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Boost of cosmetic active
ingredient penetration triggered
and controlled by the delivery of
kHz plasma jet on human skin
explants
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de France, Paris, France

This work reports on the demonstration of the penetration of cosmetic active
ingredients (caffeine and hyaluronic acid) in human skin explants following safe
and controlled plasma jet exposure. First, temperature increase and
immunohistochemistry in the stratum corneum and epidermis were
characterized to check the safe delivery of plasma jets and to select two
operation regimes at 1 and 20 kHz. Plasma exposure for tens of seconds is
shown to induce transient modulations of skin pH, transepidermal water loss,
and skin wettability, revealing a reversible skin barrier function modulation. Then, it
is demonstrated that plasma exposure significantly accelerates the penetration of
active ingredients. The tuning of the plasma jet pulse repetition rate allows
controlling the penetration kinetics. Such ex vivo results agree with previous
in vitro experiments also exhibiting a transient permeabilization time window. A
preliminary demonstration of human skin wettability modulation with a low-
power, user-friendly dielectric barrier discharge setup is documented, opening
perspectives for plasma-based home cosmetic care device development. To the
best of our knowledge, this work is one of the first demonstrations of safe and
controlled plasma-assisted active ingredients’ skin penetration in the context of
cosmetic applications.

KEYWORDS

non-thermal plasma, cosmetics, skin barrier, skin penetration and permeability, skin
penetration kinetics, hyaluronic acid, caffeine, plasma jet

1 Introduction

The cosmetics industry is a key technological sector and a huge and fast-growing business
market [1] with constant innovation, new consumers, and recent trends to promote, among
others, natural ingredients, personalized cosmetics, safety, cosmetic active-ingredient efficiency,
and new vectorization alternatives of cosmetic ingredients. Such new vectorization may rely on
the new formulations and/or their coupling with new physical devices likely to promote their
efficient, controlled, and safe usage. Physical vectorization for cosmetics or drugs has been
considered with transdermal patches [2], microneedles [3-5], ultrasound applicators [6-8],
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iontophoresis [9], electroporation [10], magnetophoresis [11], and skin
treatment with lasers [12]. Even more recently, non-thermal physical
plasma technology, which already showed interesting results in
dermatology, is currently being studied for its potential in skin
treatment and care. Non-thermal plasmas produced by gas
discharge excitation and delivered in ambient air generate various
biologically active species [13-15] together with charged species,
ultraviolet light, a modest thermal load, and transient electric fields
[16-18]. In the perspective of skin therapies, such plasmas have already
demonstrated potent action in the acceleration of wound healing or skin
disease treatments, e.g., for psoriatic or vitiligous lesions [19-25]. Skin
cell stimulation with action on motility and proliferation was also
reported [25, 26]. Non-thermal plasmas can also modify the pH of skin
or any other target, and this effect was documented during clinical trials
on intact human skin [27, 28]. They also have potent disinfecting action
that is likely to have a positive role in the treatment of some skin diseases
[29-32]. Plasmas have been demonstrated to destabilize the skin barrier,
leading to water loss [33] or, conversely, trigger a strong increase in the
stratum corneum wettability [34]. A recent review on the very first
demonstration, perspectives, and challenges on the use of cold
atmospheric pressure plasma for drug delivery for therapeutic
clinical applications beyond the dermatological area was reported in
Refs. [35, 36]. A comprehensive review of the potentialities of non-
thermal plasmas for various skin treatments has also been recently
published [37].

Nevertheless, there are very few reports on the development of
non-thermal plasma for cosmetic application, including safety and
biologically assessed and controlled actions on skin tissues except
some perspective papers [38, 39]. The challenges are numerous, with
the mandatory need to develop a safe plasma delivery protocol to
control the reactive species generation by putting plasma in contact
with different skin types in various environments. If cosmetic
ingredient uptake enhancement is the objective, the control of
the penetration depth and kinetics following plasma application
should also be studied and controlled.

In this work, the development of a helium plasma jet to promote the
penetration of relevant molecules for cosmetics is studied. All the results
are obtained and analyzed from ex vivo human skin treatments, and both
the safety and performance of plasma delivery are assessed. In Section 2,
materials (plasma set up, skin samples, and cosmetic ingredients) and
methods, including physicochemical skin surface characterization
and biological skin tissue analysis, are described. Section 3 presents
the results for successively skin temperature, transepidermal water
loss, skin pH, and wettability modulation following plasma treatment
and the potentialities for cosmetic ingredient uptake enhancement.
The very preliminary and prospective development of a low-power
dielectric barrier discharge (DBD) applicator and its interaction
with human skin is finally introduced. The last section (Section 4)
addresses the main conclusions and briefly introduces the bridges with
an iontophoresis approach.

2 Materials and methods
2.1 Plasma setups and treatment conditions

Figure 1 illustrates the plasma device, the skin samples, and the
plasma-skin sample exposure setup. In this work, the non-thermal
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plasma device used for skin explant exposure is the so-called
“plasma gun”, developed at GREMI for years for biomedical
applications [40]. A borosilicate capillary with 4/6 mm for inner/
outer diameters, respectively, flushed with 0.5 slm of helium
(Alphagaz 1 Air Liquide, France), is equipped with an inner
hollow powered electrode and an outer ring grounded electrode.
The power supply generates a voltage pulse of 2 ps full width at half
maximum with a Gaussian shape and a peak amplitude of either 10
or 14kV delivered at a 1 or 20 kHz repetition frequency. Typical
delivered powers measured when a plasma jet impinges on an
agarose gel sample mimicking a human skin target with the
Lissajous plot method are 0.045 and 0.9 W for 1 and 20 kHz,
respectively [41]. The tip of the capillary is tapered with an inner
diameter at the outlet of 1.4 mm so that the helium gas flow velocity
is enhanced with the benefit of the cooling of the target.

Temperature measurements are performed with a 200-pm
diameter fiber optics-based Optocon” device having an accuracy
of 0.2°C. The tip of the probe fiber was exposed to the plasma jet at
various distances from the capillary nozzle and for various pulse
repetition rates. The probe was located near the plasma jet exposure
area on the skin surface. While intrusively exposed, the dielectric
nature and the small diameter of the probe were important features
to achieve a representative and reliable temperature measurement.

Two protocols for plasma exposure of the skin samples have
been selected from the initial studies documented in Section 3.1.
They will be mentioned as 1k100s and 20k50s in the following and,
respectively, correspond to a 1kHz repetition rate for 100s
treatment with a distance of 1cm from the sample to the
capillary outlet and 20 kHz, 50 s, 1.5 cm setting.

As documented in Section 3.4, preliminary and prospective
validations that results obtained with the plasma jet could be
translated with the use of an air dielectric barrier discharge
have been performed. The plasma ball model SP001 (Buki store,
France) was used. The outer glass bulb was removed with the
objective of using the inner part of the device. This inner part
is basically the assembly of a high-frequency antenna covered with
a spherical glass envelope. When approaching the glass envelope
a few mm from the hand or knee of the operator, a very faint
DBD discharge is ignited in the air gap. No fine control of the
operation of the DBD device was desired, the main goal being
to use a cheap, very low power, and user-friendly system likely
to help design a prototype for future cosmetic home care
applications. Only the author’s hands and knee short-time
exposures were performed. This work definitively does not claim
to be a clinical demonstration, the latter requiring a mandatory
volunteer recruitment protocol and a detailed risk assessment
analysis for the plasma delivery, which are far beyond the scope
of this preliminary study.

2.2 Skin sample conditioning and
preparation for analysis

A first set of explants were issued from plasties, residues from
esthetic abdominal surgery (Proviskin, Besangon, France). Plasties
from patients not older than 50 years, samples exhibiting no scars or
stretch marks, and with phototype I or II have been used in this
work. Skin samples were dermatomized to a thickness of 500 pm,

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1173349

Vijayarangan et al.

10.3389/fphy.2023.1173349

Gas inlet, gas flow control

D4

mm
s pul v‘d% 1.4
Generator] mm

Grounded Metallic Plate

—

High Voltage
Electrod|
Ground
Electrode
Dielectric
Capillary
1 \/_'

e

10 cm O Petri Dish

Skin explant
Sterile gauze soaked in
supplemented medium

FIGURE 1

(A) Plasma gun and plasma-skin explant treatment setups. (B) Image of a skin explant.
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FIGURE 2

Photograph and Franz-cell setup used to measure the caffeine diffusion across the skin explant sample (schematic adapted from Biogalenys, https://

www.biogalenys.com/).

including the stratum corneum, the epidermis, and the upper layer of
the dermis. Both frozen and fresh samples were used, depending on
their availability from the supplier. After receiving the skin samples
in the laboratory, three 15-second consecutive baths in phosphate
buffer saline (PBS, D8537, Sigma) and 70% ethanol were processed
to clean them from potential pathogens and for standardization
purposes. In this work, either 2 x 2 cm” square samples or circular
punches 6-8 mm in diameter have been prepared from these
cleaned large-surface samples. This allowed performing replicate
experiments from the same donor.

Skin explants were then dried and set over a sterile gauze soaked
with DMEM (Dulbecco’s modified Eagle medium—Sigma, D5796)
supplemented with 20% fetal calf serum (FCS, Sigma, F7524), 1%
(P/S) P0781), and 0.1%

penicillin/streptomycin (Sigma
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amphotericine B antifungal solution (Sigma A2942). Samples
were then incubated at 37°C in a humidified atmosphere
containing 5% CO, for at least 1h before being used for plasma
or control exposure. A daily change of the gauze and the medium
mixture was performed to ensure the preservation of the explants for
about 1 week. The gauze and explant were set in a 10-cm diameter
Petri dish placed on a grounded metallic plate, as shown in
Figure 1A.

The explants have then been plasma treated in various operating
conditions. Punches have been plasma treated in their centers and
then cut across the 500-pm thick direction into two half disks. The
500-pm thick surface of each of these two disks was then set over a
glass slide and frozen with optimal cutting temperature compound.
Transverse sections, with the top being the epidermis and the
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bottom, the dermis, were then sliced with a thickness of about
7-10 um with the help of a microtome-cryostat 350 S (Leica). The
slices were then kept at —80°C before immunohistochemical analysis.

For some skin penetration experiments, following the plasma
treatment, a 4.5-mm inner diameter, 6-mm high plastic cylinder was
set on top of the explant kept over the gauze in the petri dish. This
cylinder was tight enough to be filled with the liquid solution
containing the cosmetic ingredient and kept in the CO,
incubator from a few minutes to a few hours for studying the
penetration across the sample at different times after plasma
exposure.

A second set of full-thickness skin explants (Biopredic, Saint-
Grégoire, France), also collected from abdominal surgery, was used
for measuring hyaluronic acid penetration. These explants were
washed with the same protocol as described for the dermatomized
explants and incubated at 32°C in a humidified atmosphere
containing 5% CO,. Plasma treatment and/or topical application
of hyaluronic acid (HA)-containing solution were processed on 8-
mm diameter punches with the same cylinder described beforehand.
Samples were then incubated for 1 or 6 hours at 32°C. After the
plasma treatment and topical application of an HA-containing PBS
solution for a different period of time, the samples were cut into two
halves before being snap frozen. These samples were then analyzed
by an innovative MS-MALDI technique developed in collaboration
with Imabiotech (59120 Loos, France), as described in the next
paragraph.

2.3 Cosmetic molecules of interest and their
diffusion across a skin sample

Caffeine was used in this work, being of low molecular weight
and relatively simple to dose. Moreover, caffeine is currently used in
cosmetic formulations and has antioxidant properties and lipolytic
properties for body-slimming purposes. Hyaluronic acid is naturally
present in the skin and is involved in skin biomechanical properties,
skin regulations, and treatments. It is a commonly used polymer in
cosmetic products but also in esthetic treatments. Studying its
penetration into the skin is of great interest. These two molecules
of interest for cosmetic studies have been used. Caffeine (with a
molecular weight of 194 Da) and Hyaluronic acid from Renovhyal®,
Givaudan (with a molecular weight of 20 kDa) have been diluted in
Dulbecco’s Phosphate Buffered Saline solution (D8537, Sigma, pH
7.4) at an initial concentration of 1% (10 mg/mL). As detailed in the
previous paragraph, the cosmetic ingredients were topically applied
on the skin explants within the plastic cylinder both for the control
group and following plasma exposure for the plasma-treated
explants.

Caffeine penetration across the explant was assessed by the
conventional Franz cell method. Four on-design Franz-cell
assemblies (Verre Equipements, 69660 Collonges-au-Mont-d’Or)
were used as shown in Figure 2. They consist of two borosilicate glass
components. The upper part, called the donor chamber, contains the
liquid solution with 1% caffeine. The lower portion, called the
receptor chamber, consists of a double-walled borosilicate
container: the inner one is filled with the PBS solution, and the
outer one is flushed with a controlled-temperature water flow,
ensuring a constant temperature of 32°C. The upper surface of
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the receptor chamber and the lower surface of the donor chamber
are separated by the 2 x 2 cm® and 500-pm thick explant, which are
held in place by a clamp. The receptor chamber is equipped with two
septa. The first septum is used to collect the liquid solution (100 uL
volume) at different times (ranging from a few minutes to 24 h) after
topical application of the caffeine solution. The second septum is
used to compensate with PBS for the collected liquid volume. The
sampled solution is then analyzed with high-performance liquid
chromatography (HPLC, S160 Hitachi model equipped with
Chromolith (Merck 73 KGaA) 100 x 4.6 mm, 2 um porosity
column with water/methanol mobile phase.

MALDI-MSI (matrix-assisted laser desorption/ionization
mass spectroscopy imaging) is a mass spectrometry imaging
method leading to the space-resolved visualization of proteins,
peptides, lipids, and small molecules in a cross-section of skin
explants [42]. Tissue scanning by a laser beam is performed in
two dimensions, while the mass spectrum is recorded. MS-
MALDI-MSI was performed with the 7T MALDI-FTICR
(Solarix, Bruker Daltonics, Bréme, Allemagne) equipped with
the SmartBeam II laser. Quantinetix 1.7.1 (ImaBiotech, France)
software was used to plot the map distribution of HA. The mass-
to-charge ratio (m/z) of 1180.29 corresponds to HA after a
standardized enzymatic digestion [43]. Histological coloration
allowed localizing the epidermis and the dermis on skin sections
and by comparison, with the MALDI molecular image, to
calculate the relative HA amounts according to the depth of
the sample. Scanning along the cross-section of explants sample
allowed determining the position of the upper surface of the
stratum corneum, and image processing was performed to align
the sample in a 2D Cartesian frame of reference. This eventually
allowed for the extraction of the HA penetration profile across
the 2-mm thick skin sample.

2.4 SKkin analysis

Human skin surface is hydrophobic, but physical or chemical
treatment may modify its wettability. A droplet digitizer (Digidrop,
GBX) device was used to measure the water contact angle before and
after plasma exposure of skin explants. A 5-pL deionized water
droplet was automatically deposited on the skin sample at different
times after plasma exposure. The accuracy and measurement
reproducibility are both + 0.1°. A minimum delay of 8 min was
unfortunately imposed before the first water contact angle
measurement as explants were plasma treated in a different room
than that for wettability measurement.

Skin pH is also a critical parameter for revealing healthy skin.
Human skin’s pH is acidic, with a pH value of about 5.5. Any
modification of this pH may result or reflect a modulation of
cutaneous enzymatic activity, affect microbiote balance at the
skin surface, epidermal desquamation, and barrier function. The
pH was measured with the Skin-pH-Meter PH 905, CK Multi Probe
(Courage + Khazaka electronic GmbH) with 0.1 accuracy.

The stratum corneum, the upper layer of skin, plays a key role in
the preservation of the hydration of skin tissues. Water diffusion
from the deeper layer of the epidermis, containing about 70% water,
is a natural process controlled through the stratum corneum. This
so-called transepidermal water loss (TEWL) was measured with the
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these skin
immunofluorescence imaging was performed to assess the plasma

Beyond surface macroscopic characteristics,
treatment effect at the molecular level. Specific antibodies against
several epidermal proteins were used to measure their expression
and visualize their localization in control and plasma-exposed skin
samples. Filaggrin, zonula occludens-1 (ZO-1), and involucrin
expression reveal the integrity of the stratum corneum and
epidermis. Filaggrin and involucrin are mainly abundant in the
stratum corneum, while ZO-1, associated with the cellular junction

of keratinocytes, is mainly expressed in the viable epidermis.

2.5 Statistical analysis

Each experiment was performed in triplicate with two
independent repeats. All numerical data are expressed as mean +
standard deviation. Statistical analysis was performed using
GraphPad Prism version 6.07 (GraphPad software) or Microsoft
Excel. Differences in results were considered statistically significant
when p values were lower than 0.05 (*), 0.01 (**), or 0.001 (***). Any
p-value greater than 0.05 was considered statistically non-
significant.

3 Results

3.1 Determination of plasma treatment
protocols

The first focus of this work was to determine plasma exposure
protocols to prevent any severe damage before investigating the
potentialities of non-thermal plasma technology for cosmetic
ingredient uptake enhancement. The first threat to the skin
during plasma exposure is the thermal load.

Figure 3 presents the evolution of the temperature measured at
the surface of the explants from the ignition of the plasma jet for
different peak voltage amplitudes, gap distances from the capillary
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nozzle to the explant surface, and pulse repetition rates during a
3 min continuous exposure. The 1-kHz, 14-kV, and 1-cm setting
were selected from previous in vitro cell permeabilization studies
reported with the same plasma gun device [44]. For these operating
conditions, after a rapid but very small temperature increase from
room temperature (20°C) to about 23°C during the first 10 seconds
of plasma exposure, a steady-state regime is reached. The balance
between plasma thermal load, helium flow cooling action, and heat
diffusion from the sample to the soaked gauze results in an
equilibrium temperature of about 23°C. Since the heat dissipation
in the investigated experimental conditions with the explant is surely
different than the situation of plasma jet exposure on human skin, it
can be attested that on delivery of the plasma jet on the author’s hand
in a static position, neither pain nor heat were felt. As the pulse
repetition rate is increased to 20kHz, the gap distance has to
be controlled to avoid excessive temperature increase on skin
explants. For a gap distance of 1.5 cm, the continuous and static
delivery of the plasma jet results in an equilibrium temperature of
about 32°C. If the gap distance is lowered to 1.2 and 1cm, the
temperature will increase to 41°C and 60°C, respectively. These
latter conditions are not operable for skin exposure because they
are uncomfortable and could induce tissue damage. It must be
pointed out that the author’s hand exposure for the 20kHz
exposure without strict control of the gap distance does not lead
to such a dramatic report if the plasma nozzle is gently moved and
not kept in a static position. Nevertheless, in this work where explants
and not thermoregulated human skin surface were exposed, static
positioning was imposed so that the 20-kHz operation was performed
with a 1.5-cm gap.

As documented in Figures 3B, C, and in agreement with our
previous publication [41], the increase of the pulse repetition leads to
a self-induced plasma plume moving on any floating potential
target. While in Figure 3B, at 1 kHz, the plasma plume over the
explant is straight and very thin, with a visible impact spot diameter
of about 0.5 mm; in Figure 3C, at 20 kHz, the plasma plume is much
more diffuse, expanding over a 2-cm wide surface over the explant.
This shift in the plasma plume topology results from the charging of
the surface, its consecutive impact on the helium flow features, and
the subsequent ionization wave propagation in the helium-rich
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FIGURE 4

Protein fluorescence images for (A) ZO-1, (B) filaggrin, and (C) involucrin. The right-hand side histograms plot the fold increase of the fluorescence
signal for the two plasma exposure conditions versus the control group (NT) level.

region [41]. The temperature measurements led to selecting the
1 kHz, 14kV, 1 cm, and 20 kHz, 10 kV, 1.5 cm settings.

The next step was to assess the biological effect of such a plasma
jet operation on explant tissues. Figures 4A, B, present fluorescent
images and protein (ZO-1 and filaggrin) expression for control (no
plasma treatment): 1 kHz, 14 kV, 1 cm, 100-s long and 1 kHz, 14 kV,
1 cm, 200-s exposures. The fluorescent microscope images show the
cell nuclei in blue (DAPI labeling) and the red fluorescence of the
protein markers. As explained in Section 2, the half-disk slices set on
the glass slide prepared for this analysis show, on the top surface, the
stratum corneum, which is about 10-20 um thick, and about a 100-
pm thick layer of the epidermis.

As expected, the ZO-1 fluorescence is measured in the
epidermis, while the filaggrin fluorescence is confined to the
stratum corneum. Images and their quantitative analysis reveal
that the 100-s plasma exposure exhibits the same protein
expression as that of the control, while a significant decrease in
fluorescence is measured for the 200-s treatment. From this
analysis, 200-s plasma exposure induces damage in skin
explants, which may not be expected from temperature
measurement alone as shown in Figure 3 where for the 1 kHz
operation, the 23°C steady-state regime was measured. The
involucrin expression, documented in Figure 4C, detected in the
stratum corneum has the same level as the control and (1 kHz,
14kV, 1 cm, 100s) and (20 kHz, 10 kV, 1.5 cm, 50 s) exposures.
This indicates that both 1 kHz and 20 kHz plasma jet operations
can be safely used for skin explant exposure with controlling the
gap distance and the treatment time. In the remainder of the paper,
either control (only helium flow exposure) or 1k100s and 20k50s
protocols will be studied.

Frontiers in Physics

Although not shown, a number of histological analyses of
explant tissues were performed, showing no evidence for any
significant destruction or lesion of the epidermis and dermis
layer of the tissues for the tested plasma exposure conditions in
this work.

3.2 Plasma action on skin surface
characteristics

3.2.1 Transepidermal water loss

Figure 5 presents the evolution of the TEWL during 1 hour for
control and 1k100s and 20k50s protocols. In the control group, only
helium flow (0.5 slm and 10 mm gap to sample) was exposed for
100 s; the TEWL level was constant, ranging from 20 to 23 g/hm”.
The gas flow only delivered from the tapered capillary flushed at
0.5 slm with a gap of 1 cm from the nozzle outlet to the explant does
not lead to any modulation of the stratum corneum, revealing that
neither drying nor cooling phenomena play a significant role in the
explant physiology during and following the 100-s exposure.
Conversely, for the two plasma exposure protocols, a significant
drop in the TEWL level is measured during and by the end of the 50/
100-s plasma delivery. With the two protocols, the TEWL level then
increases during the next 8 min after the end of the plasma exposure
and gradually came back to the baseline level, measured at the
beginning of the experiment. While in the control group, the
fluctuation of the TEWL is less than 10%, the 1k100s exposure
leads to a close to 20% decrease, and the 20k50s-induced decrease is
about 15%. When the plasma was switched off, the 0.5 sim gas flow
was also stopped, as in the control group. From Figure 3, the
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temperatures at the ends of the 1k100s and 20k50s exposures are
about 23°C and 32°C, respectively. Such temperatures maintained
for a few tens of seconds are likely not the main reason for the TEWL
decrease, this decrease being even lower for the 20k50s condition.
Much more significant is the TEWL increase during the next
5-8 min following plasma exposure. Such a TEWL increase
reveals that the stratum corneum has been disturbed by plasma
exposure. This is nevertheless a transient effect, as TEWL recovers
its initial level approximately ten minutes later.

3.2.2 pH

Figure 6 present the evolution of skin pH during the 1 hour
following gas flow, 1k100s and 20k50s plasma exposures. The
control pH fluctuates between 5.5 and 6.5, as expected for
healthy human skin samples. Conversely, and as expected, the
plasma exposure ends with a significant pH drop to about 4, this
one being a little bit more important for the 20k50s protocol. This
almost universal pH decrease when any surface is exposed to a
plasma jet or a dielectric barrier discharge reveals the generation of
nitrites, nitrate, and their conjugated acids. Such acidification was
previously reported with the same amplitude for gelatin-mimicking
tissue [44]. Following plasma switch-off and for about 20 min, the
pH gradually and continuously recovers its value before explant
treatment.

3.2.3 Water contact angle

Figure 7 presents the evolution of the water contact angle from
8 to 50 min after gas flow or plasma exposure. For the control
samples, the wettability of the skin is almost constant, with a value
for the water contact angle around 50°. Conversely, following plasma
exposure, the water contact angle drops, and the skin sample turns
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hydrophilic with a 20° contact angle. Again, this is a transient effect,
and 20 min after plasma exposure, the hydrophobicity of the skin is
restored. As for pH, this is a very frequent action of non-thermal
plasma exposure to induce transient hydrophilicity, usually
associated with the grafting of polar radicals on the substrate [46].
In Figure 8, all three parameters (TEWL, pH, and water contact
angle) have been normalized and plotted together for the two plasma
protocols. The transient action of plasma exposure on the explants is
thus enlightened, and the existence of a 20-minute time window is
revealed, during which all the skin features experienced some
modulations and were later restored to their pre-exposure levels.

3.3 Plasma-enhanced cosmetic molecule
penetration

3.3.1 Caffeine uptake

Figure 9 presents the evolution of the caffeine concentration in
the receptor chamber of Franz cells for explants exposed to gas flow
(control) and the two 1k100s and 20k50s plasma protocols. The 1%
caffeine-PBS solution is applied within the donor chamber of Franz
cells right after the skin sample has been clamped in between the two
Franz-cell chambers. A fourth measurement of the caffeine solution
transport across the explants has been performed with first the
20k50s plasma exposure, then the clamping of the explants in the
Franz cell, and waiting for 45 min before the caffeine solution filling
of the donor chamber. For the control group (blue plot in Figure 9),
the caffeine transport across the skin explant is delayed for about 8 h.
This represents the non-plasma-assisted diffusion of caffeine
solution through a 500-pm thick skin sample in our experimental
conditions. It should be pointed out that active ingredient diffusion
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24-h evolution of the caffeine concentration measured in the receptor chamber of Franz cells for the blue plot: control, the yellow plot: 20k50s
protocol with the caffeine topically applied right after the plasma exposure, the gray plot: 1k100 s protocol with the caffeine topically applied right after
the plasma exposure, and the orange plot: 20k50 s protocol but caffeine topically applied with a 45-min delay after plasma exposure.

in skin samples is dependent on many parameters, such as the hair ~ diagnostic method. In Ref. [47], caffeine HPLC detection using a
follicle density, the anatomical site, pH, concentration, and nature of ~ Franz cell setup but equipped with a dermatomized pig skin sample
the vehicle solution, and finally, on the detection limit of the  between donor and receptor chambers was reported to be of 0.8 pg/
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MS-MALDI skin slice images (two images for each condition) for (A) (top) left: control (no plasma and topical HA application for 1 h, right up: 1k100s,
and right bottom: 20k50s plasma treatment and HA topical application for 1 h. (B) (bottom) left: control (no plasma and topical HA application for 6 h,
right up: 1k100s, and right bottom: 20k50s plasma treatment and HA topical application for 6 h.

mL after 1h and of 3.8 ug/mL after 8 h of the caffeine solution
topical application. In our work, the caffeine concentration after 8 h
was 3.5 ug/mL.

For plasma-treated samples, the caffeine transport is
dramatically faster, being detected about 30 min after the
topical application of the solution. It is worth noting that for
this very early delay and whatever the plasma protocol, the
caffeine concentration measured in the receptor chamber is
already as high as that measured for control samples, but 24 h
after topical application of the solution. This reveals the very
potent plasma action on the fastening of the caffeine transport
through human explants induced by a single and short duration
plasma exposure. Not only is this effect measured, there is also the
continuous increase in caffeine concentration in the receptor
chamber during 24 h After 24 h of the plasma treatment, 15%
and 30% of the pristine caffeine solution concentration is
measured in the receptor chamber. It is also worth pointing
out that while the two plasma protocols allow for very fast
penetration of caffeine solution during the first instant, the
penetration transport rate is plasma frequency dependent. The
variations of the voltage, plasma power, and treatment time would
also very likely induce different penetration and kinetics but were
not studied in this work. The 20k100s protocol induces a linear
evolution of the caffeine penetration over 24 h, while the 1k50s
exposure results in a first phase ranging from about 2 to 8 h where
the penetration kinetics are very high, and then a slowdown from
10 to 24 h.

The 20-minute time window corresponds to the time during
which the upper surface of the skin recovers its original (prior to
plasma treatment) state. The caffeine penetration measurement
revealed that the transient modulation of the skin barrier
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(stratum corneum) results in an increase in the caffeine
concentration in the upper layer of skin samples, but the passive
diffusion in the deeper layers of the 500-um thick explants lasts for
about 30 min. This is indeed the shortest delay for which, in our
experimental conditions, caffeine was detected in the Franz-cell
receptor compartment. A 45-min delay was thus selected to
demonstrate the transient effect of the plasma exposure so that
we could be confident that the action of plasma treatment will be
mostly associated with the 20-minute skin barrier modulation and
that all potential deeper layer effects that could be plasma-triggered
will vanish. In this latter protocol, the penetration of the caffeine

follows the same profile as that for control skin samples.

3.3.2 Hyaluronic acid uptake

Figure 10 presents the MS-MALDI images of explant slices
exposed to helium only and topical application of the HA solution
and of those exposed to the two plasma treatment protocols
before topical application of the HA solution. For every
condition, two MS-MALDI images were captured. In
Figure 10A, MS-MALDI images were obtained on a skin
section 1h after the HA-PBS application, while in Figure 10B,
contact with the solution was maintained for 6 h before snap
freezing for imaging. Following 1h topical application, the
control group exhibits an HA signal only in the upper layer of
the explant. The faint HA signal imaged in the deeper layers of the
epidermis and dermis probably originates from endogenous HA
naturally present in human skin. Completely different MS-
MALDI images are obtained for plasma-exposed explants. For
1k100s protocol, HA signal is detected all across the explants and
a more intense signal is measured in the upper layer. For the
20k50s exposure, again, HA signal is measured all across the
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explants but with a higher signal intensity and with some more in-
depth penetration. In Figure 10B, after 6 h of topical solution
application, the HA signal in the control explants is more intense
and is distributed all across the explants. This reveals the natural,
non-plasma-assisted penetration of HA in human explants which
require a few hours to penetrate the deeper layer of the epidermis
and dermis. Following 1k100s plasma treatments and 6h of
topical solution application, the HA signal is again more
intense than in Figure 10A for the same treatment, and the
HA signal is again clearly more intense in the upper layer of
the explants. For the 20k50s plasma treatment, the HA signal is
still measured but diffuse all across the explants and weaker. For
one of the explants in Figure 10B, following the 20k50s protocol
with the 6-h topical solution application, it seems the HA signal
starts vanishing, revealing that the HA solution has passed
through the explant and that the explant is no longer
permeable to the solution.

Figure 11 presents the transverse (from stratum corneum to
dermis) profile of HA signals extracted from the images documented
in Figure 10 for the three treatments (control and two plasma
protocols) after 1 and 6 hours of topical solution application. The
blue plot for control confirms the slow natural diffusion of the HA in
human explants. The red plots for the 1k100s plasma protocol
confirm that at 1 hour, the HA is mainly distributed in the upper
layer, with the peak level being centered around 300 pm. For 6 h of
incubation with the solution, the HA signal kept growing and
diffused much deeper at a higher level than for the 1h contact
all along the 2-mm thick explant. The green plots for the 20k50s
plasma protocol confirm that the penetration is faster than for the
1k100s plasma protocol. The HA signal is much higher and peaks
from about 600 to 1500 pm and not around 300 pm as for the 1k100s
protocol. For the 6 hours of incubation, the HA signal level has
dropped and is close to that of the control group. This confirms the
previously mentioned hypothesis that the HA has fully diffused
across the explants and that the explants are no longer highly
permeable to the HA molecule but tend to behave like the non-
plasma-treated skin samples. As for the caffeine, the HA penetration
rate and kinetics can not only be drastically enhanced but controlled
by changing the plasma delivery protocol, as shown here with the
variation of the frequency.
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3.4 Air-DBD plasma for cosmetic home care

All results reported beforehand were obtained with the plasma
gun device. This plasma jet was the same device used for in vitro cell
permeabilization studies [48], for which toxicity and drug uptake
kinetics were established and will be discussed in comparison with
the explant treatment in the next section. The positioning of the
plasma plume and the possibility to select the best protocol through
the tuning of peak voltage, pulse repetition rate, gas flowrate, and
gap distance were convenient and unique advantages. The two
plasma protocols selected for the cosmetic ingredient uptake
study correspond to low power (less than 0.9 W) helium plasma
jet operations, with moderate voltage amplitude. The 20k50s regime
is also almost inaudible to the human ear, and the short treatment
time leads to very low helium consumption. All these characteristics
are good indications for the development of a compact, safe, and
low-cost-of-operation plasma jet applicator likely to be used for
cosmetic application in beauty salons. Nevertheless, a preliminary
test where a cheaper non-thermal plasma applicator could be used
for the skin cosmetic treatment was considered in this work. This
test consists of the use of the plasma ball applicator described in
Section 2. Note that this later applicator costs a few euros, does not
need helium feeding, being operated in ambient air, and that the very
low power and short duration effectiveness that will be documented
in this section are concomitant with extremely low ozone
generation, whose level fall within country regulations. The
objective was not to compare the efficiency of the plasma jet and
the DBD applicators but to investigate the potentialities of the latter.
Figure 12A presents the plasma ball treatment performed on the
author’s skin (on either the hand or knee) for different durations.
The mean water contact angle (average of the left and right water
contact angles) was assessed with a self-developed MATLAB routine
applied to each photograph. For control drops set on author’s skin
without any plasma treatment, the water contact angle ranges from
84" to 89°. In Figure 12B, 30 s air-DBD treatment operating with a
gap distance of about 1 mm was applied. A 20-uL water drop was
then applied with various delays at the treatment spot, this one being
about one-half square-centimeter wide. It is observed that the water
contact angle substantially decreases (77%), as evidenced by the flat
shape of the drop for the shorter delays after plasma treatment. The
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(A) Schematic for dielectric barrier discharge treatment of the hand and knee. Photographs of a 20-uL water drop set on the author’s hand for (B)

top: no plasma treatment and 30-s DBD treatment with water drop set at different delays (right after, 1, 2 and 3 min), (C) second row: no treatment and 2-s
DBD treatment with drop set 1 min later. (D) Third row: no treatment and 1-s plasma treatment with drop set right after. (E) Bottom row: 5-s DBD
treatment water drop set right after and photographs taken with a 1- to 11-min delay. The angle indicated on each photograph is the average of the

left and right water contact angles.

DBD-induced skin hydrophilicity persists for about 2 min and
vanishes after 3 min. For this latter delay, the drop exhibits a
rounded shape as before plasma treatment (only a 7% decrease
in the water contact angle in comparison with the control).
Figure 12C illustrates that even a shorter, 2-s DBD application
will lead to the modulation (35% decrease in water contact angle) of
skin hydrophilicity, while Figure 12D indicates that a 1-second
plasma delivery is still effective but much less (15% decrease).
Figure 12E presents drop visualization with a different protocol,
likely closer to a real cosmetic application. In Figure 12E, the DBD
was delivered for 5 s, and then the water drop was applied right after
plasma treatment and not at different delays as before. It is observed
that the hydrophilic nature of the DBD-treated skin is preserved for
more than 10 min (the water contact angle decrease evolves from
49% right after the drop is set on skin to about 27% after 11 min)
with respect to the control.

Note that this is a preliminary demonstration that such a DBD
plasma applicator could be later developed for cosmetic
applications, based on the measurement of the transient
modulation of skin hydrophilicity. This action was one of the
many plasma jet actions on explants. Such modulation of skin
surface was correlated with pH and TEWL transient variation
when using the plasma gun. Skin hydrophilicity involves the very
superficial layer of the stratum corneum, while TEWL modulation
results from much deeper stratum corneum alterations. Much more
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work would be required to demonstrate the plasma ball’s efficiency
for transient transepidermal water loss modulation and subsequent
cosmetic molecule uptake enhancement. Nevertheless, one may
consider that plasma devices claimed to be used for cosmetic
purposes (cleaning, skin moisturizing improvement, wrinkle
reduction, skin disinfection, and increased absorption rate of
cosmetics) are dielectric barrier discharge setups [49, 50]. Nitric
oxide-safe penetration in skin explants was also reported with the
DBD device [28]. The CE-certified Plasmaderm® DBD plasma
device is currently routinely used in clinical studies for
dermatological applications and for cancer treatment approaches
[51]. The DBD-used in this work for skin wettability modulation
consists of a lower power setup.

4 Conclusion and discussion

In this work, a helium plasma jet was used to expose ex vivo
human explants for cosmetic applications.

It is reported that safe exposure can be achieved if helium flow,
peak voltage amplitude, pulse repetition rate, distance to the sample,
and treatment time are controlled. Simultaneously considering the
temperature increase and the immunohistochemical analysis, two
plasma delivery protocols are inferred: the first setting is the
combination of 1kHz frequency, 14kV applied voltage, 100 s
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treatment for a gap distance of 1 cm; the second setting is the
20kHz, 10kV, 50s, and 1.5-cm gap distance. With these two
protocols, the explant surface temperature was kept below 32°C
for 3-min continuous plasma delivery, and no increase or decrease in
representative stratum corneum and epidermis protein expression
was measured.

The 1-kHz protocol was first chosen in correlation with our
previous studies on the cell membrane permeabilization of
therapeutic drugs [44]. A second pulse repetition rate of 20 kHz
was also investigated, being inaudible for human ears and likely
affording a larger skin surface plasma exposure [41]. The setting of
the gap distance to the explant and treatment time for these two
frequencies were determined from temperature measurements and
adjusted to prevent any severe heating issues. The selected 1k100s
and 20k50s protocols were applied for a 1-cm 14 kV and 1.5-cm
10 kV gap-peak voltage settings, respectively. They did not induce
any significant modulation of protein expression in skin explants.
However, these temperature and immunochemistry analyses were
considered good primary indicators for safe delivery conditions with
the non-thermal plasma jet. A longer plasma exposure of 200 s with
the 1kHz regime was conversely shown to induce a significant
decrease of both ZO-1 and filaggrin expression (Figure 4).
Therefore, this longer plasma exposure was considered too
damaging for the skin and was not assessed for a cosmetic
ingredient penetration study. The transient modulation of skin
pH, wettability, and transepidermal water loss documented in
this work with the 1k100s and 20k50s protocols were considered
a secondary strong indication for a non-damaging plasma delivery
on skin explants.

Individually using these two plasma delivery protocols, skin pH,
skin wettability, and transepidermal water loss measurements reveal
a 20-minute time window during which all these skin parameters
have been modulated following plasma exposure, while helium flow
has no action. This confirms that plasma delivery is safe as all
investigated plasma-induced skin feature alterations vanished at the
end of this time window.

In the perspective of the development of non-thermal
technology for cosmetic uptake enhancement, the helium plasma
jet delivery and subsequent topical application of a liquid solution
containing two different molecules (caffeine and hyaluronic acid)
relevant for cosmetic applications and having different molecular
weights are reported. It is demonstrated that a single and short
duration (50 or 100 s) plasma treatment of skin explants results in a
very quick and dramatic molecule uptake increase. In comparison
with the control experiments, plasma-assisted penetration reveals
that each of these two molecules can be delivered across a 500-pm
thick skin sample or all across a 2-mm thick explant. In our
experimental conditions, caffeine penetration in plasma-treated
skin after 30 min was comparable to that achieved after 8 h on
untreated skin. Plasma treatment with different pulse repetition
rates results in a more than ten-fold increase in the caffeine
concentration measurement at 24 h after the start of the topical
application. If the caffeine solution is applied with a 45-min delay
after the plasma treatment, its penetration rate and kinetics are the
same as for the control explants. This means that these samples,
while exposed to plasma, do not show any quicker or enhanced
transport of the caffeine. This is a strong indication for the transient
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effect of plasma treatment, not only for surface skin features but also
for the transport across the explants. It seems the plasma effect has
completely vanished. If any tissue microstructure would had been
severely modified or if damage have been plasma-induced, the
should have been modified, which
definitively not measured. This is again a confirmation that the

caffeine transport is
skin barrier alteration triggered by the plasma delivery is transient
and fully reversible, as previously reported in Ref. [35].

The same dramatic increase and pulse repetition rate-dependent
uptake enhancement following plasma jet treatment is also
documented for hyaluronic acid. Hyaluronic acid is detected
much more quickly, 1 hour after plasma treatment, whereas 6 h
are needed for non-plasma-assisted diffusion. For the 1-kHz plasma
protocol, the hyaluronic concentration keeps on growing from one
to 6 hours across the 2-mm thick skin samples. For the 20-kHz
regime, the hyaluronic acid concentration is already at a very high
level 1 hour after topical solution application, exhibiting after a 6-h
incubation almost the same profile as for the control sample. This is
again an indication for a non-toxic, transient plasma-induced
alteration of the skin barrier.

Such transient plasma jet action was previously reported with
the same helium plasma jet in the context of in vitro cell
permeabilization and anticancer drug uptake [44]. The better
uptake was achieved with a few minutes’ delay between plasma
delivery and drug addition in the cell culture and was demonstrated
to become inoperative if a 30-min delay or longer was applied.
Altogether, ex vivo and in vitro molecule uptake was shown to be
triggered with enhanced kinetics following plasma jet exposure for a
large variety of compounds, i.e., propidium iodide, dextran,
doxorubicin, caffeine, and hyaluronic acid. It is also to be noticed
that such plasma jet action was demonstrated, while the plasma jet
exposed the target in a small diameter spot, over a more diffuse
impact zone, or through a liquid layer for in vitro studies.

In this work, active ingredients were topically applied in
solutions on explants and were not directly exposed to the
plasma. This prevents any plasma-induced potential degradation,
modification, or oxidation of the molecules of interest that may
hinder efficient skin penetration. Plasma treatment of active
ingredients would require some additional control experiments
with plasma-treated solutions and non-plasma-treated explants.
However, it is worth noting that the HPLC analysis (not shown
in this work) of plasma-treated caffeine solutions revealed no
degradation products, even for strong plasma exposure at
20 kHz, 14 kV, and 100 s. This may open some opportunities for
plasma-assisted cosmetic active penetration in human skin,
involving the plasma treatment of cosmetic formulation before
their application on skin, the latter being exposed to plasma at
the same time or at a different time exposed to plasma.

The transient modulation of the skin’s features is finally
documented in vivo with the use of a plasma ball dielectric
barrier discharge setup on the author’s skin. It is shown that skin
hydrophilicity is modified following very short duration exposure
from 2 to 30 s and that such alteration vanishes again a few minutes
after DBD plasma delivery. In addition to this confirmed action of
DBD plasma on human skin, the development of a cheap, low-cost-
operation, safe, and user-friendly home care cosmetics plasma
applicator is envisioned.
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We can speculate that the transient modulation of skin barrier
function is associated with the combined action of physical
components (current, charge deposition, electric field) and
reactive nitrogen and oxygen species (RNS/ROS) delivery by the
plasma jet. The skin restoration may be correlated with the RNS/
ROS quenching at the surface of the skin explants and the
successively limited level of lipid peroxidation (measured but not
documented in this work). The transient plasma action may also be
associated with the very short modulation of skin features associated
with the electric field and current delivered during plasma exposure.
In this work, the efficient air-DBD exposure was so short (down to a
few seconds). Therefore, the RNS/ROS concentration is probably
extremely low, while the skin is exposed to the physical factors
(electric field and current). Air-DBD-induced transient skin
wettability modulation may have a different origin than the
grafting of polar radicals, but it may be associated with a
transient modulation of the stratum corneum intercellular lipid
organization. The penetration of an active molecule might then
be associated with the so-called intercellular pathway [37]. Such
physicochemical processes were previously evoked by Wen et al.
[35], but the detailed mechanics associated with skin plasma
treatment will require some more work of key importance for the
implementation of plasma technology in cosmetic applications.

As plasma delivery results in pH modulation, skin surface
charging, and thus the generation of a charge-induced electric field,
it may be considered that solution transport across the skin may
have common features with those triggered by iontophoresis, as
summarized in the following. During plasma delivery, different
electric fields are generated and interact with the target. Typically,
with the plasma jet device used in this work, transient electric fields
having peak amplitudes of a few kV/cm have been measured and
shown to be strongly dependent on the nature of the target [52].
The charging of the target was also documented on various targets,
together with its subsequent influence on the plasma jet
characteristics [53, 54]. Dezest et al. [55] studied E. coli bacteria
inactivation when exposed to helium or helium-oxygen plasma
jets. Interestingly, the comparison between helium only and
helium with oxygen admixtures in plasma jet exposures led to
the conclusion that reactive species were not the only species
involved in E. coli inactivation but that an electric field and
charge a role

particles could play

non-thermal

significant during
This

interpretation was inferred from a cell membrane depolarization

helium-oxygen plasma  exposure.
study revealing the likely combined effects of charged particles and
an electric field. The roles of the electric field, the charge
deposition, and the current during and following plasma
delivery may be considered not only in contact with cells or
microorganisms but also with tissues. The skin tissue includes
dead and living cells, specific cell membranes, and cell junctions, so
that penetration pathways [37] different from those involved in
interaction with microorganisms or biofilms should be accounted
for cosmetic ingredients or drug penetration.

A long-time studied physical method to promote drug or
molecule uptake for dermato-cosmetic applications is
iontophoresis. Iontophoresis uses a mild electric current to
deliver ionized compounds present in a liquid solution into
intact skin. It is an attractive modality for low-molecular weight

hydrophilic solutes topical delivery. It has been demonstrated that
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for ionic molecules, the major action is the iontophoretic delivery,
[9].

Nevertheless, three factors are reported to control iontophoretic

while diffusion and electro-osmosis play minor roles

flux of ionic species: an electrochemical potential gradient across the
skin, the increase of skin permeability for passive transport resulting
from ionotophoresis induced “skin damage,” and a current-induced
water flux (electro-osmosis) [56]. Interestingly, the latter two factors
can also affect the transport of neutral solutions, as proven with the
glucose transport study. In Ref. [57], it is also mentioned that the ion
transport is enhanced during iontophoresis, but secondary effects
such as convective solvent flow and biological membrane
permeability increase due to the applied electric field, which may
also contribute to the flux increase. Uncharged molecules transport
can also be affected, enhanced, or delayed depending on the polarity
of the applied field. A detailed study of mannitol transport across
the human epidermal membrane reveals that the solution flow
velocity is proportional to the magnitude of the applied field.
Membrane alterations were reported for the highest applied
voltage (1V in this study), and these changes appeared to
reverse over time. The impact of the pH value is also
documented and critical for such transport with microcurrent
applicators developed for iontophoresis. In Ref. [58], it is
reported that at pH 7.4, the human or pig skin is negatively
charged and selectively permeable to cations. Such negative
charging can be reduced, neutralized, or even reversed when
iontophoresis is applied. pH modulation impact is also reported,
as an example, as follows: at physiological pH, the mannitol
transport is cation-selective dominant at the first time when the
skin is negatively charged, while by lowering the pH to 3.5, the
electro-osmosis reverses, the skin surface turning positively charged
and thus the transport becoming anion selective.

The biological impact of the electric field delivered by non-
thermal plasma (plasma jet or DBD) resulting from charge
deposition on target has so far not been investigated in detail
and is evidently strongly dependent on the nature of the sample.
The confirmation of the analogy between plasma delivery and
ionotophoresis during skin treatment proposed in this work will
require such future characterization.
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