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ABSTRACT

Purpose Percutaneous absorption assays of molecules for phar-
maceutical and cosmetology purposes are important to deter-
mine the bioavailability of new compounds, once topically ap-
plied. The current method of choice is to measure the rate of
diffusion through excised human skin using a diffusion cell. This
method however entails significant drawbacks such as scarce avail-
ability and poor reproducibility of the sample, low sampling rate,
and tedious assay setup.

Methods The objective of the present work is to propose an
alternative method that overcomes these issues by integrating an
experimental model of the skin (artificial stratum corneum) and
online optical sensors into a microfluidic device.

Results The measurement of the diffusion profile followed by the
calculation of the permeability coefficients and time lag were
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performed on seven different molecules and obtained data pos-
tively fit with those available from literature on human skin pen-
etration. The coating of the lipid mixture to generate the artificial
stratum corneum also proved robust and reproducible. The re-
sults show that the proposed device is able to give fast, real-time,
accurate, and reproducible data in a user-friendly manner; and can
be produced at a large scale.

Conclusion These assets should help both the cosmetics and
pharmaceutics fields where the skin is the target or a pathway of
a formulated compound, by allowing more candidate molecules
or formulations to be assessed during the various stages of their
development.

KEY WORDS membrane - online monitoring - permeability
coefficient - stratum corneum - time lag

ABBREVIATIONS

v Coefficient of variation

D Coefficient of diffusion

Ko Permeability coefficient

PAMPA  Parallelized artificial membranes penetration assay

PBS Phosphate buffered saline

PDMS  Polydimethylsiloxane

SC Stratum corneum

THJ Tetra-hydro-jasmonic acid
tag Time lag
INTRODUCTION

The total skin surface is about 1.7 m? for an average adult,
and skin accounts for about 5.5% of the body weight (1). One
of the main functions of the skin is to act as a barrier to an
insensible loss of tissue water and to the penetration of
exogenous molecules in the body. It is generally admitted (2)



Microfluidic diffusion cell for percutaneous absorption assays

2705

that the main element that acts as a barrier is the outermost
layer of the skin, the stratum corneum (SC). It 1s composed of
10 to 15 layers of flat keratinized cells (corneocytes)
surrounded by a continuous lamellar lipid domain (3), the
average thickness of which ranges 10-20 um in most skin sites.

When developing new skin cosmetics or transdermal drug
delivery systems, it is mandatory to get data on the percutaneous
penetration of a compound to evaluate its bioavailability in order
to assess its safety and efficiency. In vwo evaluation is often per-
formed on human volunteers using tape stripping to peel-off the
SC followed by analysis by liquid scintillation counting (4),
HPLC or ATR-FTIR (5) for example. Such methods, however,
are not satisfying as the subjects may be exposed to chemicals
with unknown side effects or an excessive quantity. In addition,
animal testing is banned in several parts of the world (for instance
i EU (6)) for evaluating both ingredients and finished cosmetic
products. Therefore  silico and i vitro evaluation of the skin
bioavailability shall be preferred especially during the early phase
of development of a new ingredient where final dosage and
formulation are yet to be determined. In silico models are mainly
based upon the pioneering work by Potts and Guy (7), which
relies on an empirical equation relating permeant size/molecular
weight and octanol/water partition coeflicient (log P). Although
convenient, the accuracy of such simple models is not very high
(R*=0.67). More complex models have been developed to ad-
dress these shortcomings (8, 9) but they either need the input of
extended experimental data that may not be available for newly
developed compounds, or they are too complex to the non-ex-
pert, therefore limiting their appeal.

In vitro experiments are then the way of choice to get percu-
taneous absorption data during early stage of drug/cosmetic
research. T'wo main approaches exist: systems derived from
Parallelized Artificial Membranes Penetration Assay (PAMPA)
(10) aiming at high Throughput Screening (HT'S), and systems
based on Franz cell (or diffusion cell) using natural skin or an
artificial substrate as a diffusion membrane and suited for
analysis of a single sample at a time. The first use of a PAMPA
technique for evaluating at the skin barrier is rather recent (11)
using a silicone/isopropyl myristate as a solvent in the receptor
compartment. A more recent variant (12) involves the use of a
membrane coated with a synthetic lipids mixture with a similar
composition to that of skin SC. Although cost-effective, these
methods still necessitate a sampling step and off-line quantitative
analysis. Systems based on a Franz cell consists of a membrane
sandwiched between a donor and a receptor compartments.
The membrane can be either artificial such as silicone (13) or
natural such as hairless mouse skin (14, 15) or excised human
skin, often considered as the gold standard for penetration ab-
sorption studies by legislators. However, large variability intra
and inter laboratories has been reported (16, 17) in addition to
variability in the skin samples, whose availability remains diffi-
cult. The preparation of the sample and setting-up of the Franz
cell system is time-consuming, and data acquisition rate is slow

due to the necessity of repeated samplings. Therefore the percu-
taneous absorption assay using Franz cell with human skin is
usually restricted to the final steps of product development.

As summarized by Whitesides (18), microfluidics is the science
and technology of systems that handle minute amounts (10~ to
107"® 1) of fluids, using channels of tens to hundreds of micro-
meters. They offer several advantages over conventional macro-
scopic systems such as a fast response due to the confined vol-
ume, miniaturization, integrated functionalities within the device
(sensing, mixing, sampling, etc.) and automation, which led to
successful applications in various fields such as analytical chem-
1stry (19) or biology (20), but only recently did some applications
specifically targeting the skin functionalities emerged (21). In this
study, we propose to use the advantages of microfluidics to over-
come the problems associated with percutaneous absorption as-
say using Iranz cell through combining an artificial membrane
designed to mimic the lipid composition of the SC with online
absorption spectroscopy monitoring integrated in a microdevice.
The technologies used to manufacture such device are simple
enough to allow a scaling-up in their manufacture.

MATERIALS AND METHODS

Device Materials and Preparation

The device is made of 3 functional elements (Fig. 1): on top is a
donor compartment where the sample is poured, in the mid-
dle is a membrane coated with lipids to act as an artificial SC,

and at the bottom is a receptor and detector compartment.
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Fig. | Exploded schematic view of the complete device. Top layer: donor
compartment with inlet for sample (diameter: 8 mm), and inlets/outlets (di-
ameter: | mm) to fill the bottom layer. Middle layer: membrane coated with
lipids to mimic the SC. Bottom layer: receptor compartment with fluidic
channels to fill it, and channels separated from the main chamber by a
100 um PDMS wall to insert the optical fibers for detection. The bottom
layer is covered —except on top of the chamber and at the extremities of the
filing channels- by a thin (~30 um) PDMS membrane.
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The donor compartment is made of a thick (~0.5 mm high)
and flat piece of polydimethylsiloxane (PDMS, Silpot 184,
Dow Corning, Japan). To prepare this part, PDMS liquid
monomer and its curing agent are mixed at a 10:1 ratio,
degassed and spread evenly, and then cured at 75°C for
1.5 h. The polymerized PDMS is then cut in pieces of about
2.5%4 c¢m, and subsequently holes for sample filler (diameter:
8 mm) and inlets connected to the receptor compartment
(diameter: 1 mm) are drilled using a biopsy punch.

The receptor compartment consists of a central detection
chamber (diameter: 8 mm) connected to the inlets from the
donor compartment thanks to two 400 pm wide microchannels
by two other channels (200 pm wide) dedicated to the insertion
of the optical fibers are set across the chamber and are separated
from it by a 100 pm wall. The preparation process of this com-
partment follows conventional soft lithography techniques (22).
Briefly, the master mold is done with SU-8 2075 (Microchem,
Japan) negative photoresist spin-coated on a silicon wafer to give
a 200 pm thick layer. After UV irradiation through a chromium
mask and solvent development, the resulting mold is coated with
a CHF; layer thanks to a Reactive Ion Etching machine (RIE-
10NR, Samco, Japan) in order to ease the demolding. Finally, a
PDMS mix is poured over the SU-8 master mold and cured
according to the same protocol as above. After demolding, the
PDMS casting of the receptor compartment is covalently bond-
ed to a PDMS membrane (~30 pm thick) using an O, plasma in
the RIE machine to seal the fibers and fluidic channels in order
to avoid leakage and to ease the bonding to the polycarbonate
membrane. This PDMS membrane is obtained by spin-coat of a
PDMS mix on a silicon wafer at 3000 rpm for 30 s followed by
curing. Holes corresponding to the diameter of the chamber and
the extremities of the fluidic channels are then cut out from the
PDMS membrane to allow both the filling and the diffusion to
take place in the receptor compartment (which final height is
therefore 230 pm).

The central membrane (Nuclepore, Whatman, Japan) is
made of a 19 mm diameter hydrophilic polycarbonate mate-
rial comprising 50 nm pores. To increase the bonding quality
between this membrane and the rest of the PDMS device, the
membrane is soaked into a 5% solution of
aminopropyltriethoxysilane for 1 h and then dried before
use (23).

As a final step, the receptor compartment and the polycar-
bonate membrane are bonded together using an O, plasma in
the RIE machine, and the resulting part is aligned and bonded
to the donor compartment using the same procedure. A last
oxygen plasma is used to bond the bottom of the whole device
to a glass slide for an easy handling.

Lipid Coating Solution and Setup

One advantage of our microfluidic device for percutaneous ab-
sorption assay is the use of a lipid layer, the composition of which

@ Springer

is rather close to a human SC (24). The lipid solution is com-
posed of an equimolar mixture of fatty acids, cholesterol and
ceramides dissolved at 7 g/L in a solvent composed of hexane
and ethanol at 2:1 v/v, according to Bouwstra et al. (24, 25) This
same group demonstrated that the lipid organization and barrier
function of the i viwo SC were closely mimicked by the artificial
SC. The lipid mixture is however slightly different since all the
ceramides able to fully mimic the & viwo human SC composition
are unavailable commercially. This difference could impact the
structuration of the artificial SC (26), and increase the measured
permeability (27). In addition, no thermal annealing was applied
to the coated lipid unlike the recommendation by Groen ¢ al.
(25) to avoid mechanical stress in the device leading to possible
leakage and to shorten the overall preparation time. The detailed
lipid composition is given in Table S1.

The lipid solution is coated on the polycarbonate mem-
brane sandwiched in the PDMS device by a micro spray valve
787MS-SS coupled with a 7140 controller (Nordson, Japan).
The distance between the spray and the membrane is chosen
to obtain a homogeneous sprayed area of about 1 cm in di-
ameter. A spray cycle is as follows: the valve is open for 0.2 s,
and then a waiting time of 8.8 s is used to let the surface dry.
This cycle 1s looped for 600 times to reach the final deposited
thickness. After letting the solvent evaporate completely over-
night, the device is ready for use (Fig. 2). To determine the
suitable thickness of lipids, preliminary diffusion experiments
are carried out with various thicknesses to get a profile of
diffusion compatible with previous reports within an accept-
able preparation time. These experiments lead us to choose an
arbitrary lipid thickness of 65 pm immediately after the end of
the spray step, which corresponds to approximately 44 um
after drying overnight. The spray process is reproducible, giv-
ing a height /%, of lipid measured at 44+ 13 pm after drying
overnight (n=25, measured with a laser profilometer). This
value is larger than the common thickness of SC, z.e., around

Fig. 2 Photograph of the final microdevice bonded on a glass slide. Scale bar
is | cm.
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10—20 pm, as it accommodates for the tortuosity of the con-
tinuous lipid phase which leads to a longer effective pathway
to cross the skin barrier than its simple cross-section (28). To
demonstrate the efficiency of the lipid coating, a control dif-
fusion experiment with caffeine and fluorouracil through a
bare polycarbonate membrane was performed and the
resulting coefficients of diffusion (which will be defined in the
next section) were respectively 15 and 25 times larger than
with the lipid coating, and the resulting time lags (also defined
in the next section) were inferior to 2 min for both compounds.

Molecules and Sample Preparation

Antipyrine (CAS Number: 60-80-0) is purchased from Fluka
(Japan), 5-fluorouracil (CAS Number: 51-21-8) from TCI (Ja-
pan), aminopyrine (CAS Number: 58-15-1) and caffeine (CAS
Number: 58-08-2) both from Wako (Japan). In addition cos-
metic ingredients phenylethyl resorcinol (CAS Number: 85-
27-8) is obtained from Symrise, and 4-butyl resorcinol (CAS
Number: 18979-61-8) and tetra-hydro-jasmonic acid (TH]J)
(29) at a 32%wt concentration in water/dipropylene glycol
(weight ratio of THJ:water:glycol 1s 32:48:20) are provided
by L’Oréal Research (Aulnay s/s bois, France). Sample solu-
tions are prepared by dissolving each compound is dissolved in
Milli-Q) water (Gradient A10, Millipore) at its respective sat-
uration concentration Ci,, .., 819 g/L for antipyrine, 17.1 g/
L for fluorouracil, 55.9 g/L for aminopyrine, 20 g/L for caf-
feine, 2.5 g/L for phenylethyl resorcinol, 3.2 g/L for 4-butyl
resorcinol, and TH] is used as received.

Detection Method

UV-visible absorption spectrometry is chosen since it is sensi-
tive, compatible with an  sifu detection method (connections
with optical fibers), doesn’t require any sample preparation
(labeling or pre-concentration) and is easy to use and setup.
To keep the overall set-up in a contained footprint, a
USB2000+ miniature spectrophotometer from Ocean Optics
(with UV gratings) is employed. The light source is a deep UV
deuterium lamp (DH2000-S-DUYV from Ocean Optics). Both
the spectrophotometer and the lamp are connected to the
device with a pair of high OH-content solarization-resistant
optical fibers (Ocean Optics). A PC controls both the lamp
shutter through a homemade interface and the spectropho-
tometer for parameters settings and data acquisition. The
physical distance traveled by light through the studied medi-
um is 8 mm, and the spectra obtained represent an average of
5 successive scans. Prior to the diffusion experiments, a mock-
up device (i.e., a device of which only the receptor compart-
ment is used for this specific purpose) is used to determine the
maximum absorption wavelength of the samples in the 200—
300 nm range, and to establish their respective calibration
curves. The latter are generally linear up to hundreds of

ppm in general, and fitted with a first-order straight line with
a zero intercept, yielding an average coeflicient of determina-
tion R?=0.987, proving that a quantitative analysis can be
done with the presented system. The details of the calibration
curves are shown in Table S2.

Diffusion Experiment

The device is positioned onto a digital hotplate (HP-1SA,
AsOne), and a plastic case (with pass-through for the optical
fibers) is set on top of the hotplate to keep a stable temperature
of 32+ 1°C, measured on top of the membrane using an infra-
red thermometer. The fibers for excitation and detection are
inserted in the dedicated channels. A Dulbecco’s Phosphate
Buffered Saline 10X solution (Sigma) is diluted ten times in
Milli-Q) water. The resulting 1X PBS solution is warmed-up
in a bain-marie (or water bath, at about 50°C) and degassed in
a vacuum chamber for several minutes to avoid the formation
of bubbles after injection. The volumes of donor and receptor
fluids are calculated so their respective heights in the sample
port and inlet/outlet ports are equal, in order to avoid
pressure-driven flow and membrane deformation. Therefore
16.8 uL of the degassed PBS solution is slowly injected in the
receptor compartment. The integration time of the spectrom-
eter 1s then adjusted to maximize the signal at the wavelength
of interest (typically 10-100 ms). Then, 126 pL of the saturat-
ed solution of the sample (for being at infinite-dose condition)
is injected into the donor compartment, which is further cov-
ered with a piece of Parafilm® to limit evaporation. The plas-
tic case 1s closed and the acquisition phase is started, with a
rate of 1 data per 3 min (or 5 min for caffeine) to avoid satu-
ration of the spectrometer by a continuous irradiation. For
each sample, 4 to 5 devices are used to average the data.

RESULTS AND DISCUSSION
Diffusion Curve and Equation

Typically, the resulting curve of a diffusion experiment (with
the cumulative permeated amount Q in the y-axis, and the
time ¢ in x-axis), is composed of 3 steps: a slow increase at
the beginning (initial transient state) corresponding to the pas-
sage of the molecule through the membrane and the begin-
ning of the diffusion, a steep linear increase corresponding to
the steady state of the diffusion, and a slow increase at the end
(final transient state) corresponding to the concentration in the
receptor compartment becoming saturated. An example of
curve obtained for the diffusion of caffeine in the presented
microdevice is given in Fig. 3(a). This curve demonstrates that
the sink conditions are respected in our experimental condi-
tions. It is also the case for all tested molecules even those of
the lowest water solubility.

@ Springer
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Fig. 3 Typical example of experimental data obtained with the presented
device for the diffusion of caffeine. The various states of diffusion are separated
by dashed lines and noted as I. Initial transient state. Il. Steady state. Ill. Final
transient state. (a) Experimental curve of the cumulated permeated amount Q
as a function of the diffusion time t. (b) Derivative curve dQ/dt (equals to the
flux /) of the data in Fig. 3a as a function of time t. In the steady state, the curve
is flat. (c) Close-up on only the steady-state part of the curve in Fig. 3(a) (for
the sake of readability). The regression line and its equation and coefficient of
determination are written above. The slope of the regression line corre-
sponds to the product of the permeability coefficient K;, by the concentration
of the donor solution Cy.

At steady state, the equation of diffusion is

Q= Ky Coar (1 tug) (1)

With Oy, the cumulative amount at the steady state, C,, the
concentration in the donor compartment, # the time and #,,
the lag time.
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The derivative against time of Eq. 1 gives the maximum
flux at steady state 7.

dQ,
55 — — K‘ . Cja
i T =EpCu

(2)

Therefore &), value is determined from the slope of the
tangent to the experimental curves at steady state, and the
lag time £, is determined by calculating the intercept of this
tangent with the abscissa, and represents the time necessary to
reach a stabilized concentration gradient across the mem-
brane. Besides this information, #,, may also be used to deter-
mine the coefficient of diffusion D in the artificial stratum
corneum (30), using Eq. 3 (31).

2
— 2y 0
lag
The online monitoring used in this study leads to a better
defined experimental curve than with conventional Franz cells
(32) or well inserts (33) which require a sampling step leading
to an acquisition rate of 1 point per hour at best (z.e., 20 times
less defined). This high sampling rate greatly contributes to
obtain quality results, z.e., an accurate determination of the
steady state part of the curve. The latter -theoretically linear,
t.e., of a constant derivative- (Fig. 3(b)) allows the permeability
coeflicient &, and the lag time £, to being precisely measured,
as shown in Fig. 3(c). In addition, the increased number of
data shall make possible a rapid estimation of &, from the very
first data points of the steady state, affording a fast preliminary
screening of candidate molecules.

Permeability Coefficient

The results are shown in Table I, comparing our data with
those obtained with conventional methods using human epi-
dermis. A robust model shall be able to qualitatively discrim-
mnate the diffusion of molecules of various physico-chemical
properties, and gives values of &, within a comparable range
to those on real skin. For this purpose, the molecules chosen
have a range of &), values on human epidermis spanning two
orders of magnitude (from 1.58% 107> cm/h for fluorouracil
t0 5.01x 107 em/h for THJ), of various molecular weights
and various hydrophobicity. The values of &, obtained from
our device show that the discrimination of such an array of
molecules is possible, with a similar two orders of magnitude
span (107°=1077). The inter variability between different de-
vices (4 or above) is relatively acceptable with an averaged
coeflicient of variation (cv) of 52.3%, except for fluorouracil
(cv: 75.8%), probably due to its very slow diffusion, making the
results more prone to variation of the experimental conditions
(humidity or external temperature during night). As regards
the quantitative evaluation of the performance of the device, it
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is difficult to define a strict criterion to judge whether the
measured £, values are acceptable or not. Indeed, large var-
1ations occur in the experimental results on human skin in the
literature (17), which are illustrated in Table I, such as caffeine
(21-fold difference between lowest and highest figure). Ac-
cording to Chilcott (16), 35% variability is solely due to the
difference in experimental conditions, but most significantly
comes from differences in the skin samples since variations in
the barrier function ranges from 2- to 6-fold between individ-
uals and between anatomical sites (40). For this reason, anoth-
er study pointed out the need to choose a consistent database
obtained with a homogeneous protocol to compare one’s ex-
perimental results (12). However, according to the molecules
tested, such a database cannot be found. Therefore, in our
case, a difference of several folds between the measured &),
and the values found in the literature can be considered as
acceptable. The measured &, are all in a good agreement with
those from literature, with values ranging from being almost
equals (0.83-fold lower) for fluorouracil up to 8-fold lower for
aminopyrine. Actually, our experimental £, arc almost sys-
tematically lower than those reported on real skin or i silico.
Since the lack of several types of ceramides in the used lipid
composition has been correlated with an increase in the &),
value up to 2-fold (27), this is unexpected. It may suggest that
the chosen lipid thickness is too high, or it may simply be a bias
due to the lack of sufficient data to refer to.

A Concrete Application: The Case of TH]

TH] 1s a molecule derived from jasmonic acid that shows anti-
aging properties (28). The water solubility of the neutral form
being as low as 0.0055%wt (calculated with Episuite,
WSKOW v1.41), it is often associated with dipropylene glycol
to increase drastically its dissolved concentration. This associ-
ation presents an issue for the in silico estimation of &, using the
Potts and Guy relation (7), as it is only valid in the case of
aqueous solution. For this reason, it is a good example of a
compound which diffusion can only be evaluated experimen-
tally to determine its properties in practical conditions. In
addition, the dipropylene glycol is a solvent often used in cos-
metic formulations, and thus the evaluation of the THJ in a
solution containing 20%wt is relevant to assess the robustness
of the device and especially the lipid coating against a com-
mon non-aqueous vehicle. Another challenge presented by
this molecule is its ability to be detected by UV absorption
spectroscopy. Indeed THJ’s only chromophores are a carbon-
yl and a cyclopentanone functions. This situation is represen-
tative of many actual cosmetic agents that don’t possess strong
absorbing chemical groups. Nonetheless, two absorption
bands are found at 220 nm and 273 nm showing that the
choice of a spectroscopy working in the deep-UV makes the
proposed analytical method more versatile than could be pri-
marily expected. The experimental £, is 2.22% 10~% cm/h,
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which is the same order as the calculated value in water (5 X
10~ em/h, used as a rough benchmark). After the experi-
ments, the coating didn’t show any visible sign of degradation
indicating that it is possible to use the device to test molecules
dissolved in vehicles different from pure water.

Time Lag

The time lag value is seldom reported in the literature for two
probable reasons. At first, the Flynn database (41), the first one
that aggregated the percutaneous absorption data of 92
molecules and widely used to evaluate models, lacks such
information. Second, the time lag value strongly depends
upon the determination of the slope of the steady state (39)
which usually suffers from a lack of experimental data points.
The knowledge of the time lag 1s nonetheless crucial for trans-
dermal drug delivery system, when its minimal value is looked
for. As seen in Fig. 3(c), the slope can be determined with great
confidence (R?=0.9999) on a large number of data (16 exper-
imental points), which is way better than conventional Franz
cell assay where compromises have to be made between con-
fidence and number of data with for example R*=0.8 for 6
points or R?=0.9 for 4 points for the determination of the
steady state (38). Hence, amongst the molecules tested here,
only time lag values for caffeine and 4-butyl resorcinol were
found in the literature (Table I). Concerning 4-butyl resorcin-
ol, the value we obtain (91 min)is in very good agreement with
the work by Roberts ez al. (35) which found 80 min. While on
average the cv of time lag is 52.5% for the entire set of tested
compounds, it is unusually high at 97% for 4-butyl resorcinol,
reason of which remains unclear. For caffeine, the reported
time lag varies from 105 min (38) to 240 min (39). In compar-
ison, our recorded value of 57 min is shorter albeit of the same
order. Using Eq. 3, and thanks to the controlled lipid thickness
of the artificial SC, the coefficient of diffusion in the lipid
coating can be easily determined and varies from 2.56 %
107 em/h for antipyrine to 2.65% 107" em/h for TH]J,
which 1s in the order of estimated general values for such a
coefficient (from 1077 to10™"% em/h) in the case of human skin
(31, 42).

Microfluidics Contribution

Microfluidics is promising in several aspects. Besides the pos-
sibility to design an integrated system and the possibility to
scale-up such devices, the small volume of the receptor com-
partment allows a fast responsive system since for a given flux
and area of diffusion, the concentration is higher than in a
macroscopic system. For the same reason, it makes it possible
to rely only on passive diffusion (z.e., without stirring) to obtain
a homogeneous concentration in the receptor compartment.
Indeed, the time for diffusion in one dimension follows Z;;=
/2D, Considering the height of the receptor chamber (/=
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230 pm), and the diffusion coeflicient in water (D,=5X
107° cm®/s), a rough estimation for caffeine leads to an ap-
proximate 52 s time to reach the bottom of the receptor com-
partment. Furthermore the dimensions of the receptor com-
partment are more biologically relevant than conventional
Franz cells, the height of which is commonly in the order of
the centimeter, whereas the thickness of epidermis is around
60-80 um (43, 44) and that of total skin (epidermis plus der-
mis) ranges between 1.5 and 2.5 mm (45). An interesting topic
to discuss is the choice of PDMS as the base material for the
device. Indeed, it is a common and convenient material for
microfluidic device development, but it is also known that
small hydrophobic molecules can be absorbed into its matrix
(46) and affect the outcome of diffusion experiment. While this
phenomenon may be of concern for several tested molecules,
we didn’t notice its influence on our results. First, in our ex-
perimental configuration the donor compartment can be con-
sidered as an infinite reservoir, preventing any significant var-
1ation of its concentration by absorption into the PDMS. Sec-
ond, the surface/volume ratio of the receptor compartment is
an order smaller than for the microchannels used by Toepke
et al. (46), limiting the transfer of tested compounds into the
PDMS walls. Last, we didn’t notice any variation of the signal
during the establishment of the calibration curves for UV
absorption spectroscopy, indicating that a noticeable effect
on the absorption reading is only likely to happen on a rather
long time scale. In addition, the goal of this study is to dem-
onstrate the potentiality of an integrated microfluidic device in
the field of percutaneous absorption, therefore in the case of
mass-production, PDMS is likely to be replaced by cheaper
alternative polymers such as polymethyl methacrylate or poly-
carbonate whose diffusive properties are negligible in
comparison.

CONCLUSIONS

The proposed microfluidic diffusion cell with biomimetic di-
mensions makes discriminating molecules possible, despite
their various physico-chemical properties, and leads to exper-
imental values of &, and time lag in a close range to those from
literature obtained on human skin biopsies with conventional
Franz cell. The inter device variability is also acceptable, gen-
erally better than those reported for human epidermis biopsies
and/or reconstructed epidermis. Furthermore, the choice of
online detection allows a high data acquisition rate to be ob-
tained without perturbing the system with sampling, leading
to a higher quality of information since experimental curves
are better defined, and steady state is more accurately defined.
While not as sophisticated as liquid chromatography-mass
spectrometry (the analytical method of choice for percutane-
ous absorption assay using Iranz cell), UV absorption spec-
troscopy is several order of magnitude cheaper and less

voluminous, allowing several systems to be run in parallel.
Moreover other type of online monitoring analytical systems
such as fluorescence (47) can be integrated in the microfluidic
device to further expand the spectrum of detectable
molecules.
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