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1- Introduction 

The aim of the current experiments was to study 

the chemical composition of excised rat skins 

(subjected to mechanical pretreatment), the human 

reconstructed epidermis (HRE) (MatTek 

EpiDerm) and excised human skins from plastic 

surgery, by confocal Raman spectroscopy, and 

also to investigate their permeability and 

penetration capacity for two model drugs. The 

effect of the diffusion study itself on the ex vivo 

and in vitro skins (barrier function and epidermis 

composition) was evaluated at the end of skin-on-

a-chip experiments as well. Caffeine was used as 

a hydrophylic model drug (logP=-0.07, Brown et 

al 2009) and quinidine is a well-known P-

glycoprotein (P-gp) substrate compound (Sziráki 

et al, 2011; Sziráki et al, 2013) with low water 

solubility (logP=3.44, Pyka-Pajak et al, 2006). P-

glycoprotein was found to be expressed in 

different cell types of the skin (keratinocytes, 

melanocytes, endothelial cells) (Ito et al, 2008; 

Fujita et al, 2017, Li et al, 2006) and its absorptive 

orientation has been reported by different research 

groups (Hashimoto et al, 2017, Bajza et al, 2020). 

Based on these data a three-step study protocol 

had been working out. First a composition analysis 

was performed in the intact skin models, then the 

subjects were mounted in a skin-on-a-chip 

diffusion chamber and treated topically with the 

cream formulation of the model drugs and 
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ABSTRACT 
Several ex vivo and in vitro skin models are available in the toolbox of 

dermatological and cosmetic research. Some of them are widely used in 

drug penetration testing. The excised skins show higher variability, while 

the in vitro skins provide more reproducible data. The aim of the current 

study was to compare the chemical composition of different skin models 

(excised rat skin, human skin and human reconstructed epidermis) by 

measurement of ceramides, cholesterol, lactate, urea, protein and water 

at different dephts of the tissues. The second goal was to compile a testing 

system which includes a skin-on-a-chip diffusion setup and a confocal 

Raman spectroscopy for testing drug diffusion across the skin barrier and 

accumulation in the tissue models. A hydrophylic drug caffeine and the P-

glycoprotein substrate quinidine were used in the study as a topical cream 

formulation. The results indicate that although the transdermal diffusion 

of quinidine is lower, the skin accumulation was similar for the two drugs. 

The different skin models allowed comparable permeability for both 

compounds, but chemical composition differed. The human skin was 

abundant in ceramides and cholesterol, while the reconstructed skin 

contained less water and more urea and protein. Based on these results it 

can be concluded that skin-chip and confocal Raman microspectroscopy 

are suitable for monitoring drug penetration and distribution in different 

skin layers during and at the end of exposure. Furthermore, the human 

skin obtained from obese patients is not the most relevant model for skin 

absorption testing in pharmaceutical research. 

Keywords : 
Confocal Raman spectroscopy, skin-

on-a-chip, microfluidics, drug 

delivery, drug absorption, dermal 

barrier, human reconstructed skin 

substituents 

https://doi.org/10.34846/le-studium.233.02.fr.03-2022


Erdő, F.; Kichou, H.; Bonnier, F.; Munnier, E.; Chourpa, I. Knowledge transfer on RAMAN spectroscopy and 

skin-on-a-chip technology to study transdermal drug delivery, LE STUDIUM Multidisciplinary Journal, 2022, 6, 

1-14 

https://doi.org/10.34846/le-studium.233.02.fr.03-2022 
  2 

subsequently a 5-hours diffusion study has been 

conducted. Thereafter the tissues have been 

analysed again by confocal Raman spectroscopy 

and the skin accumulation of the model drugs was 

determined. The transepidermal water loss 

(TEWL) as an indicator of epidermal barrier 

function has also been measured before and after 

the diffusion experiments. 

 

2- Experimental details 

2.1. Excised skin preparation  

Male Wistar rats (ToxiCoop, Budapest, Hungary) 

with 250–350 g bodyweight (2.5–3.5 months old) 

were used for skin preparation. The animals had 

free access to food and water before the study. The 

experiments were performed in compliance with 

the guidelines of the Association for Assessment 

and Accreditation of Laboratory Animal Care 

International, and were in accordance with the 

spirit of the license issued by the Directorate for 

the Safety of the Food Chain and Animal Health, 

Budapest and Pest Agricultural Administrative 

Authority, Hungary (PE/EA/4122-7/2016). Rat 

skins were used for the skin composition and skin 

diffusion experiments. The animals were kept at 

least 5 days in animal facility (22± 3oC, 50± 20% 

humidity and 12 hours light-dark cycle) before the 

excision of the skin. Then the rats were deeply 

anaesthetised with 400 mg/kg i.p. chlorale-hyrate. 

The abdominal skin was shaved and epilated with 

a commercially available epilatory cream 

(ISANA® cream from Rossmann, Burgwedel, 

Germany). After 5 minute expostion time the 

cream was removed by a wipe and the skin surface 

was gently washed with tap water. After drying, 

the skins were either tape stripped 10 times 

(10TS), or left intact (0TS controls). The proper 

size of the tissue was then excised and the samples 

were placed on -80 oC deep freezer until the 

diffusion experiments.  

Human abdominal skin tissues obtained from 

plastic sugery clinics (Révész Plasztika, Budapest, 

Hungary) (permission number: 6501- 6 

/2019/EKU, Budapest, Hungary) were used only 

for skin composition analysis experiments. The 

skins were kept in -80oC until the Raman 

spectroscopy. On the afternoon, before the day of 

the diffusion or Raman experiments, the tissues 

were taken from the freezer and transported to 4-8 

oC cold room where they were defrost overnight. 

Next day the tissues were subjected to Raman 

analysis in the RiverD system (GEN-2, 

Rotterdam, The Netherlands) and then the rat 

skins were mounted in the skin-on-a-chip device, 

where the subcutaneus surface faced to the 

peripheral perfusion fluid (PPF) and the startum 

corneum was exposed to the cream treatment. The 

composition of PPF is described at 2.3.. 

2.2. Human reconstructed epidermis (HRE) 

preparation  

EpiDerm human reconstructed in vitro epidermal 

tissues were purchased from MatTek Life 

Sciences, Bratislava, Slovakia. The histological 

structure of the HRE is shown in Figure 1. The 3D 

skin models were used within three days after 

delivery and in the meantime the tissues were kept 

on 4-8oC in a cold room. The afternoon, before the 

day of the diffusion experiment, the tissues 

together with their transwell inserts were 

transported into a six-well plate (provided by the 

manufacturer) and placed into 0.9 mL medium 

(provided by the manufacturer) at 37oC . The 

tissues were then incubated overnight (37 oC, 5% 

CO2). Next morning after 30 minute hydration in 

Dulbeco-Phosphate-Buffered Saline (D-PBS) 

(provided by MatTek) on 32oC, the inserts were 

placed into the skin-on-a-chip device and the 

perfusion was started at 4 L/min flow rate, on 

32oC. The test formulation was pipetted on the 

surface of stratum corneum using MicroMan gel 

pipette (Gilson, Middleton, WI, United States), 

and the sample collection started immediately 

after it. Thereafter the perfusate samples were 

taken in every 30 min through 5 hours. 

 

 Figure 1. Histology report on EpiDerm tissue (HRE, EPI-

200; LotNo:36125)) after hematoxilin-eosin staining 
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provided by MatTek Life Sciences. Well differentiated 

epidermis consisting of basal, spinous, granular layer of 

keratinocytes and stratum corneum. At least 4 viable cell 

layers are present. The tissue thickness is 70-130 µm (average 

111.0 µm). 

2.3. Solutions 

In the skin-on-a-chip microfluidic device, 

peripheral perfusion fluid (PPF) was used as an 

extracellular fluid substitute acceptor solution in 

excised skin studies. It is composed of the 

following components: 147 mM NaCl, 4 mM KCl, 

and 2.3 mM CaCl2·2 H2O. All substances were 

acquired from Sigma-Hungary Kft, Budapest, 

Hungary. For human reconstructed skin 

substitutes D-PBS was used as provided by 

MatTek Life Sciences (Bratislava, Slovakia) in the 

EpiDerm (Epi-212) kit. 

 

2.4. Model drugs and formulations 

Caffeine was used as a hydrophylic model drug 

and quinidine was used as P-glycoportein (P-gp) 

substrate model drug. Both drugs were purchased 

from Sigma Hungary Kft, Budapest, Hungary, and 

applied as a suspension cream. 2 g of 

caffeine/quinidine were dispersed for cream 

formulation with 4.1 g of liquid paraffin in a 

mortar with pestle. Then 47 g of white soft 

paraffin cream (containing polysorbate60 4 %, 

white soft paraffin 26 %, liquid paraffin 8 m/m%, 

propylene glycol 10 %, cetostearyl alcohol 12 

m/m%, and purified water 40 %), 10 g propylene 

glycol, and 36.9 g of 0.21 % citric acid aqueous 

solution were added. 

  

2.5. Skin-on-a-chip diffusion studies 

Similarly to the traditional Franz-diffusion cell 

system, the polydimethylsiloxane-based 

microfluidic chip is also composed of three 

functional elements: on top was a donor 

compartment where the examined formulation 

was placed, the bottom was the receptor 

compartment, and in middle an integrated skin 

sample was placed, as described in details in our 

previous papers [13–15]. 

The diffusion surface of the skin was 0.50 cm2 and 

it was treated with 0.7-0.8 g of the different 

formulations (caffeine or quinidine creams, 2% of 

each) by a positive displacement piston gel 

pipette. 

Contrary to static Franz-diffusion system, the 

microfluidic diffusion chamber is a dynamic 

system, where the flow is continuous below the 

treated skin at the subcutaneous area. The PPF or 

D-PBS solution were loaded into a 5 mL syringe. 

Then a tube was connected to the microfluidic 

chip, the air bubbles were removed from the 

syringe, the connected Teflon tubing and from the 

microchannel of the chip. Flow rate was kept at 

4μL/min during the experiments, generated by a 

programmable syringe pump (NE-1000, New Era, 

Farmingdale, NY, USA). The whole setup was 

placed into a dry thermostate incubator on 32oC 

for 6 hrs. The PPF/D-PBS solution was running 

through the chip, filling the receptor chamber 

reservoir and the microfluidic channel and leaving 

the device at the outlet into the collection vials. 

The perfusates were analysed by HPLC for 

caffeine or quinidine content immediately after the 

diffusion experiment. 

 

2.6. Determination of caffeine and quinidine in the 

perfusion samples (HPLC) 

High pressure liquid chromatography (HPLC) 

analysis was performed using an Ultimate 3000 

(Thermo Fisher Scientific, Voisins-le-

Bretonneux, France) piloted with Chromeleon 7.1 

software.  A C18 column with the particle size of 

5 μm and length of 4.6×150mm (Interchim, 

Montluçon, France) was used and adjusted on 25 

°C. The software used was Chromeleon 7.1 

(Thermo Scientific, chromatography data system 

software).  

For caffeine quantification: the samples were 

analysed to quantify the concentration of caffeine 

and establish the time-dependent permeation 

kinetics using a DAD UV ultimate 3000 detector. 

Detection wavelength for caffeine was 272 nm. 

The mobile phase used in isocratic mode was 

methanol 50%: water 50% (v/v) + 10 mM of 

phosphoric acid. The injection volume of samples 
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was 10 µL. The duration of the analysis of each 

sample was 6 min at a flow rate of 1 ml min-1. A 

standard calibration curve was prepared prior to 

analysis. Standards were obtained in triplicates by 

dissolving caffeine in PBS at concentrations of 1, 

5, 10, 100 and 500 µg mL-1. The observed 

retention time was 2.621 ± 0.008 min.  

For quinidine quantification:  the samples were 

analysed using a DAD UV Ultimate 3000 

detector. Absorbance was recorded at 250 nm. The 

analysis was performed in isocratic mode using a 

acetonitrile / water (10% / 90%) mobile phase 

supplemented with 3 g of hexylamine, the pH of 

the mobile phase was adjusted to 2.8 by adding 

phosphoric acid, according to the European 

pharmacopeia method. The injection volume of 

samples was 10 µL.  The duration of the analysis 

of each sample was 5 min at a flow rate of 1 ml 

min-1. A standard calibration curve was prepared 

prior to analysis. Standards were obtained in 

triplicates by dissolving quinidine in the mobile 

phase at concentrations of 0.1, 0.5, 1, 5 and 10 µg 

mL-1. The observed retention time was 3.033 ± 

0.005 min. 

2.7. Confocal RAMAN spectroscopy 

Confocal Raman Spectroscopy was performed for 

analysis of skin spectra, using a confocal Raman 

microspectrometer (GEN2 Skin composition 

Analyzer, River Diagnostics, Rotterdam, The 

Netherlands) equipped with two incorporated 

lasers, operating at different wavelengths. The 

first laser wavelenght was 785 nm and used for the 

analysis of the skin fingerprint region (FP) (400–

1800 cm-1), with a 25 mW power on the skin. The 

second laser, at 671 nm was used for the analysis 

of the high wave number (HWN) region (2500–

4000 cm-1), and its power was 20mW on the skin.    

For each skin sampels, 15 areas were recored 

using depth profiling (z-profiling) for both FP and 

HWN regions. The FP z-profilings were carried 

out with a 3 s exposure time and 4 µm steps up to 

28 µm. For the HWN measurements, 1 s exposure 

time and 4µm steps were used for z-profiling up 

40 µm as a final depth. For each skin samples, 15 

locations were recorded in both FP and HWN 

region.  

The instrument is daily calibrated using a 

integrated Neon-Argon lampe which features 

peaks at precisely known emission wavelenghts. 

The wavelenghts shift is calibrated using a 

polymethyl methacrylate (PlexiglasTM) standard.  

Skin components profiles, namely ceramides, 

fatty acids, cholesterol, lactate (pH=4), proteins, 

urea and water content were calculated using the 

SkinTools 3 analysis software (RiverD 

International B.V., version 3.3.201202, 

Rotterdam, The Netherlands) according to the 

pervious work of Caspers et al. [16].  

The quantification of caffeine and quinidine were 

calculated using the SkinTools 3 analysis software 

(RiverD International B.V., version 3.3.201202, 

Rotterdam, The Netherlands) according to 

quantification method described by Caspers et al. 

[17].  

The device is regularly used for in vivo and ex 

vivo analysis of both human and porcine skin 

[18,19] and is able to monitor treatment-induced 

changes in skin parameters. 

 

2.8. Transepidermal water loss (TEWL) 

The TEWL is an important parameter that is 

representative of the skin’s barrier function in 

vivo. In ex vivo experiments, it can serve as an 

indicator for the integrity of the skin barrier. 

TEWL measurements were performed with the 

condenser-chamber device Vapometer® (Delfin 

Technologies Ltd., Kuopio, Finnland). With its 

closed-chamber principle the Vapometer® creates 

a microclimate within the measurement 

compartment. Thus, measurements remain 

unaffected by external air turbulences. The device 

measures water evaporating from the skin in 

g/m2/h. Increased TEWL indicates skin barrier 

damage [20–22]. 

2.9. Data analysis 

Data analysis were perfomed using SkinTools 3 

(RiverD International B.V., version 3.3.201202, 

Rotterdam, The Netherlands). The spectra were 

cut between 400 and 1800 cm-1 for the FP region.  

For the HWN region the spectra were cut between 
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2500 and 3600 cm-1. A baseline subtraction was 

applied, using a 3rd degree polymer function.   

3- Results and discussion 

The skin composition of human and rat skin and 

also the human reconstructed epidermis was 

analysed by testing 6 different indicators: 

ceramides and fatty acids, cholesterol, lactate 

(pH4), water, urea and proteins. Ceramides are a 

family of waxy lipids which are composed of 

sphingosine and a fatty acid. Ceramide is the main 

component of the stratum corneum of the 

epidermis in human skin [23,24]. Ceramides, 

cholesterol and saturated fatty acids create a 

water-impermeable, protective structure to 

prevent water loss through the skin due to 

evaporation, as well as they make a barrier against 

the entry of microorganisms and external 

chemicals [24]. The stratum corneum is composed 

of 50% ceramides, 25% cholesterol, and 15% free 

fatty acids [25].  Cholesterol synthesis is mainly 

essential for skin barrier homeostasis [26–28], but 

a recent research has speculated that the stratum 

corneum cholesterol domains may have a more 

complex role in the skin, other than a barrier 

limiting water loss and the entry of chemicals [29]. 

Numerous studies have shown that skin 

cholesterol content is associated with deposition 

of cholesterol in the coronary arteries and aorta.   

Lactate is a component of natural moisturizing 

factor (NMF) and has a complex role in the skin. 

It stabilizes the pH, has moisturizing effect 

(together with proteins, urea, lactic acid, sugar and 

inorganic ions such as potassium and magnesium 

ions), anti-aging and keratolytic action [30]. Due 

to these functions sodium lactate is frequently 

used ingredient in various cosmetics. Proteins and 

urea are also belonging to the NMF family and 

have moisturizing, rehydrating and anti-aging 

effects. They are used both in dermatological 

products and in cosmetics. 

The water content e.g. the hydration is a key aspect 

of the skin that influences its physical and 

mechanical properties. Hydration leads to changes 

in the molecular arrangement of the peptides in the 

keratin filaments as well as dynamics of C-H bond 

reorientation of amino acids in the protruding 

terminals of keratin protein within the stratum 

corneum. The changes in molecular structure and 

dynamics occur at a threshold hydration (ca. 85% 

relative humidity) [31]. 

The ceramide/fatty acid composition of rat skin, 

HRE and human skin are presented in Fig 2A. The 

composition profile characteristics were similar in 

rat and human excised skins (the highest values 

can be seen in the skin surface and there is a 

monotonous decrease with the depths. The HRE 

showed a moderately increasing tendency with the 

depth. Cholesterol (Fig 2B) was also parallel in 

excised skins (human and rat), but different in 

EpiDerm (HRE). In the reconstructed tissue an 

increase was followed by reduction of cholesterol 

levels in the deeper layers. Lactate profile (Fig 

2C,) was comparable in rat skin and HRE, but 

different in human tissue, showing a higher lactate 

level in the outermost layer of the startum 

corneum, and decreasing values at deeper z-

profiles. The water content (Fig 2D) peaked at 

about 12-16 m depths in the border zone of dead 

and viable epidermis in rat and human skins, while 

in HRE the highest hydration can be observed in 

the surface. 

The proteins (Fig 2E) and urea (Fig 2F) showed 

similar characteristics in human and rat skins with 

a maximum concentration at 12 and 8 m depths 

for urea and at 4 m for proteins, respectively. On 

the contrary, HRE has the maximum urea content 

on the outermost surface of startum corneum and 

the protein levels were increasing to 8 m depths 

and then showed a plateau level in the whole 

thickness studied (until 28 m depths).

 

  

https://doi.org/10.34846/le-studium.233.02.fr.03-2022


Erdő, F.; Kichou, H.; Bonnier, F.; Munnier, E.; Chourpa, I. Knowledge transfer on RAMAN spectroscopy and 

skin-on-a-chip technology to study transdermal drug delivery, LE STUDIUM Multidisciplinary Journal, 2022, 6, 

1-14 

https://doi.org/10.34846/le-studium.233.02.fr.03-2022 
  6 

 

0

1000

2000

3000

4000

5000

6000

A
U

C
 c

e
ra

m
id

e
s
 (

A
rb

it
ra

ry
 U

n
it
s
*

m
)

(m
e
a
n
s
 +

/-
 S

E
M

)

Ceramides

 young rat skin 0TS

 young rat skin 10TS

 human

 HRE EpiDerm

p<0.05

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0

A
U

C
 C

h
o

le
s
te

ro
l 
(A

rb
it
ra

ry
 U

n
it
s
*

m
)

(m
e
a

n
s
 +

/-
 S

E
M

)

Cholesterol

 young rat skin 0TS

 young rat skin 10TS

 human

 HRE EpiDerm

 

0

200

400

600

800

1000

1200

1400

A
U

C
 L

a
c
ta

te
 (

A
rb

it
ra

ry
 U

n
it
s
*

m
)

(m
e
a

n
s
 +

/-
 S

E
M

)

Lactate pH4

 young rat skin 0TS

 young rat skin 10TS

 human

 HRE EpiDerm

0

500

1000

1500

2000

2500

3000

A
U

C
 W

a
te

r 
(A

rb
it
ra

ry
 U

n
it
s
*

m
)

(m
e
a
n
s
 +

/-
 S

E
M

)

Water

 Young rat skin 0TS

 Young rat skin 10TS

 Human

 HRE EpiDerm

 

0

100

200

300

400

500

A
U

C
 U

re
a

 (
A

rb
it
ra

ry
 U

n
it
s
*

m
)

(m
e
a

n
s
 +

/-
 S

E
M

)

Urea

 young rat skin 0TS

 young rat skin 10TS

 human

 HRE EpiDerm

 

0,000

0,001

0,002

0,003

0,004

0,005

0,006

0,007

0,008

A
U

C
 P

ro
te

in
s
 (

A
rb

it
ra

ry
 U

n
it
s
*

m
)

(m
e
a

n
s
 +

/-
S

E
M

)

Proteins

 Young rat skin 0TS

 Young rat skin 10TS

 Human

 HRE EpiDerm

 

Figure 2. Area under the skin depths-Arbitrary Units curves (AUC) for intact rat skins (0TS), mechanically pretreated rat skins 

(10TS), intact human skins and EpiDerm human reconstructed epidermis (HRE). Measurements were taken on the epidermis 

at 8-10 different locations for 0-40 m depths for water, and for 0-28 m depths for all the other skin components. (Number 

of subjects=3-2, with N= 8-10 locations for each). 
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3.4. Transdermal absorption of the model drugs 

(caffeine & quinidine) 

Caffeine penetration from cream formulation 

through the rat skin (10TS) and HRE was 

investigated in skin-on-chip diffusion chamber. 

The concentration time-profiles of the two 

different diffusion subjects were similar. The 

cumulative amounts reached 25 and 28 ng/cm2 

values after 5 h dinamic perfusion with PPF (Fig 

3A,B).  

After the skin-chip study the accumulated caffeine 

content was also analyzed at 8 different skin 

depths from 0-28 m) in the subjects (rat skin 

10TS and HRE) (Fig 4A,B). As it can be seen in 

the Raman spectra, the full thickness excised skin 

accumulated approximately twice more caffeine 

than the HRE. These results can be explained by 

the higher water content of the rat skin than the 

HRE as it is shown in Fig 2D. 
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Figure 3. Transdermal diffusion (cumulative mass ng/cm2) of 1) caffeine, in mechanically pretreated rat skins (A) and EpiDerm 

HRE tissues (MatTek) (B), and 2) quinidine in mechanically pretreated rat skins (C) and EpiDerm HRE tissues (MatTek) (D). 

The investigations were performed in skin-on-a-chip microfluidic device. N=3-4 for rat skins and N=2-1 for EpiDerm human 

reconstructed epidermis model. 
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3.5. Tissue penetration of the model drugs (caffeine 

& quinidine) 

Quinidine penetration from cream formulation 

through the rat skin (10TS) and HRE was also 

investigated in skin-on-chip diffusion chamber. 

The concentration time-profiles of the two different 

diffusion subjects were similar in shape, but the 

transepidermal diffusion was moderately higher in 

the excised skins than in the reconstructed tissue. 

The maximum cumulative amounts of quinidine 

reached were 0.7 ng/cm2 in HRE and 1 ng/cm2 in 

rat skins after 5 h dinamic perfusion with PPF (Fig 

3C,D).  

After the skin-chip study the accumulated 

quinidine content was also analysed at 8 different 

skin depths from 0-28 m in the two subjects (Fig 

4C,D). As it can be seen in the Raman 

spectroscopic spectra, the full thickness excised 

skin accumulated less quinidine than the HRE. As 

quinidine is a relatively lipophilic and non water 

soluble compound (logP=3.4), the low hydration of  

the reconstructed epidermis might be better 

chemical environment than the skin for the 

accumulation for this substance.  

Comparing caffeine and quinidine diffusion (Fig 

3A,B vs Fig 3C,D), the degree of absorption across 

the skin or skin substitutes is much higher in case 

of caffeine indicating that caffeine is more soluble 

both in the cream formulation, and in the 

extracellular matrix of the skin. In excised tissues 

caffeine is able to penetrate across the barrier 

through the transappendageal route and easily 

diffuse into the dermis and subcutis. On the other 

hand, quinidine is the substrate of several efflux 

transporters which are expressed in the various skin 

cells. As indicated by Raman spectroscopy, the 

accumulation of quinidine is similar or even higher 

in the subjects than that of the caffeine, which can 

be a consequence of absorptive orientation of the 

efflux pumps for quinidine  
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Figure 4. Accumulation of the two model drugs (caffeine and quinidine) in the skins and skin substitutes determined by Confocal 

Raman Spectroscopy. Caffeine penetration in mechanically pretreated rat skins (A) and in EpiDerm HRE tissues (MatTek) (B). 

Quinidine penetration in mechanically pretreated rat skins (C) and in EpiDerm RHE tissues (MatTek) (D). 4 rat skins and 3-1 

EpiDerm human reconstructed epidermis were studied. N=7-10 different z-profiling positions were applied for each individual 

sample. 
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3.6. Epidermal barrier function 

 

0

20

40

60

80

100

120

T
E

W
L
 (

g
/m

2
/h

rs
)

Tissues

 skin before

 skin after CAFFEINE

 skin after QUINIDINE

 EpiDerm before

 EpiDerm after CAFFEINE

 EpiDerm after QUINIDINE

p<0.05

 

Figure 5. Transepidermal water loss (TEWL) as the indicator of dermal barrier function, determined in 1) rat skin samples 

after 10 tape strippings before any kind of treatment or after 5h exposition to 2% caffeine or quinidine cream in skin-on-a-

chip device; 2) in EpiDerm HRE tissues before any kind of treatment or after 5h exposition to 2% caffeine or quinidine cream 

in skin-on-a-chip device. N=11 for the skin before, and N=3-4 for the other groups. Data are expressed as means ± SEM. 

The thickened startum corneum (10TS) of excised 

rat skins showed similar barrier function to HRE as 

indicated by the TEWL values (57.4±10.7 and 

56.0±1.0  g/m2/h, respectively). However, after 5h 

exposition to drug containing creams (caffeine or 

quinidine) and continuous perfusion in skin-chip, 

an increasing permeability was demonstrated in rat 

skins (80.3±22.3 and 91.0±18.4 g/m2/h), and 

stronger barrier function could be seen in HRE 

(36.0±4.9 and 34.0±3.6 g/m2/h). The difference 

between the TEWL values of control HRE and 

HRE after quinidine exposure was statistically 

significant (p=0.0356 by Student-t test). The 

standard error (SEM) values and therefore the 

variability of the model was much lower in 

reconstructed epidermis, than in rodent skins. 

 

 

4-  Discussion and conclusion 

Reconstructed human epidermis was used for the 

first time in this study for analyzing the 

transepidermal diffusion and accumulation of 

small molecule model drugs in skin-on-a-chip and 

by confocal Raman spectroscopy. The current 

setup seems to be feasible for applying transwell 

inserts directly on the chips. The dynamics, 

induced by dermal microcirculation was also 

considered using continuous perfusion of the 

device across the microfluidic channel with 

physiological solutions. Some more complex 

systems were recently reported, where the tissue 

flexibility, the capillary endothelial network and 

the immunological cell types (e.g. HL-60 

leukocytes) are also included to the microfluidic 

system [32,33]. The future research should focus 

on the creation of more physiological in vitro 

systems with own vascularity and immunological 

components to provide more appropriate structure 

and composition of the artificial tissue. These 

investigations can be regarded as an early stage 
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discovery research, which makes possible a 

relatively rapid screening of the test drugs for 

barrier penetration and tissue accumulation.  As the 

main components of the skin barrier are localized 

in the stratum corneum and granular epidermis 

(tight junctions) HRE also includes the most 

important elements of this barrier. 

The basic questions of the current study were 

whether 1) the 5-hour diffusion cell study has an 

impact on the properties of the skins/skin 

equivalents, 2) is there any difference between the 

composition of human skin, rat skin and HRE, 3) 

can the transdermal diffusion be measured in 

parallel with the skin accumulation of the test drugs 

(caffeine and quinidine), 4) can the human skins be 

replaced with rat skins or with HRE in skin-on-a-

chip diffusion experiments? 

Based on the results the following answers can be 

given to the above questions: 1) In preliminary 

experiments the rat skins were tested in skin-on-a-

chip device without topical treatment and with 5-

hour topical treatment with blank cream (data are 

not shown). No difference was observed in the skin 

composition before and after the study. In the 

second series of the experiments 5-hour topical 

treatment with caffeine/quinidine creams was 

applied and no difference found in ceramide, 

cholesterol, lactate, water, urea and protein 

contents. The barrier function of the skins was also 

checked before and after the study, and impaired 

permeability was found in animal skin, but better 

barrier function was seen in HRE. These results 

indicate that HRE is more resistant to the shear 

stress occurring in the skin-chip, and also the 

placement of transwell inserts containing HRE to 

the chip is non-invasive, contrary to the tension 

which is applied on the border of skin tissues 

during fixation into the chip (first generation 

device). Also high increase in the hydration could 

be observed in rat skins after the diffusion 

experiments 2) The first difference in the skin 

composition can be detected in ceramide, fatty 

acids and cholesterol contents. The level of these 

factors are much higher in the human skin tissues 

which can be explained by the obesity of the 

donors. This observation indicates that not all 

human skin sample is good for pharmaceutical or 

dermatological studies. Sometimes the donors from 

plastic surgery are not well-comparable with the 

healthy individuals, and a normal animal skin, or 

HRE can be more relevant or more predictive to the 

physiological conditions.  The next difference 

between the subjects tested is, that the HRE 

contains less water but more elements of natural 

moisturizing factor (NMF), like urea or proteins, 

than the skin tissues. 3) This study provided 

evidence that it is possible to measure the 

transdermal/transepidermal diffusion in skin and 

skin equivalent and afterward the tissue models can 

be transferred to measurement window of confocal 

Raman spectroscopy and the drug accumulation 

could also be detected layer-by-layer. This finding 

can be important in dermatological drug 

developments to predict the pharmacokinetic 

profile of the medicaments, and also the localize 

the main portion of the drug within the skin as a 

function of time. 4) As it is shown in Fig 3, the 

diffusion study provided comparable results in rat 

skin and in HRE both in case of caffeine and in 

quinidine. Furthermore, the data are more even, 

and the variability is much lower in the artificial 

tissues. 

In summary, the findings of current research 

confirm that HRE can be a good substitute of 

human or animal tissues in diffusion studies also 

in skin-on-a-chip, although there are some 

differences in the composition of the structural 

elements between HRE and skins. Furthermore, 

the pathological human obese skin tissues can be 

less relevant models in pharmaceutical studies 

than HRE for prediction of drug penetration and 

accumulation in physiological or dermatological 

conditions (like psoriasis, atopic dermatitis and 

inflamed or dry scaly skin). For testing drug 

absorption in these skin disorders appropriate 

preclinical models are available [34–36] and 

these can be used. To analyze the skin 

composition in various dermatological conditions 

further studies are needed. 

 

https://doi.org/10.34846/le-studium.233.02.fr.03-2022


Erdő, F.; Kichou, H.; Bonnier, F.; Munnier, E.; Chourpa, I. Knowledge transfer on RAMAN spectroscopy and 

skin-on-a-chip technology to study transdermal drug delivery, LE STUDIUM Multidisciplinary Journal, 2022, 6, 

1-14 

https://doi.org/10.34846/le-studium.233.02.fr.03-2022 
  12 

5- Perspectives of future collaborations 

with the host laboratory 

The current results will be further analyzed and 

published in an international journal together with 

the host laboratory. Some site visits and student 

exchange are also planned for the next years. 

6- Articles published in the framework of 

the fellowship 

The fellowship program was only three months 

which is quite short period for preparing articles. 

But it was a good incipience for a larger 

collaboration. The technology transfer was 

successfully accomplished, and some data has 

already been presented in the Le STUDIUM 

Thursday in Tours (March 03, 2022) and the Le 

STUDIUM virtual Conference (Skin Models in 

Cosmetic Science: Bridging Established Methods 

and Novel Technologies, 2nd meeting, April 7-8 

2022). 

7- Acknowledgements 

 

We acknowledge funding from the ARD 2020 

Cosmetosciences programme of the Région 

Centre Val de Loire and Le Studium Institute for 

the Grant that allowed the mobility of Dr Erdo in 

Tours. 

 

8- References 

1.  Ritacco, G.; Hilberer, A.; Lavelle, M.; 

Api, A.M. Use of Alternative Test Methods in a 

Tiered Testing Approach to Address 

Photoirritation Potential of Fragrance Materials. 

Regul Toxicol Pharmacol 2022, 129, 105098, 

doi:10.1016/j.yrtph.2021.105098. 

2.  De Jong, W.H.; Hoffmann, S.; Lee, M.; 

Kandárová, H.; Pellevoisin, C.; Haishima, Y.; 

Rollins, B.; Zdawczyk, A.; Willoughby, J.; 

Bachelor, M.; et al. Round Robin Study to 

Evaluate the Reconstructed Human Epidermis 

(RhE) Model as an in Vitro Skin Irritation Test for 

Detection of Irritant Activity in Medical Device 

Extracts. Toxicol In Vitro 2018, 50, 439–449, 

doi:10.1016/j.tiv.2018.01.001. 

3.  Zlabiene, U.; Baranauskaite, J.; 

Kopustinskiene, D.M.; Bernatoniene, J. In Vitro 

and Clinical Safety Assessment of the Multiple 

W/O/W Emulsion Based on the Active Ingredients 

from Rosmarinus Officinalis L., Avena Sativa L. 

and Linum Usitatissimum L. Pharmaceutics 2021, 

13, 732, doi:10.3390/pharmaceutics13050732. 

4.  Brown, M.B.; Khengar, R.H.; Turner, 

R.B.; Forbes, B.; Traynor, M.J.; Evans, C.R.G.; 

Jones, S.A. Overcoming the Nail Barrier: A 

Systematic Investigation of Ungual Chemical 

Penetration Enhancement. Int J Pharm 2009, 370, 

61–67, doi:10.1016/j.ijpharm.2008.11.009. 

5.  Sziráki, I.; Erdo, F.; Beéry, E.; Molnár, 

P.M.; Fazakas, C.; Wilhelm, I.; Makai, I.; Kis, E.; 

Herédi-Szabó, K.; Abonyi, T.; et al. Quinidine as 

an ABCB1 Probe for Testing Drug Interactions at 

the Blood-Brain Barrier: An in Vitro in Vivo 

Correlation Study. J Biomol Screen 2011, 16, 

886–894, doi:10.1177/1087057111414896. 

6.  Sziráki, I.; Erdő, F.; Trampus, P.; Sike, 

M.; Molnár, P.M.; Rajnai, Z.; Molnár, J.; 

Wilhelm, I.; Fazakas, C.; Kis, E.; et al. The Use of 

Microdialysis Techniques in Mice to Study P-Gp 

Function at the Blood-Brain Barrier. J Biomol 

Screen 2013, 18, 430–440, 

doi:10.1177/1087057112468156. 

7.  Pyka, A.; Babuśka, M.; Zachariasz, M. A 

Comparison of Theoretical Methods of 

Calculation of Partition Coefficients for Selected 

Drugs. Acta Pol Pharm 2006, 63, 159–167. 

8.  Ito, K.; Nguyen, H.T.; Kato, Y.; 

Wakayama, T.; Kubo, Y.; Iseki, S.; Tsuji, A. P-

Glycoprotein (Abcb1) Is Involved in Absorptive 

Drug Transport in Skin. J Control Release 2008, 

131, 198–204, doi:10.1016/j.jconrel.2008.08.004. 

9.  Fujita, K.-I.; Masuo, Y.; Yamazaki, E.; 

Shibutani, T.; Kubota, Y.; Nakamichi, N.; Sasaki, 

Y.; Kato, Y. Involvement of the Transporters P-

Glycoprotein and Breast Cancer Resistance 

Protein in Dermal Distribution of the Multikinase 

Inhibitor Regorafenib and Its Active Metabolites. 

J Pharm Sci 2017, 106, 2632–2641, 

doi:10.1016/j.xphs.2017.04.064. 

10.  Li, Q.; Kato, Y.; Sai, Y.; Imai, T.; Tsuji, 

A. Multidrug Resistance-Associated Protein 1 

Functions as an Efflux Pump of Xenobiotics in the 

https://doi.org/10.34846/le-studium.233.02.fr.03-2022


Erdő, F.; Kichou, H.; Bonnier, F.; Munnier, E.; Chourpa, I. Knowledge transfer on RAMAN spectroscopy and 

skin-on-a-chip technology to study transdermal drug delivery, LE STUDIUM Multidisciplinary Journal, 2022, 6, 

1-14 

https://doi.org/10.34846/le-studium.233.02.fr.03-2022 
  13 

Skin. Pharm Res 2005, 22, 842–846, 

doi:10.1007/s11095-005-4576-1. 

11.  Li, Q.; Tsuji, H.; Kato, Y.; Sai, Y.; Kubo, 

Y.; Tsuji, A. Characterization of the Transdermal 

Transport of Flurbiprofen and Indomethacin. J 

Control Release 2006, 110, 542–556, 

doi:10.1016/j.jconrel.2005.09.054. 

12.  Hashimoto, N.; Nakamichi, N.; 

Yamazaki, E.; Oikawa, M.; Masuo, Y.; Schinkel, 

A.H.; Kato, Y. P-Glycoprotein in Skin Contributes 

to Transdermal Absorption of Topical 

Corticosteroids. Int J Pharm 2017, 521, 365–373, 

doi:10.1016/j.ijpharm.2017.02.064. 

13.  Bajza, Á.; Kocsis, D.; Berezvai, O.; Laki, 

A.J.; Lukács, B.; Imre, T.; Iván, K.; Szabó, P.; 

Erdő, F. Verification of P-Glycoprotein Function 

at the Dermal Barrier in Diffusion Cells and 

Dynamic “Skin-On-A-Chip” Microfluidic Device. 

Pharmaceutics 2020, 12, E804, 

doi:10.3390/pharmaceutics12090804. 

14.  Lukács, B.; Bajza, Á.; Kocsis, D.; Csorba, 

A.; Antal, I.; Iván, K.; Laki, A.J.; Erdő, F. Skin-

on-a-Chip Device for Ex Vivo Monitoring of 

Transdermal Delivery of Drugs-Design, 

Fabrication, and Testing. Pharmaceutics 2019, 11, 

E445, doi:10.3390/pharmaceutics11090445. 

15.  Varga-Medveczky, Z.; Kocsis, D.; 

Naszlady, M.B.; Fónagy, K.; Erdő, F. Skin-on-a-

Chip Technology for Testing Transdermal Drug 

Delivery—Starting Points and Recent 

Developments. Pharmaceutics 2021, 13, 1852, 

doi:10.3390/pharmaceutics13111852. 

16.  Caspers, P.J.; Lucassen, G.W.; Carter, 

E.A.; Bruining, H.A.; Puppels, G.J. In Vivo 

Confocal Raman Microspectroscopy of the Skin: 

Noninvasive Determination of Molecular 

Concentration Profiles. J Invest Dermatol 2001, 

116, 434–442, doi:10.1046/j.1523-

1747.2001.01258.x. 

17.  Caspers, P.J.; Nico, C.; Bakker Schut, 

T.C.; de Sterke, J.; Pudney, P.D.A.; Curto, P.R.; 

Illand, A.; Puppels, G.J. Method to Quantify the in 

Vivo Skin Penetration of Topically Applied 

Materials Based on Confocal Raman 

Spectroscopy. Translational Biophotonics 2019, 

1, e201900004, doi:10.1002/tbio.201900004. 

18.  Binder, L.; Kulovits, E.M.; Petz, R.; 

Ruthofer, J.; Baurecht, D.; Klang, V.; Valenta, C. 

Penetration Monitoring of Drugs and Additives by 

ATR-FTIR Spectroscopy/Tape Stripping and 

Confocal Raman Spectroscopy - A Comparative 

Study. Eur J Pharm Biopharm 2018, 130, 214–

223, doi:10.1016/j.ejpb.2018.07.007. 

19.  Choe, C.; Schleusener, J.; Lademann, J.; 

Darvin, M.E. Human Skin in Vivo Has a Higher 

Skin Barrier Function than Porcine Skin Ex Vivo-

Comprehensive Raman Microscopic Study of the 

Stratum Corneum. J Biophotonics 2018, 11, 

e201700355, doi:10.1002/jbio.201700355. 

20.  Imhof, R.E.; De Jesus, M.E.P.; Xiao, P.; 

Ciortea, L.I.; Berg, E.P. Closed-Chamber 

Transepidermal Water Loss Measurement: 

Microclimate, Calibration and Performance. Int J 

Cosmet Sci 2009, 31, 97–118, doi:10.1111/j.1468-

2494.2008.00476.x. 

21.  Rogiers, V.; EEMCO Group EEMCO 

Guidance for the Assessment of Transepidermal 

Water Loss in Cosmetic Sciences. Skin Pharmacol 

Appl Skin Physiol 2001, 14, 117–128, 

doi:10.1159/000056341. 

22.  Vater, C.; Apanovic, A.; Riethmüller, C.; 

Litschauer, B.; Wolzt, M.; Valenta, C.; Klang, V. 

Changes in Skin Barrier Function after Repeated 

Exposition to Phospholipid-Based Surfactants and 

Sodium Dodecyl Sulfate In Vivo and Corneocyte 

Surface Analysis by Atomic Force Microscopy. 

Pharmaceutics 2021, 13, 436, 

doi:10.3390/pharmaceutics13040436. 

23.  Hill, J.R.; Wertz, P.W. Structures of the 

Ceramides from Porcine Palatal Stratum 

Corneum. Lipids 2009, 44, 291–295, 

doi:10.1007/s11745-009-3283-9. 

24.  Garidel, P.; Fölting, B.; Schaller, I.; Kerth, 

A. The Microstructure of the Stratum Corneum 

Lipid Barrier: Mid-Infrared Spectroscopic Studies 

of Hydrated Ceramide:Palmitic Acid:Cholesterol 

Model Systems. Biophys Chem 2010, 150, 144–

156, doi:10.1016/j.bpc.2010.03.008. 

https://doi.org/10.34846/le-studium.233.02.fr.03-2022


Erdő, F.; Kichou, H.; Bonnier, F.; Munnier, E.; Chourpa, I. Knowledge transfer on RAMAN spectroscopy and 

skin-on-a-chip technology to study transdermal drug delivery, LE STUDIUM Multidisciplinary Journal, 2022, 6, 

1-14 

https://doi.org/10.34846/le-studium.233.02.fr.03-2022 
  14 

25.  Feingold, K.R. Thematic Review Series: 

Skin Lipids. The Role of Epidermal Lipids in 

Cutaneous Permeability Barrier Homeostasis. J 

Lipid Res 2007, 48, 2531–2546, 

doi:10.1194/jlr.R700013-JLR200. 

26.  Wertz, P.W. Lipids and the Permeability 

and Antimicrobial Barriers of the Skin. J Lipids 

2018, 2018, 5954034, doi:10.1155/2018/5954034. 

27.  Wohlrab, J.; Gebert, A.; Neubert, R.H.H. 

Lipids in the Skin and PH. Curr Probl Dermatol 

2018, 54, 64–70, doi:10.1159/000489519. 

28.  Uche, L.E.; Gooris, G.S.; Bouwstra, J.A.; 

Beddoes, C.M. Barrier Capability of Skin Lipid 

Models: Effect of Ceramides and Free Fatty Acid 

Composition. Langmuir 2019, 35, 15376–15388, 

doi:10.1021/acs.langmuir.9b03029. 

29.  Sochorová, M.; Audrlická, P.; Červená, 

M.; Kováčik, A.; Kopečná, M.; Opálka, L.; 

Pullmannová, P.; Vávrová, K. Permeability and 

Microstructure of Cholesterol-Depleted Skin 

Lipid Membranes and Human Stratum Corneum. 

J Colloid Interface Sci 2019, 535, 227–238, 

doi:10.1016/j.jcis.2018.09.104. 

30.  Tang, S.-C.; Yang, J.-H. Dual Effects of 

Alpha-Hydroxy Acids on the Skin. Molecules 

2018, 23, E863, doi:10.3390/molecules23040863. 

31.  Mojumdar, E.H.; Pham, Q.D.; Topgaard, 

D.; Sparr, E. Skin Hydration: Interplay between 

Molecular Dynamics, Structure and Water Uptake 

in the Stratum Corneum. Sci Rep 2017, 7, 15712, 

doi:10.1038/s41598-017-15921-5. 

32.  Risueño, I.; Valencia, L.; Jorcano, J.L.; 

Velasco, D. Skin-on-a-Chip Models: General 

Overview and Future Perspectives. APL Bioeng 

2021, 5, 030901, doi:10.1063/5.0046376. 

33.  Sutterby, E.; Thurgood, P.; Baratchi, S.; 

Khoshmanesh, K.; Pirogova, E. Microfluidic 

Skin-on-a-Chip Models: Toward Biomimetic 

Artificial Skin. Small 2020, 16, e2002515, 

doi:10.1002/smll.202002515. 

34.  Kemény, Á.; Kodji, X.; Horváth, S.; 

Komlódi, R.; Szőke, É.; Sándor, Z.; Perkecz, A.; 

Gyömörei, C.; Sétáló, G.; Kelemen, B.; et al. 

TRPA1 Acts in a Protective Manner in 

Imiquimod-Induced Psoriasiform Dermatitis in 

Mice. J Invest Dermatol 2018, 138, 1774–1784, 

doi:10.1016/j.jid.2018.02.040. 

35.  Horváth, S.; Kemény, Á.; Pintér, E.; 

Gyulai, R. A Localized Aldara (5% Imiquimod)-

Induced Psoriasiform Dermatitis Model in Mice 

Using Finn Chambers. Curr Protoc Pharmacol 

2020, 90, e78, doi:10.1002/cpph.78. 

36.  Jin, H.; He, R.; Oyoshi, M.; Geha, R.S. 

Animal Models of Atopic Dermatitis. J Invest 

Dermatol 2009, 129, 31–40, 

doi:10.1038/jid.2008.106. 

 

 

 

https://doi.org/10.34846/le-studium.233.02.fr.03-2022

