dalton (Da) rule, for skin penetration by water-soluble chemical
compounds and drugs, the skin penetration is limited to a maxi-
mum molecular weight of 500 Da [4].

The skin is an organ formed by three layers: epidermis, dermis
and hypodermis. The most superficial layer is the stratum corneum
(SC), which is part of the epidermis and is formed by 10 to 25 layers
of stacked corneocytes, disposed parallel to the skin surface [5].
The SC layers are united by assembled SC lipid bilayers [3]. The
SC is the layer that must be overcome, since its main function is
to act as an impermeable barrier. Therefore, increased permeation
through the SCis essential for percutaneous absorption of cosmetic
or therapeutic agents [3]. Below the SC, the viable epidermis con-
tains predominantly (80-90%) keratinocyte cells and is a region
where drug binding can occur. The following layer, the dermis, is
rich in collagen and the hypodermis, the deepest layer of the skin,
is formed of loose connective tissue and fat. However, there is a
membrane at the base of the epidermis and also there is recent evi-
dence for the existence of tight junctions in the viable epidermis,
both of which may offer resistance to the transport of molecules
across the epidermis [6].

Therefore, increased permeation through the SC is essential for
percutaneous absorption of cosmetic or therapeutic agents.
Nanocarriers have been developed that increase absorption [7],
achieving close contact and strong interaction with the most
superficial skin layer. Therefore, the main challenge in nanocarrier
development is the release of the encapsulated compound without
causing damage to the skin that alters its barrier functionality, as
occurs with different surfactants and organic solvents [8].

Other important characteristics of skin therapies and cosmetics
are their stabilities. The shelf-life required for a cosmetic product is
normally two years; therefore, it is essential to study the average
life of all the components that are added to the cosmetic products,
including nanocarriers. The stability of carriers is complex since it
includes not only the stability of each chemical compound but also
the physical and biological stability. Therefore, the evaluation of all
these parameters will determine potential nano-applications.
Nanocarriers are used in cosmetic products to improve penetration
of the bioactive compound through the skin, with different pur-
poses: to increase skin hydration, to improve the uniformity of
coloured preparations, to prolong fragrance release in perfumes
or as natural filters in UV-protection products [9].

Considering all the lipid nanocarriers investigated up until now,
together with the development of techniques that allow the
manipulation of some of their structural molecules, there are none
that possess all the desired characteristics of entrapment, stability,
penetrability and release in relation to specific tissue/cell type tar-
geting [10]. In fact, proteoliposomes act as systems of long-term
stability [10]. This is due to the lipid-protein environment that is
similar to native membranes and allows specific lipid-protein
interactions, important for stability [11].

Recently, it was shown that membrane vesicles derived from
several natural sources, including plants, are characterised by their
biodegradability and biocompatibility, which are due to the simi-
larity of their composition with that of mammalian exosomes
[12,13]. This should allow their use as nanocarriers in cosmetics
or in therapeutic applications. These vesicles derived from cell
membranes are called extracellular vesicles (EVs) [14] and are
characterised as one of the main mechanisms of intercellular com-
munication [15].

Vesicles derived from plants have not been deeply assayed for
their potential application in skin therapies or cosmetics, but some
results have already shown cross-reactions between animal and
plant membranes. Thus, Ju et al. [12] showed that grape (Vitis vini-
fera L.)-derived exosome-like nanoparticles and mammalian exo-
somes shared certain proteins (including HSP70 and aquaporins),
and lipids enriched in phosphatidic acids and phos-
phatidylethanolamines. They also had similar nanosize and vesicle
structure. The common aspects of these two types of exosome
allow grape exosome-like nanoparticles to penetrate within the
gut, promote the proliferation of stem cells and help to regenerate
intestinal epithelial tissue. Also, mimicry has been found when
comparing the cellular processes of plant and animal cells; for
example, the release of vesicles as multivesicular bodies (MVBs)
into the intercellular space in barley by exocytosis has been related
to pathogen defence [16].

This study is focused on the use of plasma membrane vesicles
derived from roots of Brassica oleracea L. var. Italica (broccoli) in
biotechnological skin applications. These vesicles are thermody-
namically stable [17], have a long shelf-life [18] and are enriched
in aquaporins, which have a very important role in the in vitro sta-
bilisation of these vesicles [11,19]. In addition, an industrial appli-
cation of these vesicles would take advantage of surplus broccoli
crop biomass since, of the total biomass of this crop, only 25% is
marketable in the food industry.

In the present study, we have researched the effect of vesicles
extracted from plants, specifically from B. oleracea, on skin pene-
tration and delivery. We investigated the entrapment and integrity
of the plant plasma membrane vesicles, their fusion with ker-
atinocyte cells and their penetration into porcine skin layers. Dif-
ferent strategies were carried out in order to determine the
different properties. For the entrapment, two different dyes were
entrapped and measured by spectrophotometry. The fusion of vesi-
cles with keratinocytes was determined by delivering fluorescein
diacetate (FDA) from vesicles to cells and was assessed by the
increase in the water uptake capacity of keratinocytes and by
determination of plasma membrane plant proteins in ker-
atinocytes. Vesicle penetrability through the porcine skin layers
was determined by confocal microscopy analysis of the sodium flu-
orescein (FNA) uptake. Also, the stability of the plant vesicles was
determined in a formula cream intended only for experimental
use.

Material and methods
Plant culture

Seeds of broccoli were pre-hydrated with de-ionised water and
aerated continuously for 24 h. After this, the seeds were germi-
nated in vermiculite in the dark at 28 °C for 2 days. They were then
transferred to a controlled environment chamber with a 16 h light
and 8 h dark cycle, with temperatures of 25 and 20 °C, and relative
humidity of 60 and 80%, respectively. Photosynthetically active
radiation (PAR) of 400 umol m 2 s~! was provided by a combina-
tion of fluorescent tubes (Philips TLD 36 W/83, Jena, Germany
and SylvaniaF36 W/GRO, Manchester, NH, USA) and metal halide



L. Yepes-Molina et al./Journal of Advanced Research 23 (2020) 101-111 103

lamps (OsramHQI, T 400 W, Berlin, Germany). After 5 days, the
seedlings were placed in Hoagland nutrient solution with
continuously-aerated. After 2 weeks of growth, and after an osmo-
tic shock (12 dS m~!) for 1 week (applied to stimulate the aquapor-
ins synthesis), the roots were harvested for vesicles isolation.

Plant vesicles

The roots were cut into small pieces before vacuum-filtering
with a buffer containing 0.5 M sucrose, 1 mM DTT, 50 mM HEPES
and 1.37 mM ascorbic acid, at pH 7.5, and supplemented with 0.6%
PVP. Each sample was homogenised using a blender and then fil-
tered through a nylon mesh (pore diameter of 100 um). The filtrate
was centrifuged at 10,000 x g for 30 min, at 4 °C. The supernatant
was recovered and centrifuged for 35 min at 100,000 x g, at 4 °C.
Then, the resulting pellet was re-suspended in 5 mM potassium
phosphate buffer and 0.33 M sucrose, pH 7.8. Plasma membranes
were purified from microsomes by partitioning in a two-phase sys-
tem mixture with a final composition of PEG-3350/Dextran-T500
6.3% (w/w), in the presence of 5 mM KCI, 0.33 M sucrose and
5 mM potassium phosphate buffer (pH 7.8). The system was cen-
trifuged for 5 min at 4000 x g. The upper phase was placed in
another tube, washed with a solution containing 5 mM phosphate
buffer and 0.33 M sucrose, pH 7.8, and centrifuged at 100,000 x g
for 35 min. The pellet was re-suspended in 5 mM potassium phos-
phate buffer and 0.25 M sucrose, pH 6.5. This method of plasma
membrane purification provides fractions enriched in plasma
membrane with a purity of ~95% [20]. Glycerol was added to the
plasma membrane vesicle suspension to give a protein concentra-
tion of 1%.

Size of vesicles

The average size of the vesicles and the polydispersity index
(PDI) were measured using light-scattering technology, through
intensity measurements with a Malvern ZetaSizer Nano XL (Mal-
vern Instruments Ltd., Orsay, France). This equipment has the abil-
ity to measure particles with a size range from 1 nm to 3 pum.

Transmission electron microscopy

The vesicles were pelleted at 100,000 x g and fixed chemically
with glutaraldehyde (2.5% in 100 mM phosphate buffer, 2 h at
4 °C), osmium tetroxide (1% buffered, 2 h at 4 °C) and tannic acid
(1% in deionised water, 30 min at 22 °C). The pellets were then
thoroughly rinsed with water, covered with 2% low-melting-
point agarose, dehydrated with ethanol and epoxypropane at
22 °C and then embedded in Epon. The blocks were sectioned on
a Leica EM UCG6 ultramicrotome, collected on Formvar-coated cop-
per grids and stained with uranyl acetate followed by lead citrate.
Sections were examined using a JEOL 1011 transmission electron
microscope with a GATAN ORIUS SC200 digital camera. For each
sample, 5-10 ultrathin sections were examined.

Vesicles functionality and viability

The functionality and viability of the vesicles were checked by
measuring the osmotic water permeability (Pf) by stopped-flow
light scattering. The kinetics of the volume adjustment of the
membrane vesicles were followed by 90° light scattering at
rex = 515 nm. The measurements were carried out at 20 °C in a
PiStar-180 spectrometer (Applied Photophysics, Leatherhead,
UK). The samples were diluted 100-fold in a buffer containing
30 mM KCl and 20 mM Tris-Mes, pH 8.3 (90 mOsmol kg~! H,0).
The vesicles were then mixed with an equal volume of the same

buffer used for vesicle equilibration but with a sucrose concentra-
tion of 540 mM (630 mOsmol kg~! H,0). This resulted in a 270
mOsmol kg~! H,O inward osmotic gradient. The hypo-osmotic
shock associated with membrane dilution induced transient open-
ing of the vesicles and equilibration of their interiors with the
extravesicular solution. The Pf was computed from the light-
scattering time course, according to the following equation: Pf=Kexp
Vo/Ay Vi Cour; Where Keyp, is the fitted exponential rate constant, Vg
is the initial mean vesicle volume, A, is the mean vesicle surface
area, V,, is the molar volume of water and C,, is the external
osmolarity.

Determination of vesicle entrapment efficiency

Two dyes (fuchsin and bromophenol blue) were used for vesi-
cles entrapment efficiency (EE) studies. For dye encapsulation,
10 pl of basic fuchsin (1%, w/v) and 10 ul of bromophenol blue
(1%, w/v), respectively, were added to 10 ml of vesicles (0.2% pro-
tein, w/v). Both mixtures were shaken vigorously and washed in
phosphate buffer (0.33 M sucrose, 5 mM potassium phosphate
pH 7.8), followed by centrifugation at 100,000 x g for 30 min to
remove the dye that was not encapsulated. Absorbance spectra
were measured for each dye before and after encapsulation and
the maximum absorbance (520 nm, basic fuchsin; 560 nm, bro-
mophenol blue) was taken into account for the quantification of
each dye, using standards. To determine the release of dye, samples
from the initial encapsulated suspension were centrifuged at
100,000 x g for 30 min and the quantification of each dye was per-
formed by spectrophotometry. This process was repeated 1 month,
2 months and 1 year after dye loading. To determine the EE, the fol-
lowing equation was used:

Where Total amount is the total amount of dye used in the
preparation and Amount entrapped is the dye encapsulated.

Primary normal human epidermal keratinocytes (NHEK) culture

Primary Normal Human Epidermal Keratinocytes (NHEK) from
pooled donors, isolated from adult normal human tissues from dif-
ferent locations (face, breast, abdomen and thighs), were pur-
chased from PromoCell (Heidelberg, Germany). Shortly after
isolation, all PromoCell NHEK were cryopreserved at passage 2
(P2) using PromoCell’s proprietary, serum-free freezing medium,
Cryo-SFM. After thawing of the cells by immersion in a water bath
(37 °C), the cells were transferred to a cell culture vessel containing
PromoCell Keratinocyte Growth Medium 2 (KGM2) (bovine pitu-
itary extract 0.004 ml ml~!, epidermal growth factor recombinant
human 0.125 ng ml~!, insulin recombinant human 5 pg ml,
hydrocortisone 0.33 pg ml~!, epinephrine 0.39 pg ml~!, trasferrin
holo human 10 pg ml~!, CaCl, 0.06 mM) pre-warmed to 37 °C for
30 min. The cells were incubated in a humidified incubator at
37 °C with 5% CO,. The medium was replaced after 10-24 h. The
subcultures were carried out when cells reached 70-90% conflu-
ency. For subculture, the cells were washed with Hepes-BSS solu-
tion (HEPES-buffered balanced salt solution) (30 mM HEPES, D-
glucose, NaCl, KCl, Na-phosphate and phenol red) and detached
with a trypsin/EDTA (0.04%/0.03%) solution. After the cells were
detached, the trypsin was neutralised with TNS (trypsin neutralisa-
tion solution) (0.05% trypsin inhibitor from soybean and 0.1% BSA).
The cell suspension was centrifuged for 3 min at 220 x g. The
resulting pellet was resuspended in KGM2, and the cells were
placed in new cell culture vessels containing KGM2 pre-warmed
to 37 °C. The vessels were placed in a humidified incubator at
37 °C with 5% CO, until the cells reached 90% confluency.
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Keratinocyte swelling assay

One microlitre of vesicles was added to the cell culture media
containing keratinocytes at the confluency stage, to give a final
concentration of 0.2 pg pl~'. After 30 min the same amount of
water as was present in the culture media (1 ml) was added to
the cell culture to reduce the osmotic potential of the medium.
Changes in the cell surface area were followed using a digital cam-
era coupled to an optical microscope (Nikon Eclipse TE2000-U,
Nikon Instruments Europe B.V. Amsterdam, The Netherlands), to
obtain one image every 5 s. Calculations of the cell surface area,
to determine the swelling of the cells, were carried out using Ima-
ge] (Wayne Rasband, National Institutes of Health, USA). Measure-
ments of the osmolarity of the medium were carried out using an
osmometer (Digital Osmometer, Roebling, Berlin, Germany), which
provided values of 337 mOsmol kg~' before water dilution. The
assay was also carried out adding only water to reduce the osmo-
larity of the NHEK medium, as a reference to study the vesicle
effect on NHEK.

NHEK membrane extraction and membrane protein identification

Membrane protein identification was carried out after vesicle
addition to NHEK in order to determine the presence of plant
plasma membrane proteins in NHEK membranes. Vesicles were
added to the cell culture medium to give a final concentration of
0.2 pg pl~'. After 30 min of incubation, the NHEK layer was rinsed
twice with culture buffer. The cells were collected with a spatula
and the plasma membrane was extracted following the procedure
of the ReadyPrep™ protein extraction kit (membrane I), (Bio-Rad,
cat. #163-2088, USA). Samples of plasma membranes were
digested following the standard procedure for protein identifica-
tion by LC-MS/MS [20], formed by an Agilent 1290 Infinity II col-
umn (Agilent Technologies, CA, USA) connected to a mass
spectrometer (Agilent Q-TOF 6550) equipped with an Agilent Jet
Stream Dual electrospray (Agilent Technologies, CA, USA). The
MS/MS search was performed against the NCBInr and SwissProt
databases.

Study of fluorescein diacetate delivery from vesicles

Fluorescein diacetate (48 mM) (Sigma Aldrich, Spain) was
encapsulated in vesicles (0.2% protein, w/v). For the encapsulation,
FDA was added to vesicles, shaken vigorously and washed in phos-
phate buffer (0.33 M sucrose, 5 mM potassium phosphate (pH 7.8))
by centrifugation at 100,000 x g for 35 min. Cells (5000 per cm?)
were exposed to vesicles with FDA encapsulated for 45 min. The
cell culture medium was then removed and the cells were washed
with PBS. A fluorescence microscope (Nikon Eclipse TE2000-U,
Nikon Instruments Europe B.V. Amsterdam, Netherlands) equipped
with a digital camera was used to measure FDA fluorescence in the
NHEK culture. Excitation of the sample was carried out with
480 nm blue light, and green fluorescence was obtained at 515 nm.

In vitro skin penetration by vesicles

Skin tissue was obtained from the unboiled backs of Landrace
Large White pigs (weighing 30-40 kg) from the Department of Car-
diology of Hospital Clinic (Universitat de Barcelona, Spain). The
skin was dermatomed to a thickness of about 500 + 50 um (Der-
matome GAG630, Aesculap, Tuttlingen, Germany). Then, full skin
containing dermis, epidermis and SC was used to perform the
experiments.

Skin discs with an inner diameter of 2.5 cm were prepared and
fitted into Franz-type diffusion cells. The receptor fluid used to
keep the skin moisturised was a phosphate buffered saline (Sigma

P3744). The formulations applied were a) 200 ul of FNA (fluores-
cein, sodium salt) (50 pg ml~!) (Sigma Aldrich, Spain), b) 200 pl
of vesicles (0.02% protein, w/v) with FNA (50 ug ml~!), encapsu-
lated. For the encapsulation, FNA was added to vesicles, shaken
vigorously and washed with phosphate buffer (0.33 M sucrose,
5 mM potassium phosphate (pH 7.8)) by centrifugation at
100,000 x g for 35 min. The cells were placed in a 37 °C water bath
to ensure that the skin surface was maintained at 32 + 1 °C, to
mimic physiological skin temperature. Each formulation was pre-
pared 6 times. The exposure time was 24 h. After the exposure
time, the skin surface was washed once with 0.5% lauryl-ether-
sulphate and once with 500 pl of ultrapure H,0, two times.

Whole-skin samples were extracted from the Franz cells and
examined with an inverted confocal laser scanning microscope
(CLSM) (LEICA TCS-SP2, Leica Microsystems, Wetzlar, Germany)
equipped with an ultraviolet/visible light laser. FNA was excited
at 460 nm and detected at 515 nm. Whole-skin images were taken
to have a 3D reconstruction from the surface to the dermis.

Vesicle stability in a formulation

Vesicle suspensions (0.2% protein, w/v) were mixed with a for-
mula cream (PROVITAL GROUP, Barcelona, Spain -for experimental
use only) at 5% (w/w). The cream was prepared so that an aqueous
solution could be included without affecting the consistency and
feel of the cosmetic preparation. The cream formulation was water,
4% hydroxypropyl starch phosphate, 1.2% xanthan gum, 0.4% glyc-
eryl caprylate, 0.35% glyceryl undecylenate, 0.2% sodium benzoate,
0.2% potassium benzoate and 0.13% citric acid, pH 5.0. The concen-
tration of protein in the mixture was assayed by the Bradford
method after washing with phosphate buffer (5 mM potassium
phosphate, 0.33 M sucrose, pH 7.8) by centrifugation at
100,000 x g for 30 min, to ensure precipitation of integral vesicles.
To check the viability of the vesicles, Pf was measured by stopped-
flow light scattering in the same way as for the characterisation of
the vesicles. These measurements were also carried out 24 h,
1 month and 1 year later.

Data analysis

The statistical analyses were carried out using R version 3.4.3.
The student’s t-test at P < 0.05 was chosen to determine significant
differences, between the total amount and the amount entrapped
(Fig. 2a) and between time 0 and 1 year (Fig. 6b). Tukey’s HSD test
at P < 0.05 was used to determine significant differences between
groups (different times: time 0, 24 h, 1 month and 1 year) in Fig. 6c.

Results
Vesicles characterisation

The vesicles were characterised previously with regard to their
chemical composition, stability and integrity [19]. In this work, the
size and PDI were measured. The results show that the vesicles had
a mean diameter of 361.28 nm and a mean PDI of 0.29 (Table S1).

The morphology of the vesicles was determined by transmis-
sion electron microscopy. The images obtained (Fig. 1) show that
the vesicles had a consistent spherical morphology.

Encapsulation of dyes

Basic fuchsin and bromophenol blue were encapsulated in broc-
coli vesicles. The EE of the vesicular systems was 56.12% for basic
fuchsin and 42.58% for bromophenol blue (Fig. 2a). To determine
the integrity of the vesicles and the competence of the vesicles
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Fig. 2. (a) Entrapment efficiency of basic fuchsin and bromophenol blue in the vesicles and (b) time course (months) of the amount of entrapped dye. Data are means + SE
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for compound loading, the amount of dye entrapped was measured
1 month, 2 months and 1 year after encapsulation (Fig. 2b). The
vesicles were stabilised with a polyalcohol protector (glycerol)
during the storage period, as it decreases the surface tension of
water [21]. For analysis, the vesicles were washed and precipitated
to remove the excess dye that had been released, and the absor-
bance (1) was measured for each dye. We found that the percent-
age encapsulation of basic fuchsin was 100% after 1 month,
decreased to 92% after 2 months and was about 80% after 1 year.
The bromophenol blue was also maintained at 100% after 1 month,
but decreased to 80% after 2 months and remained stable at that
value after 1 year.

Fusion of vesicles and keratinocytes

Cell swelling

The swelling of the cells after the addition of the vesicles was
determined in order to check if the incorporation of the vesicles
into the cells enhanced the water uptake capacity of the ker-
atinocytes. Fig. 3 shows the percentage of cell swelling, based on

the cellular area, induced by reducing the osmolarity of the NHEK
culture media. When the NHEK culture was exposed to 1 pl of vesi-
cles for 30 min and 1 ml of water was added, we found an incre-
ment in the cell surface area of about 120% after 60 s. This
surface area was maintained until 900 s. Two different phases were
observed during the 60 s after the addition of 1 ml of water. The
velocity of increase in the surface area was higher during the first
10 s and lower from 20 to 60 s. Regarding the control, for which
only water was added to the medium (firstly 1 pl and, after
30 min, 1 ml more), the percentage of cell swelling reached after
60 s was 12.41% and this remained stable during the rest of the
900 s of measurement.

Plasma membrane proteins identified in the NHEK culture after
incubation with broccoli vesicles

Table 1 shows the plasma membrane proteins identified in the
NHEK culture after incubation with broccoli vesicles for 30 min.
The peptides derived after trypsin digestion of plasma membrane
proteins were analysed by LC-MS/MS. Two aquaporins from Bras-
sica were found after NCBI and SwissProt database searches, specif-
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Fig. 3. Cell swelling (%) over time when adding 1 ml of water after the NHEK were
exposed for 30 min to 1 ul of vesicles and 1 pl of water. Data are means + SE (n = 25,
n = individual cell measurement).

ically PIP2-4 (plasma membrane intrinsic proteins) and NIP4-2
(NOD26-like intrinsic proteins). These belong to two subfamilies
of aquaporins that have been found in the plasma membrane of
Brassica oleracea and Arabidopsis thaliana [20]. In addition, other
plasma membrane proteins were found, specifically two phos-
phatidylinositol phosphate kinases [22].

Fusion of fluorescein diacetate (FDA)-loaded vesicles with primary
normal human keratinocytes (NHEK)

Another assay based on a fluorescent dye was carried out to
determine the interaction between the vesicles and the NHEK.
FDA is a cell-permeant esterase substrate that has been used clas-
sically to measure cell viability since, for fluorescence emission to
occur, cytoplasmic esterases and cell-membrane integrity are
required [23]. The fluorescence (fluorescein) only appears upon
hydrolysis by the esterases. In our experiment, the FDA was encap-
sulated in the broccoli vesicles and added to NHEK. After 30 min,
the cell culture was observed under the fluorescence microscope
to determine the delivery of FDA from the vesicles into the human
cell lines (Fig. 4). Fluorescence appeared in the cells following
application of FDA, with encapsulation in vesicles (Fig. 4a). FDA
applied without vesicles showed high fluorescence in cells
(Fig. 4b). Vesicles without FDA were also applied and used as a neg-
ative control (Fig. 4c). Culture cells as seen using light microscopy
are also shown (Fig. 4d).

In vitro skin penetration

The two liquid formulations (FNA diluted in water and FNA
encapsulated in broccoli vesicles) were applied to the surface of
skin that was mounted in Franz cells. Fig. 5 shows 3D reconstruc-
tions of the images obtained through CLSM of the distribution and
the penetrability of FNA in whole skin after incubation of the two

Table 1

formulations for 24 h. When FNA in water was applied to the skin
surface (Fig. 5a) and incubated, no FNA fluorescence was detected
in the deeper layers of the skin. Fluorescence of FNA only appeared
in the most superficial layers. Nevertheless, vesicles with encapsu-
lated FNA were distributed and penetrated through different lay-
ers, and green fluorescence of FNA was observed to a greater
depth (Fig. 5b). In our model we estimated a correlation between
in vivo and in vitro penetration since the determination of FNA in
the deeper skin layers in vitro can be extrapolated to higher values
in vivo [24]. Therefore, the in vitro experiments provide informa-
tion concerning the relative permeability.

Stability of the vesicles in a cosmetic

The stability and viability of broccoli vesicles in a cosmetic were
evaluated by the osmotic permeability (Pf) of the vesicles and by
the amount of protein recovered from the cosmetic. Fig. 6a shows
the shrinking kinetics of broccoli vesicles in hyperosmotic condi-
tions at the beginning and end of the experiment. The shrinking
kinetics at the two times were similar, with a time-dependent
increase in light scattering intensity that was complete in 0.5-1 s
for two samples. With the osmotic shrinking kinetics and the
volume-to-surface ratio (data not shown), Pf values were calcu-
lated. Fig. 6b shows that the Pf values of broccoli vesicles at the
beginning and end of the experiment were not significantly differ-
ent. Fig. 6¢ shows the lifetime of proteins originally from vesicles
that were imbibed in the cosmetic over 1 year. The amount of pro-
tein decreased with time, but after 1 year 26.6% decrease from the
initial protein content was found in the cosmetic. The amount of
protein decreased quickly during the first month, but after this
time it remained stable until the last measurement. The transmis-
sion electron microscopy image of broccoli vesicles obtained from
the cosmetic (Fig. 6d) shows an average size that was similar to
that of the initial vesicles.

Discussion

Due to their biocompatibility and biodegradability, materials
from plants have been used to prepare nanoparticles with different
uses in therapy and cosmetics. Thus, various types of hydrophobic
plant compounds have been prepared for encapsulation of bioac-
tive molecules [25]. Also, exosomes from plants such as grapes
have been identified as transporters for human tissues [12]. How-
ever, the suitability of a nanoparticle for drug delivery requires
studies of the drug entrapment, stability, suitability as a carrier
and the delivery and penetrability that have not been elucidated
yet. Therefore, in this work we studied the potential use of broccoli
root plasma membrane vesicles as a nanocarrier for transdermal
applications.

Our system is based on vesicles derived from the plasma mem-
brane extracted from broccoli roots. The preparation of the vesicles
consists of the purification of plasma membrane using the two-
phase aqueous polymer technique [18,26], which allows a repro-
ducible preparation of vesicles in terms of yield and size
[11,17,19,20]. In our work, the morphology and physico-chemical

Identification of Brassica proteins in plasma membrane isolated from NHEK cells. Proteins identification in NHEK plasma membrane after a database search focused on
Brassica plants, where AAs is the number of amino acids, coverage the percentage of the protein sequence covered by identified peptides and peptides the number of distinct

peptide sequences in the protein group.

NCBI accession  AAs MW (Da)  Description Coverage  Species Peptides
XP_009131906 285 30118.1 Probable aquaporin PIP2-4 (predicted) 8 Brassica rapa 1
XP_009104033 776 88843.5 Phosphatidylinositol 4-phosphate 5-kinase 4 (predicted) 3 Brassica rapa 1
XP_009148428 759 85962.4 Phosphatidylinositol 4-phosphate 5-kinase 7 isoform X2 (predicted) 2 Brassica rapa 1
XP_013589246 278 29677.3 Probable aquaporin NIP4-2 (predicted) 8 Brassica oleracea var. oleracea 1
CDX76709 1270 141404.8 BnaC08g32950D 1 Brassica napus 1




L. Yepes-Molina et al./Journal of Advanced Research 23 (2020) 101-111 107

Fig. 4. Delivery of FDA in NHEK. Fluorescence microscopy from NHEK culture after incubation with FDA encapsulated in vesicles from broccoli (a), with free FDA (positive
control) (b) and with vesicles without FDA (negative control) (c). Phase contrast microscopy of NHEK culture (d). Scale bar = 100 pm.

Fig. 5. Penetrability of FNA in whole porcine skin. 3D reconstruction of images obtained through CLSM of whole porcine skin after time incubation with 50 ug ml~! FNA in
water (a) and with 50 ug ml~' FNA encapsulated in broccoli vesicles (b). Abbreviations: SC, stratum corneum; E, epidermis; D, dermis. Scale bar = 200 um.

properties of the vesicles, determined previously [17], make our
system suitable for the production of broccoli plant vesicles and
their use as nanocarriers [27]. In fact, they are lipoprotein vesicles
with a spherical morphology, a diameter of around 400 nm and a
PDI of 0.3. It has been reported that the mechanisms involved in
transdermal drug delivery depend on the formulation of nanocar-
riers; in particular, that lipid vesicles with a diameter of 600 nm
or above are not able to deliver the encapsulated material into dee-
per layers of the skin [27]. Therefore, the chemical composition and
the diameter of our vesicles will allow their penetration through
skin layers.

The EE of the nanocarrier will depend on the integrity and
chemical composition [27]. In previous work, it was reported that

plasma membrane vesicles from leaf and root tissues of broccoli
plants may be considered as carriers whose stabilisation could be
related to aquaporins [11]. However, the EE was not determined.
The results obtained in this new work demonstrate that the EE
remained at 100% for a short time (1 or 2 months). Also, up to
80% of the test compounds remained in the vesicles after 1 year.
Although there is limited information on changes in EE with time,
recent results with extract from Sambucus ebulus plant loaded into
liposomes, transfersomes, and ethosomes showed 75-85% EE for
three months at 4 °C [28]. In our experiments, fuchsin is a hydro-
philic dye that has been used classically to stain charged molecules
and structures such as nucleic acids and the cell wall [29]. There-
fore, no interaction with plasma membrane functional groups
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Fig. 6. Stability of vesicles in the cosmetic. Time course of increased scattered light intensity in broccoli vesicles that were washed from the cosmetic (time 0, black; after
1 year, red) and introduced in a stopped-flow apparatus; for both types of membrane preparation, a typical experiment with the average trace of five individual shots and the
fitted monoexponential function are shown (a). Osmotic water permeability (Pf, um s~ ') of broccoli vesicles at time 0 and 1 year in the cosmetic, after a wash; ns indicates no
difference (P > 0.05, student’s-t test for paired-samples) between samples (b). Amount of protein (mg) recovered from cosmetic after a wash at time 0, 24 h, 1 month and
1 year. Different letters represent significant differences according to one-way ANOVA and a posterior Tukey-HSD test (P < 0.05) (¢). Transmission electron microscopy image
of broccoli vesicles obtained from the cosmetic (after 1 year). Scale bar = 200 nm (d). Data in b and c are means + SE (n = 5). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

has been described. Bromophenol blue was reported to act as a
protein-binding dye only at acid pH when organic solvents were
added [30]. These dyes (basic fuchsin 323.82 g mol~' and bro-
mophenol, 669.96 g mol ') that were used to test EE in our vesicles
have in addition a molecular weight similar to some bioactive com-
pounds, such as curcumin (368.38 gmol™') or glucoraphanin
(437.49 g mol~ '), which are of biotechnological interest for encap-
sulation [11]. In other results, high or low EE has been attributed to
vesicle liposomal size, where larger liposomes (larger than
400 nm) had lower griseofulvin bioavailability than smaller ones
[31]. However, a further size reduction of griseofulvin-loaded lipo-
somes (<400 nm) did not promote higher uptake or bioavailability
of griseofulvin. Thus, the particle size of our vesicles, with a z-
average size of 361 nm, resulted suitable for dye encapsulation.
Also, the particle size of lipidic vesicles has a significant influence
on drug penetrability into the skin and vesicles ranging from 10
to 600 nm have been applied in transdermal routes of drug deliv-
ery [27].

Also, the solubility of the dyes may condition a slow incorpora-
tion into the vesicles and therefore low EE [25]. It has been shown
that the EE of lipophilic ibuprofen and ketoprofen in purified egg
yolk lecithin liposomes was increased when cargo molecules were
octanol/water phase partitioned [32]. Furthermore, beside the fact
that our experiments showed an acceptable EE, the results indicate
the capacity of the vesicles for long-term encapsulation (1 year).

Our vesicles and other vesicles from natural sources (exosomes
from mammalian cells, plant-derived edible nanoparticles) have
advantages compared with synthetic nanoparticles that could
compensate for a lower EE: on the one hand, each component of
synthetic nanoparticles has to be tested in order to determine its
toxicity in vivo, and on the other hand, the production scale of
these vesicles is limited [33]. Our vesicles were obtained as a by-
product of broccoli crops, providing a profit advantage in their
acquisition. Furthermore, the characterised vesicles were enriched
in aquaporins [11], providing a high structural stability [17] and an
elevated number of binding domains with certain compounds,
such as glucosinolates [11].

An efficient method of delivery into living cells is still a major
challenge for nanocarriers. In our experiments, we investigated
the fusion ability of the nanocarriers, broccoli vesicles, with ker-
atinocyte human cell lines and followed the swelling rate of the
keratinocytes after vesicle incorporation. In addition, the fluores-
cence signal of FDA after its incorporation in the vesicles and later
fusion of the vesicle-FDA system with keratinocytes was assayed
for fusion and delivery studies. The cell swelling when the ker-
atinocyte culture was incubated with the broccoli vesicles was
much greater than when the vesicles were not present in the cul-
ture. These results may be an indication that the cell swelling is a
consequence of the high fusion percentage between the broccoli
vesicles and the cells. Our vesicles are rich in aquaporins, which
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are transmembrane proteins that constitute water channels [19],
and these proteins favour the transport of water into the cells
due to osmotic changes induced when water is added to the ker-
atinocytes. These results indicate that the broccoli vesicles are, in
some way, inducing permeability of the plasma membrane of the
keratinocytes.

In the same way, fluorescent keratinocytes imply the delivery of
FDA into cells, since this compound only emits fluorescence when
an intracellular esterase releases the fluorescein ester [34]. On the
contrary, FDA would not come into contact with intracellular
esterases and fluorescence would not be visible. In other reports,
fusion between liposomes and the plasma membrane of live cells
using lipopeptide-modified liposomes has been demonstrated
[35]. Therefore, we can assume that the fusion between our broc-
coli vesicles and keratinocytes occurred. It has been reported that
the hetero-fusion could be favoured by the identity among several
proteins and the lipid enrichment of plant and animal exosomes
[12]. In this work, the authors showed that nanoparticles similar
to exosomes derived from grape and exosomes derived from mam-
malian cells share the HSP70 protein and some aquaporins. Also,
the lipid composition regarding phosphatidic acid and phos-
phatidylethanolamine were similar. In a similar way, Mu et al.
[36] suggested an interspecies communication mediated by
exosome-like nanoparticles derived from plants (grape; grapefruit,
Citrus x paradise, M.; ginger, Zingiber officinale, R.; and carrot, Dau-
cus carota subsp. sativus), which induced the expression of crucial
genes for maintaining intestinal macrophage cell homeostasis. This
is also supported by the step of exosome formation in mammalian
cells that consists of the fusion between the multivesicular bodies
(MVBs) and the plasma membrane of cells and so allows the deliv-
ery of their microRNA content [37,38]. The fact that broccoli vesi-
cles, which could behave like MVBs, were able to enter
keratinocytes, which subsequently emitted fluorescence, suggests
delivery of the encapsulated material. However, the fusion of vesi-
cles with the keratinocyte membrane and/or endocytoses could
have occurred.

In addition, the presence of aquaporins from Brassica in the ker-
atinocyte culture provides further evidence for the interaction
between membranes, and it explains the greater cell swelling
observed when vesicles were added to the NHEK culture, due to
the new aquaporin incorporation. The aquaporins (PIP2-4 and
NIP4-2) identified have only 28% homology with AQP3, according
to a protein blast analysis performed with AQP3 versus either
PIP2-4 or NIP4-2 (data not shown). AQP3 is the main aquaporin
localised in human skin [39], so the absence of homology with
the plant aquaporins identified in this work allows us to establish
that there were Brassica aquaporins in the plasma membrane of
keratinocytes even after repeated washes and complete replace-
ment of the keratinocyte medium. The fact that other plasma
membrane proteins were found during identification indicates
the specificity of the extraction method as well as the accuracy
of the mass spectroscopy analysis. The most critical point could
be the understanding of the internalisation of the plant vesicles
into keratinocytes. From one side, the fact that plant aquaporins
were found in the isolated total plasma membrane could be just
because the plant vesicles were incorporated into keratinocytes
via an endosomal pathway. From the other side, the keratinocytes
showed higher water transport (swelling experiments) through
their plasma membrane when broccoli vesicles were incorporated.
But this point can also be explained by an increase in aquaporin
expression of the keratinocytes, as has been reported for mice, in
which after application of exosomes from several plant species,
an induction of the expression of genes for an anti-inflammation
cytokine was observed [36].

In skin therapies and cosmetics the encapsulated bioactive
compounds must cross the SC to be effective, and that it is a limit-

ing step. By identifying FNA in the internal skin layers, our results
indicate that broccoli vesicles crossed the SC. When FNA was
encapsulated in the broccoli vesicles we could detect green fluores-
cence in the inner layers of the skin even though FNA has low per-
meability through the superficial layer of the skin [40]. Therefore,
our vesicles were able to reach the inner skin layers. Also, in our
experiments, the fact that fluorescence was found in the endoder-
mis demonstrates that the tight junctions in the epidermis [6] are
not a barrier for our vesicles. Similarly, Lademann et al. [41] inves-
tigated the follicular penetration depth of a topically applied dye
(FNA) in particle and non-particle form nanoparticles (average
diameter 320 nm, PDI 0.06). Therefore, our vesicles were effective
nanocarriers that crossed the most superficial layer of skin and
released the encapsulated compound into the skin cells. However,
the fact that the average diameter of the broccoli vesicles was
361.28 nm and their average PDI was 0.29 indicates that a propor-
tion of the vesicles (those ranging from 10 to 210 nm in diameter
would penetrate through the transfolicular route [27]. The pene-
trability results obtained may be applicable to a living human skin,
because porcine skin is very similar to its human counterpart, both
structurally and chemically [42]. Besides, porcine and human skin
have a comparable SC thickness of 21-26 pm and it has been estab-
lished that porcine skin is a suitable substitute for human skin,
especially in studies of percutaneous penetration and diffusion of
materials and drugs.

Finally, an important consideration for using a compound in
cosmetics or therapies is the product’s shelf-life. A study of the sta-
bility and functionality of broccoli vesicles in a formulation was
carried out for 1 year. The cosmetic formula was water-based, with
no oil present for skin hydration, and used sodium benzoate, potas-
sium benzoate and citric acid as preservatives. The fact that the
cosmetic contained glycerine, as the vesicles were diluted in glyc-
erol, would have helped the maintenance of the surface tension of
the vesicles in keratinocytes and in skin epidermis. In accordance
with the provisions of Martinez-Ballesta et al. [19], Pf measurement
is related to vesicle and aquaporin functionality and membrane
integrity. Our results show that no significant changes in the Pf
value of broccoli vesicles added to the formulation occurred over
the course of 1 year. However, the amount of protein did decline
during that time. Furthermore, the relationship of aquaporins with
the lipid bilayer is complex but each mutually confers stability on
the other in this natural system [11]. This fact could explain the
similar Pf values obtained with time. However, the decrease in
the amount of recovered protein in the cosmetic from 24 h to
1 month should be investigated in order to determine the optimal
composition of the cosmetic. Also, the fact that the recovered vesi-
cles had their original shape but showed greater variability in size
(Fig. 6d) could be a consequence of the recovery process.

Conclusions

In summary, we have shown that vesicles derived from broccoli
roots could serve as nanocarriers for drugs, by demonstrating their
stability and their relatively high entrapment efficiency, delivery
and penetrability in skin tissue. The results show interactions
between plant and human cell membranes that could lead to many
lines of investigation and numerous potential applications. In fact,
nanotechnology with vesicles obtained from plants could consti-
tute a very promising area due to their low toxicity and their sim-
ilarities to membranes from animal cells.
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