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mentation) and the European Union directives prohibiting the 
use of animal models for cosmetics, have increased the demand 
for non-animal alternatives to test topical formulations (Zuang et 
al., 2015; Gray et al., 2016).

In the last decade, major progress has been made in the de-
velopment of physiologically relevant in vitro human skin mod-
els (Niehues et al., 2018). These models have been extensively 
used to evaluate the safety and efficacy of new drug formulations 
or cosmetic ingredients and to study skin biology and skin-relat-
ed diseases. However, the complex multi-layered structure and 
physiology of the native human skin makes it challenging to de-
velop reproducible models that accurately mimic its behavior 
(van den Broek et al., 2017). 

From a histological point of view, the skin is composed of two 
main layers: the epidermis and the dermis, tightly connected by 
the dermo-epidermal junction (DEJ) (Joffe et al., 2020). The epi-

1  Introduction

Skin diseases are ranked as the fourth leading cause of non-fatal 
morbidity worldwide, affecting approximately one third of the 
global population (Seth et al., 2017). This is fueling the growth 
of the topical drug delivery market and leading to the develop-
ment of new and better technologies (Tadros et al., 2020; Yama-
da and Prow, 2020; Cui et al., 2021). To investigate their mode of 
action and evaluate potential toxicity, animal models are exten-
sively used in the preclinical phase of topical drug development 
(Almeida et al., 2017). However, they frequently lack predictive 
value for human skin conditions, resulting in high drug attrition 
rates at later stages of drug development (Van Norman, 2019). 
These factors, combined with the global legislation commitment 
to the development of new test methods in accordance with the 
3Rs (replacement, reduction, and refinement of animal experi-
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els. The open-source concept was first described in information 
technology (IT) with LINUX being the most popular example of 
a free and open software (Fuggetta, 2003). Reconstructed skin 
models based on this open concept could lead to independence 
from commercial suppliers and cost reduction for users. Recent-
ly, attempts have been made to develop in vitro skin irritation 
tests based on open-source RHEm with openly accessibly pro-
tocols (Mewes et al., 2016). A similar validation for open-source 
FTSm is still lacking.

In the present study, we tested the feasibility of using a pre-
viously developed open-source FTSm based on a fibroblast-de-
rived matrix (FDM) and scaffold technology for drug testing ap-
plications (Zoio et al., 2021a). The developed model avoids the 
use of animal-derived hydrogels and the consequent problems 
arising from the use of animal collagen-based techniques. These 
characteristics make it ideal for applications where reproducibili-
ty and robustness are required, including integration on an organ-
on-a-chip device (Zoio et al., 2022). We compare the physiology 
and overall performance of the open-source FTSm with an in-
house RHEm produced using an open-source protocol (De Vuyst 
et al., 2013). The integrity of the epidermal barrier was assessed 
by challenging the surface of the epithelium and by performing 
transepithelial resistance (TEER) measurements. Irritation tests 
were performed according to OECD test guidelines (TG) and 
complemented with TEER measurements (OECD, 2021). Fi-
nally, permeation studies using Franz diffusion cells were per-
formed on the open source FTSm and compared with the RHEm 
and the commercial membrane Strat-M®. 

2  Materials and methods

2.1  Primary cells and cell maintenance
Primary human foreskin-derived dermal fibroblasts (HDFn; Cell-
nTec, Bern, Switzerland) were maintained in fibroblast growth 
medium (FGM) composed of Iscove’s Modified Dulbecco’s Me-
dium (IMDM, ThermoFisher, Loughborough, UK) supplement-
ed with 10% fetal bovine serum at 37°C in a 5% CO2 humidifi-
er, following supplier’s instructions. HDFs were used for up to 
8 passages and subcultured at confluency between 80 and 90%. 

Primary human epidermal keratinocytes isolated from neona-
tal foreskin (HEKn, ThermoFisher, Loughborough, UK) were 
maintained in keratinocyte growth medium (KGM) composed 
of EpiLife medium (ThermoFisher Scientific), supplemented 
with 0.06 mM calcium and keratinocyte growth factor (HKGS, 
ThermoFisher) at 37°C and 5% CO2 in a humidified incubator. 
The KGM medium was changed every other day until the cells 
reached 50% confluency. At this point, the medium was changed 
every day until reaching 70-80% confluency. A low passage (3-4) 
and actively proliferating keratinocytes were used for successful 
3D culture. 

2.2  Generation of the open-source FTSm
The development of a FTSm based on a FDM comprises the de-
velopment of a mature dermis composed of fibroblasts and ECM 
and the formation of a differentiated epidermis on top of the der-

dermal layer is a stratified squamous epithelium containing main-
ly keratinocytes in close association with melanocytes. Kerati-
nocytes form a proliferative basal layer and differentiate as they 
move towards the surface of the skin (Rice and Rompolas, 2020). 
This process gives rise to the different layers of the epidermis in-
cluding the stratum basale (SB), stratum spinosum (SS), stratum 
granulosum (SG), and the most superficial portion, the stratum 
corneum (SC). This outer layer is formed by dead and denucleat-
ed keratinocytes (corneocytes), filled with keratin and surrounded 
by lipids, forming a water-resistant and protective barrier (Pertic-
aroli et al., 2019). Melanocytes proliferate less frequently and re-
main at the DEJ where they interact with the basal layer, playing a 
crucial role in UV protection (Del Bino et al., 2018). 

The dermis lies between the epidermis and subcutis and is 
mainly composed of human dermal fibroblasts embedded in a 
collagen matrix. Fibroblasts secrete and remodel extracellu-
lar matrix (ECM) components such as collagen and fibronectin, 
forming most of this connective tissue and providing a frame-
work and mechanical support to the skin cells (Urciuolo et al., 
2019). In vivo, the epidermis is bound tightly to the dermal com-
ponent via the basement membrane, which is composed of ECM 
proteins secreted as a result of interactions between keratinocytes 
and fibroblasts. The DEJ facilitates the exchange of substances 
and the polarity of the basal keratinocytes (Natsuga et al., 2019).

Engineered skin models are incrementally advancing in em-
ulating the anatomy of the skin. For reconstructed human epi-
dermal models (RHEm), many researchers rely on commercially 
available in vitro skin models such as EpiSkin®, SkinEthic®, and 
EpiDerm® (Netzlaff et al., 2005). These models are generated by 
seeding keratinocytes on a polycarbonate membrane followed by 
establishment of an air-liquid interface to achieve epidermal dif-
ferentiation. However, as they are based only on keratinocytes, 
they lack crosstalk with the dermis, which limits their applica-
tion (Wang et al., 2016). More complex full-thickness skin mod-
els (FTSm) are also commercially available, namely Phenion®, 
Epiderm-FT®, Stratatest,® and T-Skin® (Ackermann et al., 2010; 
Rasmussen et al., 2010; De Wever et al., 2015a). These models 
are created using hydrogel-based technologies, usually with an-
imal-derived collagen, into which fibroblasts are integrated. Al-
though these structures mimicking the dermis provide good sup-
port to the epidermis and allow communication between kera-
tinocytes and fibroblasts, they present several disadvantages. 
These include the use of exogenous animal-derived materials, 
fibroblast-mediated collagen contraction that results in detach-
ment from the insert, low mechanical stability, and batch-to-
batch variability (Redden and Doolin, 2003; Radhakrishnan et 
al., 2020).

All commercially available skin models have in common that 
the methods used to generate them are not fully transparent since 
they are partly based on confidential and legally protected proto-
cols (De Wever et al., 2015b). Moreover, these models are cost-
ly and arrive pre-made, lacking the flexibility to be tailored for 
specific applications. Commercial models can also be affected 
by quality loss after shipment over long periods of time and dis-
tances. To surpass these restrictions, it is crucial to develop open-
source protocols for the generation of reconstructed skin mod-
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L-ascorbic acid 2-phosphate. The medium was changed every 
other day, and the FTSm were maintained for 12 days.

2.3  Generation of an open-source RHEm 
RHEm were generated based on the protocol from De Vuyst et 
al. (2013) with minor adaptations. HEKns were seeded in porous 
polycarbonate cell culture inserts with 12 mm diameter, 0.6 cm2 

effective area, and 0.4 µm pore size (Merck Millipore, Beeston, 
UK). Figure 1b shows a schematic representation of an RHEm 
generated on top of a porous membrane. Briefly, HEKns were har-
vested by trypsinization, centrifuged, and 3.0 x 105 cells/mL were 
re-suspended in KGM containing 1.5 mM calcium. The polycar-
bonate culture inserts were placed in 6-well tissue culture plates 
(VWR) containing 2.5 mL medium, and 500 µL of keratinocyte 
suspension was added into the upper chamber of each insert. Af-
ter 24 h at 37°C in a humidified 5% CO2 incubator, the models 
were raised to ALI by aspiration of the culture medium in the up-
per compartment of the insert. The medium was replaced with  
1.5 mL KGM supplemented with 1.5 mM calcium, 100 µg/mL 
ascorbic acid 2-phosphate, and 10 ng/mL KGF and renewed ev-
ery other day. The epidermal models were maintained for 12 days.

2.4  Histological analysis 
The reconstructed tissues were fixed immediately after being 
taken out of culture in 10% neutral buffered formalin (Sigma). 
The samples were embedded in paraffin to allow for transverse 
sectioning. Sections (5 µm thick) were deparaffinized and re- 
hydrated for morphological evaluation by standard hematoxylin 
and eosin (H&E) staining. 

mis. The in-depth protocol has been previously published (Zoio 
et al., 2021a). Figure 1a shows a schematic representation of the 
FTSm with a scaffold structure and HDFns to generate the der-
mal compartment and the HEKns generating a stratified epider-
mal compartment. 

Polystyrene scaffolds (12-well Alvetex® scaffold inserts,  
REPROCELL Europe Ltd, Glasgow, UK) were used for forma-
tion of the fully-human dermal equivalent. These scaffolds were 
selected due to their biological inertness, high porosity (90%) 
and low thickness (200 µm), and high pore interconnectivity. In 
the 12-well insert format, the scaffold has a diameter of 15 mm 
and an effective area of 1.12 cm2. HDFns (1.0 x 106 cells) were 
seeded onto the porous scaffolds in 100 µL FGM medium (10 x 
106 cells/mL) and incubated for 1.5 h at 37°C in a humified atmo-
sphere with 5% CO2. After the cell adhesion period, the scaffolds 
were placed with a sterile pair of tweezers in 6-well tissue cul-
ture plates (VWR). FGM supplemented with 100 µg/mL ascor-
bic acid 2-phosphate (Sigma-Aldrich) was applied to the bottom 
of each well to flood the insert prior to incubation and maintained 
for 9 days, changing the medium every 3 days. During this peri-
od, HDFns were stimulated to proliferate and secrete endogenous 
dermal ECM.

The FTSm were generated by seeding HEKn onto the dermal 
equivalents. As a first step, HEKns (5.0 x 105 cells) were incubated 
under submerged conditions in KGM containing a high concen-
tration of calcium (1.5 mM). After 3 days, the models were raised 
to the air-liquid interface (ALI) by removal of the medium in the 
upper compartment and cultured in KGM containing 1.5 mM  
calcium supplemented with 10 ng/mL KGF and 100 µg/mL  

Fig. 1: Schematic 
depiction of the open-
source (a) full-thickness 
model (FTSm) and  
(b) reconstructed human 
epidermis model (RHEm) 
FTSm are generated using 
a porous polystyrene 
scaffold seeded with fibro- 
blasts to recreate 
the dermal layer, and 
keratinocytes are seeded 
on top of the dermal layer. 
RHEm are generated  
by seeding keratinocytes on 
top of a porous membrane. 
An air-liquid interface  
is established to generate 
a fully-differentiated 
epidermis with the layers 
present in native human 
skin.
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ALI, before their fixation in formalin. TEER values were calcu-
lated according to the following equation: 

 (Eq. 1)

where Rsample is the resistance value for the skin model, Rblank  
is the resistance value of an insert without cultured cells, and A 
is the effective culture area (1.12 cm2 for FTSm and 0.63 cm2 for 
RHEm). For RHEm, the KGM was replaced with 300 µL PBS in 
the apical compartment and 2 mL PBS in the basal compartment. 
For FTSm, for the time required to measure electrical resistance, 
the tissues were placed in adapted 6-well plates containing 2 mL 
PBS. The KGM was aspirated and replaced with 250 µL of PBS 
in the apical compartment. One electrode was submerged in the 
upper compartment and the other was submerged in the lower 
compartment. Measurements were performed for four differ-
ent skin batches of FTSm and RHEm. Together with TEER val-
ues measured for skin batches used in previous studies, a low-
er threshold was determined as a quality control by correlating 
the measurements with observations of macroscopical skin de-
fects in histological analysis. FTSm and RHEm with TEER val-
ues lower than the determined threshold were not used for further 
experiments.

2.6  Skin irritation test
Study design and test protocol
The irritation tests were performed according to OECD TG 439 
(OECD, 2021). The reference substances were 5% aqueous po-
tassium hydroxide (Sigma) and 1-bromohexane (Sigma), which 
are both classified as irritants (category 2 substance) according 
to the United Nations Globally Harmonized System of Classi-
fication and Labelling of Chemicals (UN GHS), and isopropa-
nol (Sigma) and diethylene glycol monoethyl (Transcutol®, Sig-
ma), which are both classified as non-irritants (no category sub-
stance). Two controls were included in each test run. PBS was 
applied to the top of the models as a negative control (non-irri-
tant), and 5% aqueous SDS served as positive control (irritating). 
Each chemical substance was tested in triplicate, and controls 
were tested in duplicate. All test compounds were pre-checked 
prior to use for direct MTT reduction and color interference as 
described in OECD TG 439.

Figure 2 shows the steps performed for skin irritation test-
ing. The testing was performed according to DB-ALM Proto-
col nº 212 (epiCS SIT) with minor adaptations. Briefly, RHEm 
and FTSm were topically treated with the test substances (50 µL/
cm2) for 20 min. Following exposure, tissues were washed with 
PBS and incubated for 42 h at 37°C in a CO2 incubator. The me-
dium was exchanged 24 h after the application of the test sam-
ples. At the end of the post-incubation period, tissue viability was 
evaluated by MTT assay using the protocol described in Section 
2.5. The reduction of cell viability in tissues treated with test sub-
stances was compared to tissues treated with negative control 
(100% viability) and expressed as % according to Equation 2:

(Eq. 2)

2.5  Barrier function
Effective concentration at 50% viability 
The barrier function was assessed by determining the concentra-
tion at which a benchmark chemical reduces tissue viability by 
50% (IC50) after a fixed exposure time. For this, a range of concen-
trations of sodium dodecyl sulphate (SDS) from 0 to 5 mg/mL was 
topically applied (70 µL for the RHEm and 150 µL for FTSm) for 
18 h. After exposure, samples were washed in phosphate buffered 
saline (PBS) to remove medium containing phenol red. 

For the FTSm, scaffold discs were removed from the support 
by unclipping the plastic base and placed in 12-well plates. 1 mL 
MTT (1 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide in PBS, Sigma-Aldrich) was added to each well 
and incubated at 37°C in a 5% CO2 incubator for 3 h. The MTT 
solution was replaced by 1 mL acidified isopropanol. The plates 
were covered with parafilm, protected from light, and left at room 
temperature (RT) on a rotating platform for 30 min at 100 rpm to 
ensure blue formazan product was fully solubilized. 

For the RHEm, inserts were removed from the 6-well plates, 
washed with PBS, and transferred into the 24-well plates pre-
filled with 300 µL MTT solution (1 mg/mL). RHEs were incubat-
ed at 37°C in a 5% CO2 incubator for 3 h. Then, the culture inserts 
were immersed in 2 mL/well of acidified isopropanol and left for 
2 h at RT on a rotating platform (100 rpm). 

After the extraction, samples of the formazan solution of each 
well were mixed and transferred in two aliquots of 200 µL each 
into 96-well plates. Absorbance was read at 570 nm using a plate 
reader. Relative MTT values were calculated with control cul-
tures being set at 100%. Values were normalized to nontreated 
skin models.

Barrier integrity evaluation by passive dye diffusion
The barrier function of the skin models was further studied by 
assessing the penetration of the passive dye Lucifer yellow (Sig-
ma) in combination with detergent treatment. Solutions of vari-
ous SDS concentrations (0-0.5% w/v in PBS) were applied top-
ically (70 µL epidermal models and 150 µL full thickness mod-
el). After 2 h incubation at 37°C, the models were washed three 
times with PBS, and 1 mg/mL Lucifer yellow was topically ap-
plied to the models for 30 min, followed by three washes with 
PBS. The tissues were fixed with a neutral buffered 10% for-
malin solution (Sigma) and embedded in paraffin. Tissue sec-
tions were rehydrated, and nuclei were stained with 1 µg/mL 
of 4,6-diamidino-2-phenylindole (DAPI, Invitrogen, Waltham, 
MA, USA). Slides were mounted with VECTASHIELD (Vec-
tor Laboratories, Burlingame, CA, USA). Images were obtained 
using the Nikon Eclipse TE2000-S fluorescence microscope 
(Nikon instruments, Melville, NY, USA) and analyzed with the 
ImageJ software.

Transepithelial electrical resistance
The barrier integrity of RHE and FTSm models was also evaluat-
ed by monitoring the TEER. Measurements were taken using an 
EVOM Epithelial Volt/Ohm Meter and a pair of Ag/AgCl probes 
(WPI Europe, Friedberg, Germany). For both FTSm and RHEm, 
measurements were performed after 12 days of cell culture at the 



Zoio et al.

ALTEX 39(3), 2022 409

Ireland). Three test compounds with varying polarity were used 
for the permeation testing: clotrimazole (FIS – Fabbrica Itali-
na Sintetici S.p.A., Montecchio Maggiore, Italy) and hydrocor-
tisone (Tianjin Jinjin Pharmaceutical Co., Ltd., Tianjin, China), 
both applied as a 1% (w/v) solution in propylene, and salicyl-
ic acid (Quimidroga, Barcelona, Spain), applied as a 1% (w/v) 
solution in propylene glycol/water 9:1. The experiments were 
performed in triplicate (n = 3) for FTSm, RHEm, and Strat-M® 
membranes. The RHEm and FTSm were visually inspected for 
any defects. Since both FTSm and RHEm were too small to be 
directly mounted into the Franz diffusion cells, dedicated adaptor 
modules were designed in AutoCad (Autodesk, Inc.) and fabri-
cated using 3D-printing (Fig. S1, S21). The adaptors allowed cor-
rect placement and sealing of the skin models in the center of the 
Franz cells (Fig. S31). 

The release medium was continuously stirred with a magnetic 
bar and maintained at 32 ± 2°C by a thermostatic water pump to 
assure a temperature of 32°C at the membrane surface (to mimic 
skin conditions). The receptor medium, a mixture of PBS:etha-
nol 3:1, was appropriately screened based on solubility studies to 
ensure the sink conditions during the experiment. Aliquots of the 
receptor phase (200 µL) were withdrawn after 1, 2, 4, 5, 6, 8 and 
24 h and analyzed via UV at 298 nm for salicylic acid, 263 nm 
for clotrimazole and 254 nm for hydrocortisone.

The cumulative amount of drug that had permeated through 
the different models was plotted as a function of time (Qt) and 
determined based on the Equation 3:

 (Eq. 3)

Prediction/evaluation model
The prediction/evaluation model to assess chemical hazard based 
on OECD TG 439 uses a viability threshold to classify a sub-
stance (OECD, 2021). A substance was classified as “irritating” 
or “category 2” when the average viability after the skin irritation 
test obtained using the MTT assay was below or equal to 50%. A 
substance was classified “non-irritating” or “no category” when 
the mean viability was above 50%. Also, a tissue was consid-
ered as conforming if the mean OD values of the negative control 
were between 0.6 and 2.8 for every exposure time, which is the 
range that includes all OECD validated models, the mean viabil-
ity of the tissue replicates exposed for 1 h with the positive con-
trol were < 15%, and the standard deviation (SD) was ≤ 18.

TEER for skin irritation test
TEER measurements were also performed as a complement of 
the skin irritation test. To evaluate the effects of chemical sub-
stances on the TEER values of fully matured RHEs and FTSm 
(day 12 of ALI), measurements were taken before and 42 h af-
ter exposing the tissue to the test substances. TEER measure-
ments were performed as described in Section 2.5. Raw data of 
the TEER value for tissue were reported for the test substances in  
3 replicates. The means and SDs of TEER values of selected 
compounds were normalized to untreated skin and reported as 
fold change over control. 

2.7  Permeation assays using Franz diffusion cells
In vitro permeation tests were performed in static Franz cells 
(volume 4 mL, diffusion area of 1 cm2) using the RHEm, FTSm, 
and Strat-M® (Merck Millipore, Tullagreen, Carrigtwohill,  

1 doi:10.14573/altex.2111182s

Fig. 2: Schematic of  
the protocol for  
skin irritation testing 
TEER measurements 
were performed before 
application of the test 
substances using chopstick 
electrodes. Models were 
topically treated for 20 min 
followed by washes with 
PBS. The skin tissues were 
then incubated for 42 h at 
37°C in a CO2 incubator. 
After this incubation period, 
TEER measurements were 
performed, and the tissue 
viability was evaluated by 
an MTT assay.

https://doi.org/10.14573/altex.2111182s
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skin models formed a complex architecture with a multi-layered 
epidermis after 12 days of culture at ALI. The models replicat-
ed the normal process of epidermal stratification, presenting the 
four main layers: SB, SS, SG and SC. As expected, in the lower 
part of the epidermis (SB), HEKns show a cuboid morphology, 
followed by the cells of the SS and SG with a flatter architecture, 
and anucleated cells closer to the surface. At the apical surface, a 
cornified layer can be seen in both models. 

The FTSm includes a fully human dermis capable of support-
ing the multi-layered epidermis without HEKn infiltration. Fig-
ure 3 (top) shows the dermis compartment with HDFns distribut-
ed along the scaffold and FDM, which built up and accumulated 
in the pores, mimicking the composition of native human dermis.

3.2  Reconstructed full thickness skin models show  
improved barrier function
The barrier function of the RHEm and FTSm was assessed by 
testing the ability of the SC and its lipid composition to resist the 
rapid penetration of a cytotoxic benchmark (SDS) as estimated by 
IC50. The viability of the models cultured at ALI for 12 days was 
assessed by MTT colorimetric assay. Upon application of various 
SDS concentrations, IC50 values of 1.5 mg/mL and 1.8 mg/mL  
were determined for RHEm and FTSm, respectively (Fig. 4a). 
These values were within OECD acceptance limits. Moreover, 
the tissue damage caused and the resultant disruption of the skin 
barrier were visualized by topical application of increasing con-
centrations of SDS (0.15 to 0.5%) for 2 h followed by observation 
of the passive diffusion of the hydrophilic fluorescent dye Lucifer 
yellow into FTSm (Fig. 4b) and RHEm (Fig. 4c).

When the dye was applied to an untreated skin model, it was re-
tained in the SC, and no diffusion was observed into the epidermis 
or into the dermal layer, showing the integrity of the skin barrier 
for this molecule. In the skin models treated with SDS, the diffu-
sion of the dye was dose-dependent, with the dye being mostly re-

where Ct is the drug concentration of the receiver solution at each 
sampling time, Ci is the drug concentration of the sample applied 
on the donor compartment, and Vr and Vs are the volumes of the 
receiver solution and the sample, respectively. S represents the 
skin surface area.

According to Fick’s first law of diffusion, the steady-state flux 
(Jss, µg/cm2/h) was calculated:

(Eq. 4)

where D is the diffusion coefficient of the drug, C0 represents the 
drug concentration in the donor compartment, P is the partition 
coefficient between the vehicle and the skin, h is the diffusional 
path length, and Kp is the permeability coefficient.

The flux and Kp of the formulations were measured and com-
pared accordingly. The Jss and Kp of the yielded solutions were 
calculated and compared. The permeation lag time, a parameter 
related to the required time to achieve the steady-state flux of a 
drug through the skin, was also considered for analysis.

2.8  Statistical analysis 
Data are presented as mean ± SD. Quantitative differences be-
tween samples and the viability threshold were assessed by one-
way ANOVA; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

3  Results

3.1  Open-source skin models recapitulate 
the morphology of human skin
The FTSm and RHEm were developed based on open source 
methodology and first described in Zoio et al. (2021a). The basic 
morphology of the generated models was analyzed by conducting 
H&E staining on transverse sections. Figure 3 shows that both 

Fig. 3: Representative 
H&E images of two 
independent replicates 
of a full thickness skin 
model (FTSm) composed 
of dermal and epidermal 
compartment and a 
reconstructed human 
epidermal model (RHEm) 
Both models were 
maintained at the air-liquid 
interface for 12 days 
to promote epidermal 
differentiation. Stratum 
corneum (SC), stratum 
granulosum (SG), stratum 
spinosum (SS), and stratum 
basale (SB). Scale bars: 
100 µm.
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presented macroscopic defects. An example of an extreme mac-
roscopic defect can be seen in Figure S41. A more common obser-
vation was the presence of small holes on the surface of the model 
where no epidermal compartment was present; however, no signs 
of keratinocyte infiltration were found. This problem, which af-
fected 15% of the product FTSm, may be caused by irregulari-
ties in the scaffold structure, showing a need for protocol optimi-
zation. Only 3% of the produced FTSm presented lower TEER  
values caused by an undifferentiated epidermis. FTSm with TEER 
< 500 Ω.cm2 were not used in further experiments.

For RHEm, a lower limit of 1500 Ω.cm2 for TEER values was 
established as a quality control. In models with lower values, it 
was not possible to establish an ALI, and the inserts remained 
submerged. As expected, histological evaluation of these sub-
merged models showed an undifferentiated structure. RHEm with 
TEER < 1500 Ω.cm2 were not used in further experiments.

tained in the stratum corneum at lower SDS concentrations and 
penetrating further at higher SDS concentrations (> 3 mg/mL).  
A complete loss of epidermal integrity and barrier function was 
observed for skin models treated with 0.5% SDS.

To further assess the integrity of the cultures, TEER measure-
ments were performed. This technique is useful to study the in-
tegrity of tight junctions and detect any barrier dysfunction. 
TEER was measured after cell culture for 12 days at ALI in both 
models. Considering 4 batches/biological replicates (N = 4) with 
different numbers of technical replicates each (n = 8,4,4,9) as 
well as our historical TEER values, FTSm presented mean TEER 
values of 953 ± 398 Ω.cm2 (Fig. 5a), and RHEm presented mean 
TEER values of 11,424 ± 6,033 Ω.cm2 (Fig. 5b).

For FTSm, a lower limit of 500 Ω.cm2 was set as a quality 
control based on macroscopic evaluation of the skin models and 
through histological analysis. Models with lower TEER values 

Fig. 4: Assessment 
of barrier properties 
in epidermal and full 
thickness models 
(a) Analysis of metabolic 
activity (MTT conversion) 
in the epidermal model 
cultured for 10 days at the 
air-liquid interface before 
being exposed for 18 h 
to a concentration range 
of SDS to determine an 
IC50 value. Assessment 
of barrier resistance in 
(b) full thickness models 
and (c) reconstructed skin 
models. Representative 
fluorescence (top) and 
H&E images (bottom) of 
full thickness skin models 
and epidermal models 
cultured for 12 days at ALI. 
Samples were exposed to 
a concentration range of 
SDS for 2 h followed by the 
application of Lucifer yellow 
(LY) for 30 min to assess 
the penetration of the dye 
and barrier integrity. Nuclei 
are stained with DAPI 
(blue). Scale bar = 50 µm. 
The experiments were 
performed in triplicate  
(n = 3).
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and positive control (5% SDS solution) were included in every 
test run. Three substances suggested in OECD TG 439 were in-
cluded (5% potassium hydroxide, isopropanol and 1-bromohex-
ane) as well as one substance commonly used as a skin penetra-
tion enhancer in pharmaceuticals and cosmetic products (dieth-
ylene glycol monoethyl ether, Transcutol®). 

After topical application of the chemical substances and subse-
quent post-incubation, cell viability was assessed using the MTT 
assay. The relative cell viability was normalized to the PBS-only 
treated tissues, and the relative values of FTSm were compared 
with values of RHEm (Fig. 6a). The OD values of the negative 
controls were 1.73 ± 0.27 for FTSm and 0.89 ± 0.03 for RHEm, 
meeting the acceptance criterion of 0.6 ≤ OD ≤ 2.8. The posi-
tive control demonstrates the sensitivity of the tissue model to a 
known irritant. The mean viability of the positive control (rela-
tive to negative control) varied between 0.5% and 3%, meeting 
the acceptance criterion of < 15%. The SD for both models was 

The different magnitude of mean TEER values of FTSm and 
RHEm does not correlate with differences in skin differentiation 
or barrier integrity. It can be hypothesized that the generally low-
er TEER measurements obtained for FTSm are a result of the 
specific insert geometry and sealing properties. The insert does 
not tightly seal the periphery of the scaffold. Therefore, leakage 
of PBS across the sealing area is not fully prevented and results 
in lower TEER values (Fig. S51). 

The scaffold structure avoided the contraction typically seen 
with collagen-based scaffolds. Figure S51 shows the FTSm after 
12 days at ALI, without signs of contraction.

3.3  Open-source skin models are suitable to test  
irritation potential of substances 
To evaluate the performance of the developed FTSm and RHEm 
for skin irritation tests, the effect of different chemical substances 
on cell viability and impedance was evaluated. A negative (PBS) 

Fig. 5: Transepithelial 
electrical resistance 
(TEER) measurements 
performed with an  
EVOM system and 
chopstick electrodes 
obtained after 12 days  
of culture at the ALI, 
before fixing tissues 
in formalin, for (a) full 
thickness model (FTSm) 
and (b) reconstructed 
skin model (RHEm) 
Data represent the different 
technical replicates for 
each batch and historical 
values. TEER is reported 
as Ω·cm2 tissue surface 
area. The solid line 
represents the mean 
value, and the dashed line 
represents the defined 
lower limit (LL). EVOM, 
Epithelial Volt/Ohm Meter; 
TEER, transepithelial 
electrical resistance.
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comparable to the SDS group (70% reduction). For RHEm, the 
reduction in TEER values after treatment with isopropanol was 
less pronounced but showed a significant decrease of approxi-
mately 40% in the TEER values. For RHEm, when testing di-
ethylene glycol monoethyl ether, no significant changes were 
detected in TEER, which correlates with the data from cell via-
bility. For FTSm, the substance resulted in a 25 ± 25% decrease 
in TEER values.     

3.4  Comparative permeation between the 
reconstructed skin models and artificial membranes
In the permeation assays, FTSm, RHEm, and Strat-M® mem-
branes were mounted in Franz diffusion cells. The permeability 
coefficient of topically applied substances (both drugs and vehi-
cle components) is highly dependent on their physicochemical 
characteristics such as lipophilicity (Cross et al., 2003). Consid-
ering this, permeation studies were performed for three standard 
compounds (salicylic acid, hydrocortisone and clotrimazole) 
with different polarities (n-octanol-water partition coefficient 
(log P) of 1.98, 1.61 and 5.84, respectively). The cumulative 
amounts of permeated drugs in the models and the steady-state 
flux were obtained. 

always ≤ 18%. To identify the predictive capacity of the mod-
els, the in vitro classification obtained was compared to the ref-
erence in vivo classifications (OECD, 2021). MTT staining con-
firmed the irritative characteristics of 5% potassium hydroxide 
for both RHEm and FTSm. However, 1-bromohexane was only 
correctly identified by the RHE model (48% relative viability). 
Treatment of the FTSm with this substance resulted in a relative 
viability of 63.7%, which would lead to a classification as non-ir-
ritant (or category 2). Isopropanol and diethylene glycol mono-
ethyl ether were correctly identified as non-irritants (no category) 
in both models.

In addition to viability, TEER was measured for RHEm and 
FTSm before application of the test formulations and before the 
MTT assay was performed (Fig. 6b). For both models, the ap-
plication of the irritants 5% SDS, 5% potassium hydroxide and 
1-bromohexane resulted in a marked decrease in TEER values. 
This effect was more pronounced in the case of RHEm. How-
ever, in both models, treatment with the irritants resulted in 
a reduction of at least 50% compared to TEER values before 
their application. Although the viability measurements correct-
ly identified isopropanol as a non-irritant, treatment of FTSm 
with this substance reduced TEER values in a range that was 

Fig. 6: Effect of the test 
substances on the skin 
models (FTSm and 
RHEm) 
(a) Irritation tests evaluated 
by MTT analysis. The 
relative increase/decrease 
in viability was normalized 
to the change (in %) over 
the negative control (PBS, 
set to 100%, black solid 
line); 5% SDS was used 
as a positive control. The 
black dashed line shows the 
threshold of 50% viability 
compared to the negative 
control. (b) Irritation 
tests evaluated by TEER 
measurements. The relative 
increases/decreases in 
TEER values after treatment 
with test substance were 
normalized to the change 
(in %) over the TEER 
values before treatment 
(set to 100%, black solid 
line). The black dashed 
line shows the threshold of 
50% compared to the TEER 
values before treatment 
with test substance. Data is 
expressed as mean ± SD 
from triplicate experiments.
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flux compared to that through Strat-M® membranes (Fig. 7c). 
Again, the cumulative amount of clotrimazole at 24 h was not 
significantly different between the models.  

4  Discussion

In this work, we studied the potential applications of an open-
source FTSm with an in vivo-like architecture and optimized 
co-culture of fibroblasts and keratinocytes. The in-depth proto-
col to produce the FTSm was previously published by our group 
(Zoio et al., 2021a). This protocol uses an inert porous polysty-

The steady-state fluxes calculated for salicylic acid using 
both RHEm and FTSm were not significantly different from 
the Strat-M® (Fig. 7a). However, the cumulative amount of per-
meated salicylic acid at 24 h was significantly lower using the 
FTSm. For hydrocortisone, high permeation fluxes through the 
FTSm were observed, compared to Strat-M® and RHEm (Fig. 
7b). RHEm shows a 15% lower permeation rate than the Strat-M 
membranes. However, the amount of permeated hydrocortisone 
after 24 h was not significantly different between the skin mod-
els and Strat-M. For the experiment with hydrocortisone, FTSm 
show high standard deviations. The permeation flux of clotrim-
azole in both FTSm and RHEm was approximately double the 

Fig. 7: In vitro permeation 
tests performed  
for a) salicylic acid,  
b) hydrocortisone,  
and c) clotrimazole
Experiments performed 
in static Franz diffusion 
cells using the RHEm, 
FTSm and Strat-M®. 
Cumulative amount of 
permeated (mean ± SD) 
(left) and steady-state flux 
(mean values ± SD) (right). 
The experiments were 
performed in triplicate  
(n = 3).
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changes in temperature during measurements could also have af-
fected the TEER (Srinivasan et al., 2015). For an in-depth discus-
sion related to the limitations of the tetrapolar electrode system 
for TEER measurements, see (Zoio et al., 2021b). The variability 
in TEER values can also be a result of differences in tissue thick-
ness and SC architecture. We hypothesize that the lower average 
TEER values in FTSm compared to RHEm are a result of im-
proper sealing of the scaffold. This phenomenon results in possi-
ble channels for fluid and ion transportation and therefore in low-
er TEER measurements. Taking this into account, TEER values 
were evaluated independently for each model type.

After studying the developed FTSm and RHEm regarding 
morphology, viability, and barrier function, preliminary skin ir-
ritation tests were performed. In this study, we used the OECD 
TG 439 to assess the ability of the open-source RHEm and FTSm 
to correctly classify a test substance as irritating (GHS category 
2) or non-irritating (no category). Using the MTT assay, RHEm 
correctly identified 4/4 substances, and the FTSm correctly iden-
tified 3/4 substances. Interestingly, the FTSm determined 1-bro-
mohexane as a non-irritant and RHEm showed viability of 48%, 
which could be considered as a “borderline” result. Similar re-
sults for this substance were also obtained by Mewes et al. (2016) 
and Jung et al. (2014). In a human patch test, 1-bromohexane 
was identified as an irritant, but a large variation was observed 
(Jírová et al., 2010). Mewes et al. (2016) hypothesized that the 
variability seen in the patch tests was mirrored in the irritation 
tests using tissue models. The genetic background of the kerati-
nocyte donor, including the ethnic background, could determine 
the observed variation in the sensitivity to 1-bromohexane. Addi-
tional studies are needed to confirm this hypothesis. In general, 
the FTSm showed higher residual viability when exposed to irri-
tants compared to RHEm (Fig. 6a). This can be explained by the 
added contribution of the dermal layer. We hypothesize that less 
test substance can penetrate into the dermal compartment and 
cause fibroblast death. These studies could also have been affect-
ed by limited MTT penetration into the tissue’s inner core. Future 
studies should include the visualization of formazan crystals in 
situ after incubation of the models in MTT.

TEER measurements were performed to complement viabili-
ty measurements for skin irritation tests. If we consider a thresh-
old of 50% TEER value compared to skin without treatment to 
identify irritants, all test substances were correctly identified ex-
cept for isopropanol on FTSm (and with TEER being reduced by 
40 ± 10% for RHEm). The significant reduction of the measured 
TEER values is contradictory to the results of the viability test. 
This phenomenon was also observed in another study (Groeber 
et al., 2015). One relevant consideration is that, although the out-
er epidermal layers are responsible for the major part of the skin 
barrier function, MTT based assays assess the viability of only 
the basal cell layer in RHEs (Cotovio et al., 2005). This means 
that no direct information can be gathered on the effect of a test 
substance on the outer epidermal layers, such as the SC. The ex-
tracellular space of the SC layer is filled with lipids such as free 
fatty acids, which contribute to the skin barrier (Thakoersing et 
al., 2013). One hypothesis for the TEER reduction with isopropa-
nol is that the substance dissolves the lipids in the SC, impairing 
barrier function without affecting viability. In an in vitro model, 

rene scaffold as a support for the dermal compartment. Fibro-
blasts are seeded onto the scaffold and stimulated to secrete en-
dogenous extracellular matrix, thereby avoiding the use of ani-
mal-derived collagen matrices. In the previous publication, we 
showed that this model, contrary to many conventional commer-
cial models, presents good mechanical stability and is compati-
ble with long-term cultivation. Furthermore, melanocytes can be 
added to recreate in vivo-like pigmentation. Here, multiple batch-
es of FTSm with a fully differentiated epidermis were generated. 
The produced skin models mimicked the structure and function 
of native skin and recreated the layers characteristic of the native 
epidermis (SC, SG, SS, SP) on top of the mature dermis. An open 
source RHEm was also developed and evaluated in parallel. The 
feasibility of using the developed skin models for skin irritation 
testing was assessed by applying multiple chemical substances, 
following OECD guidelines, and performing skin permeation 
tests. The suitability of using TEER measurements as a non-de-
structive technique to quantify the barrier integrity of FTSm and 
RHEm was evaluated. This technique was also implemented for 
quality control and to complement irritation tests.

The development of a relevant FTSm for drug permeation and 
irritation depends on recreating the skin barrier function to be 
similar to in vivo healthy human skin. The barrier function was 
characterized using a cytotoxic benchmark known to erode the 
barrier structure (SDS) and by comparing its permeation profile 
with accepted models. The open-source FTSm and RHEm pre-
sented IC50 values within the OECD acceptance limits. More-
over, the tissue damage induced by the cytotoxic benchmark 
and the resultant disruption of the skin barrier was visualized by 
passive diffusion of Lucifer yellow. The ability of the produced 
models to retain the dye in the SC in the absence of passive diffu-
sion showed the integrity of the skin barrier. These findings attest 
the presence of an intact barrier function in these models, demon-
strating their potential to be used as in vitro test systems.

The feasibility of using TEER analysis as a multi-purpose tool 
to evaluate the stages of skin differentiation was assessed by eval-
uating the impact of topically applied substances on the skin bar-
rier. TEER reflects skin barrier functionality by measuring the 
overall barrier to ions (Srinivasan et al., 2015). It takes into ac-
count the contributions from the SC barrier as well as the viable 
epidermis by including cell-to-cell tight junctions, which regulate 
the movement of ions across the paracellular pathway (Groeber 
et al., 2015; Gorzelanny et al., 2020). In a previous publication, 
we showed that there is an increase in TEER values in RHEm and 
FTSm cultured over two weeks at ALI, reflecting progressive SC 
accumulation and tight junction formation (Zoio et al., 2021a). 
Here, the TEER was measured on the final day of culture in mul-
tiple tissue batches. A mean TEER value of 953 ± 398 Ω·cm2 was 
obtained for the FTSm and 11,424 ± 6,033 Ω·cm2 for the RHEm. 
These TEER values are consistent with the presence of barrier 
function integrity. 

The high variability of these measurements is not only of bi-
ological origin but is also a result of the use of hand-held, chop-
stick-type electrodes. These electrodes can induce variability be-
tween measurements due to variations in the depth and angle of 
immersion. Furthermore, their geometry cannot deliver a uni-
form current density across the entire cell culture area. Small 
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The differences between the RHEm and FTSm for hydrocor-
tisone were not expected and probably reflect the different cell 
batches used for both models and/or the differences in tissue ma-
nipulation. During permeation assays, the scaffold membrane of 
the FTSm is removed from the insert and placed on the 3D print-
ed Franz cell adaptors. These adaptors presented imperfections, 
and the reproducible sealing could have been compromised. The 
increased manipulation necessary for the FTSm and imperfect 
sealing could explain some incoherencies in the results as well 
as the increased variability. Future experiments should use Franz 
cell adaptors fabricated using a 3D printer with higher resolution. 
Still, the FTSm presents a better barrier to hydrocortisone com-
pared to SkinEthic® and Apligraf® (Schmook et al., 2001). Over-
all, the permeation was comparable between the developed mod-
els and commercial Strat-M®, especially regarding the quantities 
of permeated substances at 24 h. 

In the present study, for each test, only one batch of cells was 
used (N = 1, n = 3). Since primary cells were used, the specific 
batch and passage number could have affected some of the out-
comes and conclusions. Future experiments should expand the 
present analysis by using more cell batches and by testing a larg-
er array of chemical substances. For irritation tests, the next step 
should be to test the 20 reference chemicals defined in the OECD 
performance standards for in vitro skin irritation testing. More-
over, the potential of this open-source model should be directly 
compared to the available commercial models, for example, the 
EpiSkin® (RHEm) and Phenion® (FTSm). 

Importantly, although serum-free culture medium was used for 
HEKn expansion and differentiation and a human FDM was used 
instead of animal-derived hydrogels, fetal bovine serum was still 
included in the current protocol for HDFn expansion. In accor-
dance with the 3R principles, future optimizations to the current 
protocol should be performed in order to avoid harvesting fetal 
bovine serum from bovine fetuses. Alternatively, serum-free or 
xeno-free media should be used in all skin culture steps, includ-
ing the generation of the dermal compartment.

5  Conclusion

These preliminary studies show the potential of the developed 
open-source FTSm to be used for skin irritation and permeation 
studies according to OECD performance standards. This work 
shows that the innovative approach based on the use of an in-
ert scaffold and a fibroblast-derived matrix results in a well dif-
ferentiated epidermis with in vivo-like barrier function. The pre-
liminary irritation tests performed using MTT lead to a correct 
classification of all the test substances, except for 1-bromohex-
ane. However, this result may reflect the varying responses to 
1-bromohexane seen in in vivo models. Complementing the tis-
sue viability assays with TEER measurements resulted in a more 
comprehensive analysis of skin irritation and opened the possi-
bility to identify sub-irritative effects. During permeation assays, 
both skin models showed a similar barrier to salicylic acid com-
pared to the commercially produced artificial Strat-M®. For more 
hydrophobic compounds, the FTSm presented an at least two-

Cartner et al. (2017) showed that isopropanol causes significant 
SC perturbation whereas ethanol does not. 

Taking into account that a defective barrier can, for exam-
ple, cause an inflammatory reaction (Seo et al., 2017) as well as 
sub-irritative effects (stinging, burning, itching), it could be use-
ful to complement viability assays with TEER measurements. 
However, there is no standard operating procedure to perform 
TEER measurements on reconstructed skin tissues. Considering 
the high variability of TEER measurements, it is crucial to opti-
mize the protocol to improve reproducibility. In any case, hand-
held chopstick electrodes are not suitable to perform standard-
ized TEER measurements, a prerequisite to include this parame-
ter in in vitro irritation studies. Alternatively, TEER measurement 
chambers (e.g., Endohm chamber) containing a pair of concentric 
electrodes can generate a more uniform current density across the 
tissue. Moreover, Endohm’s fixed geometry increases stability 
and reproducibility, making this technique more suitable for stan-
dardization. The temperature should also be controlled and main-
tained at 37ºC during the measurements. Acceptability ranges for 
TEER values should be defined for each skin protocol.

It is a well-known problem that permeation of reconstruct-
ed skin models (both FTSm and RHEm) exceeds that of human 
and pig skin. Schmook et al. (2001) showed that both a FTSm 
(Graftskin LSE) and a RHEm (Skinethic HRE) were highly 
permeable for hydrophobic compounds, presenting a 900- and 
800-fold higher flux of clotrimazole as compared to human skin, 
respectively. The group concluded that the available models 
could not be regarded as useful for in vitro permeation studies. 
Ackermann et al. (2010) reported that the FTSm Phenion® FT 
presented a weaker barrier than pig skin similar to commercially 
available RHEm. 

Here, the feasibility of using the developed open-source mod-
els for permeation assays was evaluated by comparing them with 
a commercial product that has been tested for a wide range of 
compounds, i.e., the Strat-M® membrane (Uchida et al., 2015). 
By comparing the performance of the models with a highly test-
ed commercial product, it was possible to avoid the use of skin 
tissues from animal or human origin for comparison. The barri-
er to salicylic acid was comparable between FTSm, RHEm and 
Strat-M®. For a more hydrophobic compound (clotrimazole), the 
use of reconstructed skin models resulted in approximately dou-
ble the flux rate compared to Strat-M®. One possible explanation 
for the different permeation fluxes is the different effect of pro-
pylene glycol on the artificial membrane compared to the cell-
based reconstructed models. Propylene glycol was used as a sol-
vent for the topical drugs and as a skin enhancer acting on the 
intercellular lipid matrix. Carrer et al. (2020) showed that pro-
pylene glycol modifies both the epidermis and the dermis by al-
tering the lipidic order of the bilayer structure of the intercellular 
lipids to a more disordered lipid structure. In this study, the dif-
ferent composition of the Strat-M® and reconstructed skin mod-
els could have resulted in a different action of propylene glycol 
with regard to its skin enhancing abilities. Still, compared to the 
reconstructed skin models reported by Schmook et al. (2001), the 
FTSm presents clotrimazole permeation fluxes that are very sim-
ilar to those of human skin. 
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fold permeation flux compared to the Strat-M®. Further studies 
including more skin batches and a larger array of test substanc-
es should be performed. Considering the overall results, the pro-
posed open-source FTSm shows potential for use in safety pro-
filing of topically applied drugs, as well as in the early stages of 
drug discovery. In the future, the proposed open-source models 
could help speed up the translation of new candidate therapeutics 
to the clinic and/or the market and circumvent the current limita-
tions of the available commercial models.
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