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Abstract

Vascularization of reconstructed tissues is one of the remaining hurdles to be considered to
improve both the functionality and viability of skin grafts and the relevance of in vitro applications.
Our study, therefore, sought to develop a perfusable vascularized full-thickness skin equivalent
that comprises a more complex blood vasculature compared to existing models. We here
combined molding, auto-assembly and microfluidics techniques in order to create a
vascularized skin equivalent representing i) a differentiated epidermis with a physiological
organization and correctly expressing K14, K10, Involucrin, TGM1 and Filaggrin, ii) 3
perfusable vascular channels with angiogenic sprouts stained with VE-Caderin and Collagen
IV, iii) an adjacent microvascular network created via vasculogenesis and connected to the
sprouting macrovessels. Histological analysis and immunostaining of CD31, Collagen 1V,
Perlecan and Laminin proved the integrity of vascular constructs.

In order to validate the vascularized skin potential of topical and systemic applications, caffeine
and minoxidil, two compounds with different chemical properties, were topically applied to
measure skin permeability and Benzo[a]pyrene pollutant was systemically applied to evaluate
systemic delivery. Our results demonstrated that perfusion of skin reconstructs and the presence
of a complex vascular plexus resulted in a more predictive and reliable model to assess
respectively topical and systemic applications. This model is therefore aimed at furthering drug
discovery and improving clinical translation in dermatology.

Keywords: Reconstructed skin, Tissue engineering, Vascularization, Vasculogenesis,
Angiogenesis, Perfusion

1- Introduction
Tissue engineering and regenerative medicine hold high promises for organ replacement and
development of novel therapies. Being the largest human organ, the loss of skin integrity due
to injury or illness results in a substantial physiologic imbalance and ultimately in severe
disability or death. The skin was the first reconstructed tissue generated by tissue engineering
approach [1] for the treatment of burns, surgical scars, and plastic surgery [2]. Skin models are
also used in the evaluation of active compounds and drugs’ efficacy and toxicity in cosmetic
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and pharmaceutical research, especially after the ban of animal testing in cosmetic research in
2013 (European Community directive 93/35/EEC) [3-5].

In the *70s Rheinwald and Green [6] managed to culture epidermal human keratinocytes. Since
then, many skin substitutes have been developed to reproduce physiological functions and get
closer to in vivo skin. For instance, endothelial cells [7], immune cells [8], and melanocytes [9]
have been included in 3D skin equivalents. Recently, more advanced and complex skin
substitutes were published by the integration of hair follicles [10], mature adipocytes in a three-
layered skin equivalent [11], sebocytes organoids derived from human induced pluripotent stem
cells (hIPS) [12], IPS derived sensory neurons, and Schwann cells with endothelial cells in an
innervated engineered skin sponge model [13], etc. Moreover, recent interest has focused on
transferring various micro-physiological organ models, including skin, onto microfluidic
platforms [14-18]. These skin-on-a-chip models enable physiologically relevant transport of
nutrients and exogenous substances to the skin tissue, better control over physical and chemical
factors in the cell microenvironment [19], and more reliable evaluation of drug candidates in
terms of toxicity, efficacy, and delivery compared to static conditions [20].

Nevertheless, reconstructing thick or complex tissues that faithfully recapitulate all the
functions of the in vivo skin is still a challenge [21]. One of the main limitations is the lack of
vascularization and perfusion in reconstructed tissues.

Given that the diffusion coefficient of oxygen is limited to 200um in human tissues [22, 23], >
200um-thick skin constructs might encounter necrosis because of hypoxia [24, 25]. Therefore,
developing perfusable vascular networks in order to blunt hypoxia and improve viability is
mandatory. For instance, prevascularization in skin graft for clinical application accelerates
anastomosis in vivo with the host vascular network and thereby improves oxygen and nutrient
supply [26]. In vitro, generating a skin-equivalent with hair follicles as dense as what we find
in vivo could result in a necrotic core if the tissue is not prevascularized [10]. Additionally,
vascularized skin reconstructs represent invaluable tools for basic research (e.g. study vascular
remodeling during wound healing, aging, cancer, etc) but also for topical and systemic
evaluation (e.g. screening pro- and anti-angiogenic drugs, evaluation of systemic toxicity,
percutaneous absorption of chemicals and drugs) [27-30]. Certainly, having a perfusable
vascular network in skin equivalents makes more relevant the evaluation of systemic delivery
of substances, but also the study of systemic exposure or inflammation responses which could
not be properly assessed with existing skin models. Improving vascularization of tissue-
engineered constructs has therefore gained interest in the last decade [31]. Many strategies have
been developed to improve or accelerate vascular growth in engineered tissues either in vivo
relying on improving the angiogenesis process from the host tissue into the implant [32-35] or
by prevascularization of the engineered tissue. Different in vitro techniques were thus
developed including sparse cells seeding into scaffolds or hydrogels [36-38], cell sheet strategy
[39-41], reuse of biological vascular structures [42-45], bioprinting [46-48], and vascular
network patterning [49-52] to be able to perfuse the construct.

However, the generation of a vascularized reconstructed full-thickness skin that gathers a
properly differentiated epidermis as well as in vivo-like perfused vasculature still represents a
major challenge. Several studies reported vascularized skin substitutes that cannot be perfused
[30, 40, 41, 53-55] which is a limitation for systemic applications. Some others developed
perfusable vessel-like constructs in cell-free hydrogels that better mimic blood flow in vascular
networks, however do not allow the study of the vascularization role or systemic exposure effect
on surrounding tissues [47, 50-52, 55, 56]. On the other hand, vascular networks were also
generated in a perfusable dermis substitute but these constructs still lacked an epidermal layer
which is a limitation for topical applications [57]. Nonetheless, the few existing models of
perfusable vascularized full-thickness skin are limited. Today, and to our knowledge, there are
only four developed in vitro models of perfusable vascularized reconstructed full-thickness



skin. Groeber F et al [43] used a porcine jejunum as a scaffold but this model cannot be used in
large-scale production as it relies on the use of an animal organ. Abaci et al [58] used bioprinting
to engineer a spatially controlled vascular pattern in a 3D skin reconstruct but their skin lacks
microvascularization and epidermal differentiation layers. Mori et al. [28] developed a device
with anchoring structures and connectors allowing the reconstruction of a perfusable
reconstructed skin. However, this model displayed one macrochannel seeded with endothelial
cells without a microvascular network in the dermis and with thin layers of keratinocytes that
did not recapitulate full epidermis differentiation. Using the same device with stretchable
material, the authors cultured this skin-equivalent under stretching and perfusion conditions.
They showed that perfusion and stretch stimuli improved skin-equivalent morphology [59].
Kim et al [60] used 3D printing to engineer perfusable vascularized skin with a hypodermis,
dermis, and epidermis. However, the vasculature of the skin equivalent remained a unique
macrochannel lacking the physiological cutaneous microvascularization.

In this study, by combining molding and auto-assembly techniques as well as microfluidics, we
developed for the first time a fully vascularized perfusable reconstructed skin that comprises a
differentiated epidermis containing all the layers of the in vivo structure, perfusable
macrovessels with angiogenic sprouts, and a microvascular network with capillaries organized
by vasculogenesis in the dermis part. We further showed that this model is relevant for studying
both systemic drug delivery and skin permeability.

2- Materials and methods

2.1. Cell Culture Reagents

DMEM high glucose GlutaMAX, Ham's F-12 Nutrient Mix GlutaMAX, MEM supplemented
with non-essential amino acid, L-glutamine, sodium pyruvate, phosphate-buffered saline
without Mg and Ca?* (PBS-), Trypsin-EDTA, antibiotic-antimycotic solution (100 U/ml
penicillin-streptomycin; 0.25 pg/ml amphotericin B) were purchased from Invitrogen
(Carlsbad, CA, USA). L-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Vitamin C),
human recombinant epidermal growth factor (EGF), adenine hydrochloride, hydrocortisone 21-
hemisuccinate sodium, (-) isoproterenol hydrochloride, 3.3".5-triiodo-I-thyronine sodium 95%,
apo-transferrin, were purchased from Sigma (St. Louis, MO, USA). VEGFA-165, Endothelial
Cell Growth Medium 2 (ECGM2), Endothelial Basal Medium (EBM), Supplement Pack
endothelial cell GM2 were purchased from Promocell (Heidelberg, Germany). Fetal bovine
serum (FBS) was purchased from PAN-Biotech GmbH (Aidenbach, Germany). Bovine type |
collagen solution (ACI-100) was purchased from Symatese (Chaponost, France).

2.2. Cell culture

Normal human dermal fibroblasts (NHDFs) and normal human epidermal keratinocytes
(NHEKS) were provided by Episkin (Lyon, France) and used at passage 8 and passage 2,
respectively. Human umbilical vein endothelial cells (HUVECs) were purchased from
PromoCell GmbH (Heidelberg, Germany) and used at passage 4. HUVECSs were transduced at
passage 2 using EGFP-Puro or Turbo-RFP lentiviruses (Vectalys, France) with a titer of 4.2 10°
or 5.4. 10° TU/ml respectively and used at passage 5 in 3D cultures. NHDFs were maintained in
DMEM 10% FBS, 1% antibiotic-antimycotic solution, and HUVECs in ECGM-2
supplemented with 1% antibiotic-antimycotic solution. NHEKs were grown on irradiated
primary mouse embryonic fibroblasts, using keratinocyte medium containing DMEM and
Ham’s F12 at a ratio of 3:1 supplemented with 180 pM adenine, 10 ng/ml epidermal growth
factor, 0.4 ug/ml hydrocortisone, 5 pg/ml insulin, 2 nM triiodo-L-thyronine, 1 uM



isoproterenol, 1% antibiotics-antimycotic solution, and 10% FBS. All cells were grown at 37°C
in 5% CO,. The medium was changed three times a week.

2.3. Reconstruction of the skin equivalent

The culture device was as previously described [28]. Here, three nylon wires (0.55 mm
diameter) were strung across the connectors before sterilization using 70% ethanol and UV
light. Devices were then treated for 15mins using a plasma etcher (Harrick Plasma, Ithaca, NY
USA). The devices were then filled with 1.5 mg/ml of a neutralized solution of bovine type |
collagen and 2.10%/ml NHDFs prepared as previously described [61, 62] and incubated at 37°C
for 30/60mins until the collagen gel formed a dermis-like layer. The final number of NHDFs
was 0.5.10° cells per lattice. Dermal substitutes were incubated in NHDF 3D medium (DMEM
containing 10% fetal bovine serum, 100 U/ml penicillin-streptomycin, 0.25 pg/ml amphotericin
B,and 70 ug/ml ascorbic acid) for 5 days to allow contraction. The medium was then changed
to ECGM-2. Nylon wires were removed and hollow channels were filled with 200 ul ECGM-2
containing 8.10° HUVECs using a syringe pump at a flow rate of 6.5 ml/h (KD Scientific,
Holliston, MA, USA). At this time point, once nylon wires are removed, the contraction of the
collagen gel is enough to maintain a tubular structure without causing damage or collapsing
upon removal. The device was inverted for 30mins to coat the upper half of the channels with
HUVECs and then inverted again and incubated for 24 hours in ECGM-2 to allow the
endothelial cells adhesion. Subsequently, 6.10° keratinocytes were seeded on the dermal layer
and immersed in DMEM/F12 immersion medium (DMEM and Ham’s F12 at a ratio of 3:1
supplemented with 180 uM adenine, 10 ng/ml hEGF, 0.4 ung/ml hydrocortisone, 5 pg/ml insulin,
2 nM triiodo-L-thyronine, 1 uM isoproterenol, 5 pug/ml apo-transferrin, 200 U/ml penicillin-
streptomycin, 0.25 pg/ml amphotericin B, 1nM VEGF-A1es and 10% FBS). The central channel
was then perfused at 2-3 ml/h using a peristaltic pump (SJ-121111-L, ATTO Corp., Tokyo,
Japan). After 3 days of immersion, the skin equivalent was lifted to the air-liquid interface for
7 days to induce stratification of the epidermal layer using DMEM/F12 emersion medium
(DMEM and Ham’s F12 at a ratio of 3:1 supplemented with 0.4 pg/ml hydrocortisone, 5 pg/ml
insulin, 1 nM VEGF, 100 U/ml de penicillin-streptomycin, 0.25 pg/ml amphotericin B and 1%
FBS). The flow rate was increased to 6.5 ml/h and perfusion was maintained until the end of
the culture (17 days in total). The media was changed every other day.

To induce vasculogenesis, half the volume of the neutralized collagen/fibroblasts mix was
poured until it reached the nylon wires. The device was then incubated at 37°C for 20-30mins
until collagen gelation and 6.10° HUVECs transduced with Turbo-RFP lentiviruses (Vectalys,
France) (RFP-HUVEC) were then seeded as a monolayer and incubated for one hour to allow
cell adhesion. After 20 to 30mins of incubation, an equal volume of collagen/fibroblasts was
poured to cover the RFP-HUVEC layer. The dermal layer was incubated in NHFD 3D/ECGM2
mix medium (44% DMEM glutamax and 47% Endothelial Basal Medium EBM supplemented
with Supplement Pack endothelial cell GM2, 6.3% fetal bovine serum, 1% antibiotic-
antimycotic, 70 pg/mL ascorbic acid) for 5 days. Then the same protocol as described above
was followed, except that hollow channels were seeded with HUVECs transduced with EGFP
lentiviruses (EGFP-HUVEC) (Fig 1).
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Fig 1. Schematic illustration showing the development of the perfusable vascularized reconstructed skin model.



2.4. Histological analyses

Morphologies of the skin equivalent and vascular channels were analyzed using hematoxylin,
eosin, and saffron (HES) staining or immunostaining.

Immunofluorescent stainings were performed on 7 um frozen sections fixed in cold acetone,
blocked in Bovine Albumin Serum (BSA)-10% normal goat serum (SP-004-vx10, Diagomics,
France) and incubated 1h at room temperature (RT) or O/N at 4°C with diluted primary
antibodies in 1% BSA: Laminin alpha 5 (1:20 Dako M0638,Agilent, USA), Collagen IV (COLL
IV) (1:50 Dako MQ785, Agilent, USA), Perlecan (1:100 ab26265, Abcam, United kingdom),
CD31 (1:20 Dako M0823, Agilent, USA ), Alpha Actin (1:100 sc32251, Santa Cruz,USA),
Keratin 14 (K14) (1:20 Progen 10003, Progen, USA), Keratin 10 (K10) (1:100 Dako M7002,
Agilent, USA), Involucrin (INV) (1:50 BTI J64013-AB,Biotechnology Ltd, UK),
transglutaminase 1 (TGM1) (1:500 NBP2-34062, Novus Biologicals, USA ), Filaggrin (FIL)
(1:200 sc66192, Santa-Cruz, USA). Sections were washed with PBS- and incubated with
secondary antibody solution (A21422 or A21428, Thermo Fisher Scientific, USA) diluted
1:500 in 1% BSA for 1h at RT. Sections were then mounted using Prolong with DAPI (P36931,
Life Technologies, USA) and observed with Nanozoomer S60 (Hamamatsu, Japan) or Nikon
Microscopy Eclipse 80i (Nikon, Japan).

For whole-mount staining, samples were fixed in 4% formaldehyde (VWRC9713, VWR, USA)
for 20mins. The samples were then washed with PBS- and vascular channels were filled with
PBS-1% BSA using a syringe pump. After 1 hour of saturation, vascular channels were filled
with Collagen 1V primary antibody diluted 1:50 in PBS-1% BSA (Dako M0785, Agilent, USA)
and incubated for 2 hours at RT. The primary antibody solution was washed out with PBS- 3
times for 10mins. The vascular channels were filled with secondary antibodies targeting mouse
IgG coupled to Alexa Fluor 488 (A11029, Thermo Fisher Scientific, USA) diluted 1:100 in
PBS-1% BSA and incubated for 1h at RT. For VE-Cadherin, primary antibody already coupled
to Alexa Fluor 488 secondary antibody (1:100 53-1449, Thermo Fisher Scientific, USA) was
incubated 2 hours at RT in the channels. Channels were then observed using two-photon
microscopy (Leica SP8 coupled to a Spectra Physics Insight femtosecond laser, Leica
Microsystems, Germany). Fluorescence signal emitted by the Alexa Fluor 488 or EGFP and by
the Turbo-RFP were detected with an objective HCX APO L 10x/0.30 W (Leica Microsystems,
Germany) then separated using a 560nm dichroic mirror and detected by two non-descanned
detectors (emission filter 525/50 and 585/40 for A488/EGFP and Turbo-RFP, respectively).

2.5. Measurement of skin permeability

To estimate skin barrier function, we measured skin permeation of a mix of 2 chemicals with
different physicochemical parameters: Caffeine and Minoxidil (purity 100 %) obtained from
L’Oréal (Aulnay-sous-Bois, France).

The study was performed on 6 different skin equivalents: Control samples with no channels
(Lat), Channels with endothelial cells but without perfusion (ECnoP), Perfused channels with
endothelial cells (ECP), Perfused channels without endothelial cells (hoECP), Channels with
endothelial cells and secondary microvascularization without perfusion (SandnoP), Perfused
channels with endothelial cells and secondary microvascularization (SandP). Three different
batches of experiments were tested except for samples with secondary vascular plexus
(SandnoP and SandP) where only one batch of 3 devices was evaluated.

Around 25 mg of each chemical were dissolved in 10 ml of PBS containing 0.25% (w/w) Tween
80 (723-M-156-84, Fisher scientific, USA). This surfactant was added to guarantee chemical
solubility in the buffer. Before application, the solution was filtered through Millex HV 0,45
pm and then quantified to determine Caffeine and Minoxidil concentrations.

To control the volume deposited on the skin equivalent, an 8mm PTFE ring was designed. The
ring was sealed on the epidermis using DERMABOND ADVANCED® (AHVM12, Ethicon,



USA) to avoid leakage. Devices were placed in a static condition on a magnetic stirrer for
homogenizing to respect sink conditions. An infinite dose of 300 pL/cm? of the buffered
solution was topically applied on the skin in the inserted ring. Each hour for the next 6 hours,
300 pL were sampled from the receptor fluid under the skin equivalent. The same amount of
fresh media was added in order to maintain a constant volume in each device. Samples were
then diluted (1/10) in a fresh culture medium and quantified with standards curves prepared in
the same culture medium (DMEM/F12 emersion medium).

The same study was performed on 8 split-thickness pig ear skin set up on a Franz cell having 2
cm? square areas and 3 ml receptor compartment volume. Mean thickness was measured at
1056 £ 62 um. The receptor compartment was filled with PBS +0.25% (w/w) to guarantee sink
conditions and homogenized using a magnetic stirrer. After one-hour equilibration time, skin
integrity was controlled with Trans Epidermal Water Loss measurement (Vapometer, Delfin
Technologies, UK). Acceptance criteria was defined (i.e. < 15 g/m#h); this value was based on
internal historical data [63]. An infinite dose of the buffer solution (i.e. 300 pl/cm?) containing
Caffeine and Minoxidil was applied to the skin. Samples were then quantified using standards
curves prepared in PBS buffer.

All samples were analyzed with an LC/MS-MS system (Shimadzu Nexera LC system coupled
with a mass spectrometer APl 3500 (Sciex, Concord, Canada). The analytical system was
managed by the software Analyst version 1.6.3. Ascentis C18 analytic columns were from
Sigma-Aldrich (Saint Louis, USA) (50 x 2.1 mm, 2.7 um) and analyses were carried out with
a gradient elution using mobile phases of 0.1% formic acid (FA) in water (A) and MeOH (B).
The column temperature was fixed at 50°C, the volume of the injection was 5 ul and the flow
rate was 0.8 ml/min. The ionization mode used was Electrospray lonization in positive ion
mode. Multiple Reaction Monitoring (MRM) was used for detection with the following
transition: Caffeine 195.0 (m/z) — 138.1(m/z) and Minoxidil 210.0 (m/z) — 164.0 (m/z). The
lower limit of quantification (LLOQ) and upper limit of quantification (ULOQ) were at 0.60
and 2130 ng/ml, respectively for Caffeine and 0.51 and 1990 ng/ml respectively for Minoxidil.
The cumulative amount of Caffeine and Minoxidil through the skin was plotted as a function
of time. According to Fick's first law of diffusion, the slope of the linear part of the curve
defined the flux at a steady state. The permeability coefficient (Kp) was obtained by the ratio
of flux and the concentration (C) of the tested compound in the solution applied on the skin: Kp

_ Flux (ug/cm?/h)
(cmih)= 2RI 64,

The statistic model used took into account the batch effect as a random variable and skin models
as a fixed effect. This allowed the evaluation of different sources of variability i.e., inter- and
intra- batch and intra-model). Considering the low number of replicates (8 for pig ear skin, 3 to
12 for different reconstructed skin models), a non-parametric method was used as a statistical
model as variability of the data did not follow a normal distribution. The relevance of the
comparison was evaluated according to the size of the effect (i.e. very small, small, moderate,
strong, or very strong). Resulting P-value was adjusted using the Bonferroni method, where a
statistical significance was reached if P<0.05.

2.6. Systemic exposure of Benzo[a]pyrene pollutant

To evaluate the systemic transport of Benzo[a]pyrene (BaP) to the dermis and epidermis of skin
substitutes, tissues either in static or perfused conditions were exposed to 10uM BaP (B1760,
Sigma). BaP was added in the DMEM/F12 emersion medium at Day 3 of the emersion phase.
A sample of fresh media containing the 10uM BaP was taken as a control to measure the initial
BaP concentration. After 48h, the media was changed to fresh media containing 10pM BaP.
Samples were cultured for an additional 48h before harvest. At the end of the culture period,
media of each device were sampled to evaluate the remaining BaP after skin culture. The dermis



and the epidermis parts were separated and proteins were precipitated using acetonitrile (ACN)
(271004, Sigma). The supernatant was then extracted and analyzed using liquid
chromatography with fluorescence detection HPLC-FLD (Shimadzu Prominence- RF-20A-
XS). The analytical system was managed by the software Empower® version 3.0. The analytical
guard column and analytical column were Pinnacle Il PAH (10mm x 4,0mm) and Pinnacle Il
PAH (150mm x 3,2mm; 4um) (Restek, France), respectively. Analyses were carried out with
an isocratic elution with mobile phases of ACN/Water 95/5 (v/v). The volume of the injection
was variable from 5 to 30 pl and the flow rate was fixed at 1.2 ml/min. Excitation A (275nm)
and Emission A (450nm) were used for fluorescence detection of BaP.

3- Results

3.1. Development of a full-thickness skin equivalent with three vascular channels

and angiogenic sprouts

This study was aimed at creating a full-thickness skin equivalent model with a complex
perfusable vascular network as well as a mature epidermal layer. To do so, we used a culture
device that allows the reconstruction of a skin equivalent model [28].

First, three nylon wires were strung across connectors to form molds inside this dermis-like
layer composed of a mix of human fibroblasts and collagen hydrogel. Once the hydrogel
contracted, nylon wires were removed, thereby providing tubular structures used for further
perfusion. Knowing that collagen contraction depends on cell number and collagen
concentration [61], we adapted fibroblasts concentration to 7.1x10%ml in order to overcome
lattice contraction and maintain three opened vascular channels. When normal human
keratinocytes (NHK) were seeded on the perfused dermis, the culture medium was optimized
to improve epidermal differentiation. In these conditions, histological analyses using HES
staining demonstrated that reproducible full-thickness skins were obtained representing a
differentiated epidermis and 3 open microvessels (Fig 2). The epidermis displayed all the layers
of the differentiation process: i) organization of cubic cells (proliferative basal keratinocytes)
at the basal layer, ii) flattening of these cells in the spinous layer, and iii) development of
granular keratinocytes in the granular layer followed by the formation of the stratum corneum
(the outermost layer of the epidermis) (Fig 2a). These histological observations were confirmed
by immunostaining the following epidermal markers: keratin 14 (K14), keratin 10 (K10),
involucrin (INV), and filaggrin (FLG) were localized at the basal layer, intermediate layers, and
upper layers respectively confirming a proper differentiation of the epidermis (Fig. S1).

The presence of endothelial cells lining the channels was confirmed by positive CD31
immunostaining (Fig 2b). Immunostaining of the main components of the vascular basement
membrane, collagen IV and perlecan, showed a proper deposition of the vascular basal lamina
(Fig 2b).

Then, we sought to promote angiogenic sprouting from these perfusable channels. The potential
of endothelial cells to sprout and organize into a vascular network highly depends on the
mechanical properties of the surrounded environment. It was shown that matrix densities from
1.2 to 1.9 mg/ml improves coordinated migration and proliferation of endothelial cells to form
stable sprouts, while lower densities (0.3-0.7 mg/ml) or higher densities (2.7 mg/ml) resulted
in uncoordinated migration or cell clusters, respectively [65]. Therefore, collagen concentration
(1.5 mg/ml), as well as the number of endothelial cells seeded in the channels (8.10°
cells/channel) were optimized in order to promote efficient vascular morphogenesis and
sprouting. Using anti-VE-cadherin (VECAD) immunostaining, angiogenic sprouts emanating
from vascular channels were characterized (Fig. 3a). These newly formed capillaries could
reach up to 800 um. These sprouts were also marked with collagen 1V showing the
establishment of a mature basement membrane (Fig. 3b). Sprouts were observed both in



peripheral and central channels (Fig. 3c). Orthogonal sections showed opened tubular structure
of the main vessel (Fig. 3d).

These results demonstrate that our full-thickness skin model recapitulates a mature epidermis
and perfusable vascular channels.

3.2. Generation of a secondary capillary network by vasculogenesis

Our next goal was to further increase the complexity of the vascular network in the skin
equivalent. Taking advantage of the auto-assembly properties of endothelial cells seeded into
3D collagen matrices, HUVECS were then seeded between two layers of fibroblasts embedded
in a collagen matrix at the same level as the perfused vascular channels. To identify the
capillaries formed by angiogenic sprouting from the fluidic channels from those developed by
vasculogenesis in the lattice, we used GFP-HUVECSs to reconstruct the vascular channels and
RFP-HUVECs for the microvascular network between the channels. A mixed media of 1:1
NHDF 3D:ECGM2 was used for the first 5 days of contraction of the vascularized dermis while
maintaining the same concentration of growth factors present in both media (Fig 1). Using these
conditions, a complex RFP-HUVECs microvascular network was formed between the three
GFP-HUVECS perfusable vascular channels (Fig. 4a). This dense capillary network displayed
connected branches (Fig. 4a) that could also reach and connect to the angiogenic sprouts
emanating from the fluidic channels (Fig. 4b; Supp Video). The formation of a lumen could be
identified by hollow spaces between vascular borders (Fig. 4c; Supp Video). The two layers of
collagen and fibroblasts were connected with a visible line of cells expressing CD31, perlecan
and collagen IV at the location of the microvascular bed (Fig 5a). The three channels were
preserved opened and properly expressed CD31, collagen 1V, and perlecan (Fig 5a). The dermo-
epidermal junction (DEJ) was also marked with collagen 1V, perlecan, and laminin proving the
deposition of basement membrane proteins (Fig 5b). Moreover, epidermal differentiation was
well-maintained and each layer was expressing its specific markers: K14 for the basal layer,
K10 for the spinous layer, INV, TGM1, and FIL for the granular layer and stratum corneum
(Fig 5¢).

Hence, by combining optimal culture conditions, molding technique using nylon wires, and
vasculogenesis, we here developed a full-thickness skin equivalent representing a complex
perfusable vascular network with a properly differentiated epidermis.
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Fig. 3 Two-photon microscopy images of angiogenic sprouts from vascular channels. (a) VE-Caderin and (b)
COLL IV expression of the main vascular channel and angiogenic sprouts. (c) GFP-HUVECs showing the
angiogenic sprouts of the three main vascular channels. (d) Orthogonal sections of the GFP-HUVECs channel
showing luminal structures.

3.3. Evaluation of skin permeability

Reconstructed skin models can be used for safety and efficacy evaluation of chemicals
systematically or topically applied to skin tissues. For topical treatments and bioavailability
evaluation, skin barrier function is critical for the percutaneous absorption. However, skin
equivalents were proven to have lower epidermal barrier function therefore higher permeability
compared to normal human skin [66]. Additionally, these models lack vascular networks and
do not allow capillary clearance which plays an important role during ADME process [67, 68].
Here, we evaluated the effect of vascularization and perfusion on epidermal barrier function by
studying skin permeation of Caffeine and Minoxidil, two chemicals with different structures
and penetration potentials. Four different skin models were evaluated: Control samples with no
channels (Lat), Channels with endothelial cells without perfusion (ECnoP), Perfused channels
with endothelial cells (ECP), and Perfused channels without endothelial cells (noECP). These
models were also compared to porcine ear skin (PES) traditionally used as a surrogate for
human skin in the assessment of topical drug bioavailability [69]. Thus, a model with a closer
Kp to porcine ear skin would be a more appropriate alternative for the assessment of skin
permeation and penetration in vitro.

Results showed that for either Caffeine or Minoxidil, Kp is lower in perfused samples (noECP
and ECP) compared to non-perfused samples (ECnoP and to Lat). This decrease is significant
between perfused samples and ECnoP (P<0.05) whereas it is a tendency with a moderate effect-
size between Lat and perfused samples (noECP and ECP) (P<0.1) (Fig 6). Interestingly, in static
conditions, the presence of vascularized channels (ECnoP) significantly increased Kp for
Minoxidil (P<0.05) and tended to increase Kp with a moderate effect size for Caffeine
compared to Lat model ) (P<0.1) (Fig 6). While Kp obtained with the PES remained statistically
lower than all skin equivalents, these results showed that perfused reconstructed skin has a
lower Kp than non-perfused samples.

We then evaluated the effect of the vascular plexus on epidermal permeability in static
(SandnoP) and flow conditions (SandP) (Fig 7). As the results between Lat, EChoP, NoECP,
and ECP were similar to previous ones, we only compare them to SandnoP and SandP in this



experiment. In the static condition, even if the differences were not significant, the presence of
a plexus (SandnoP) tended to increase the Kp of Caffeine and Minoxidil with a moderate or
strong effect-size compared to Lat and ECnoP. Similar to previous results, samples’ perfusion
significantly decreased Kp either for Caffeine or Minoxidil in SandP compared to SandnoP
(P<0.05). However, no differences were observed between noECP, ECP, and SandP (Fig 7).
Therefore, for both chemicals, we showed that the perfusion of skin equivalents improved the
epidermal barrier or overall skin permeability independently of the presence of ECs and the
complexity of the vascular network.



Fig. 4 Vasculogenesis of a secondary vascular plexus. (a) Two-photon fluorescence microscopy showing RFP-
HUVECs microvascular bed was formed between three GFP-HUVECs perfusable vascular channels. (b)
anastomosis of RFP-HUVECSs capillary network and GFP-HUVECs angiogenic sprouts from main channels. (c)
High magnification shows hollow space between the borders of the capillaries.
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Fig 5. Histological analysis and immunostaining of the skin equivalent with perfusable vascular channels
and a secondary vascular plexus. (a) HES staining of the skin equivalent with 3 perfusable vessels and
microvascular bed. Immunostaining of CD31 marker of the endothelial cells, COLL IV, and Perlecan markers of
the basal lamina. (b) Immunostaining of COLL IV, Perlecan, and Laminin markers of the vascular basal lamina
and the dermo-epidermal junction. (c) HES staining showing epidermal differentiation layers. Immunostaining of
K14 marker of the basal layer, K10 marker of the intermediate differentiation, Involucrin, Filaggrin, and TGM1
markers of the late differentiation.
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3.4. Evaluation of systemic exposure of a pollutant

Besides topical applications, having a perfusable vascularized skin model holds many interests
for systemic exposure either for inflammation studies [70] or drug screening and toxicity
assessment [58, 71]. We, therefore, explored the advantage of having, for the first time,
perfusable vascular channels, but also a complex microvascular networked in a full-thickness
skin equivalent, to estimate dermal and epidermal transport of systemic compounds,
specifically, PAH (Polycyclic Aromatic Hydrocarbons) pollutants.

To do so, 10 uM of Benzo[a]pyrene (BaP), a well-known PAH and an extremely widespread
environmental and industrial pollutant [72], was added to the culture media of each skin model.



After 5 days of exposure, we measured BaP concentration in epidermis, dermis, and culture
media. In order to observe the impact of a vascular plexus on BaP distribution, five different
models were evaluated: Control samples with no channels (Lat), non-perfused channels with
endothelial cells (ECnoP) or with endothelial cells and the secondary vascular plexus
(SandnoP), perfused channels with endothelial cells (ECP) or with endothelial cells and the
secondary vascular plexus (SandP) (Fig 8).

Either in static (Fig 8a) or fluidic conditions (Fig 8b), the presence of a secondary vascular
plexus (SandnoP and SandP) increased BaP delivery either in the dermis or the epidermis
compared to samples without channels (Lat) or with the three vascular channels only (ECnoP
and ECP). This increase of distribution is significant in the static dermal layer and is a tendency
with moderate effect-size in the epidermal layer (static or perfused conditions) and the perfused
dermal layer. However, with (SandP) or without (ECP) a secondary vascular plexus, BaP
concentrations found in perfused samples were lower than in static conditions (Fig 8b). These
results are consistent with the concentrations found in the culture media (Fig. S2a). Previous
internal studies showed that being highly hydrophobic, BaP is extremely adherent to plastic
(data not shown). Therefore, the low concentrations found in perfused samples could be due to
BaP absorption by silicon tubes used for peristaltic perfusion. To measure the loss of BaP in
the tubing, a control experiment was set with all the setups of the classic culture (devices,
culture dishes, silicon tubes, and media) but without the skin. We found that in fluidic culture
either with 2.4 or 6.5 mi/h, BaP was 10 times lower than static culture (Fig. S2b).

Thus, in this experiment, fluidic and static conditions could not be compared as the skin is
exposed to different concentrations of BaP during the culture. However, these results proved
that the presence of a complex vascular plexus increases systemic diffusion of the pollutant
either in the dermis or the epidermis.
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Fig 8. Evaluation of systemic delivery of pollutants. Graphical box plot presentation of BaP concentrations
(ng/mL) in the dermis or epidermis either in static models (a) or perfused models (b). Lat = Control samples with
no channels, ECnoP = Channels with endothelial cells but without perfusion, ECP = Perfused channels with
endothelial cells, SandnoP = Channels with endothelial cells and secondary microvascularization without
perfusion, SandP = Perfused channels without endothelial cells and secondary microvascularization. * = P<0.1,
**=P<0.05, # = moderate effect size. N=6 for each condition.



Discussion

Currently, 2D and 3D in vitro skin models are used to replace animal testing both in
pharmaceutical and cosmetic companies. Commercialized skin models which resulted in major
advances in the field of skin engineering are available (e.g. EpiSkin®, SkinEthic® and T-Skin®
(L’Oreal, France), Epi-Derm® (MatTek Corporation, USA), epiCS® (CellSystems, Germany),
Phenion® (Henkel, Germany), NeoDerm® (Tegoscience, Korea), LabCyte® (J-TEC, Japan)).
These models have the advantage of being highly stable and reproducible as they represent
mono or bi-layered constructs with simple cell composition. However, the lack of complexity
of the in vivo skin as appendages, vasculature, cells’ variety, and distribution, is a limitation for
the predictivity and relevance of in vitro applications. In this report, we developed a
vascularized full-thickness skin model that comprises for the first time a differentiated
epidermis, perfusable vessels, and a secondary microvascular network.

As reconstructed skin models are specifically used for safety and efficacy evaluation of
chemicals, applied systematically or topically to skin tissues, the functionality of the
vascularized skin equivalent for in vitro assessments was evaluated with topical and systemic
applications.

One important readout for topical application is the estimation of new compounds’ skin
absorption including skin distribution, metabolism, and elimination from the skin into systemic
circulation. However, existing skin models have a higher permeation than in vivo skin [73]
which could be related to a barrier function default. We, therefore, evaluated the effect of
vascularization and perfusion on epidermal barrier integrity by evaluating the percutaneous
absorption of caffeine (high permeability chemical compound) and minoxidil (low permeability
chemical compound). For both chemicals, we showed that percutaneous absorption is lower in
perfused samples. This could be due to an improvement of epidermal barrier function or the
overall skin permeability. In any case, these results suggest that perfused skin models are a
better alternative for the assessment of skin permeability and penetration in vitro compared to
non-perfused models. This is consistent with other studies showing the beneficial effect of
fluidic cultures on the epidermal barrier function [18, 74]. Indeed, besides improving nutrients
and oxygen supply, media perfusion was shown to enhance the deposition of dermo-epidermal
junction proteins [18] which is crucial for the basement membrane integrity and epidermal
differentiation. It was also proven to increase cell viability and tight junction formation [74] as
well as the expression of epidermal markers and stratum corneum thickness [75]. Additionally,
the shear stress induced by dynamic culture can also affect epidermal maturation and barrier
function [14, 18, 75]. However, in our experiments presence of ECs in non-perfused conditions
seemed to lower the efficacy of the barrier function. We hypothesized that the presence of
endothelial cells may delay the maturation of the epidermis as both cell types share common
growth factors like EGF, Insulin or hydrocortisone. In fact, in static conditions, media diffuses
through the dermis. Therefore, growth factors could gradually be depleted by endothelial cells.
This could also explain why additional ECs in the secondary vascular plexus further increased
the penetration of chemicals. To confirm this hypothesis, samples with ECs could be cultured for
a longer period to measure whether we find the same permeability as non-vascularized samples.

In this study, we measured the concentration of chemicals in static media beneath the skin.
However, we could also evaluate percutaneous penetration and systemic concentration of
compounds in the vascular channel underflow which could better mimic capillary clearance and
improve safety evaluation. In fact, after topical application, some chemicals are absorbed and/or
metabolized and reach the systemic circulation. Under certain concentrations, these chemicals
could cause side effects on other distant organs [76]. Therefore, a skin model with a closer
permeation to in vivo physiology would allow a better prediction of systemic toxicity.



Besides topical applications, having a perfusable vascularized skin model holds many interests
for systemic applications. Most of the existing skin models are cultured in static conditions
which is not representative of the in vivo reality [58]. Additionally, substances are usually added
to static culture media in contact with all the surface of dermis equivalents whereas, in vivo,
systemic substances are delivered via the vascular network meaning that they are exposed to
blood flow and have the vessel wall as an additional diffusion barrier. In that sense, skin-on-a-
chip platforms were used to mimic blood flow for topical and systemic studies [14, 18, 20].
However, in these platforms, fluidic media passes beneath the skin-equivalent whilst in vivo, it
circulates through the dermis in confined tube-shaped microvessels. Most of the time, culture
media is also separated from the skin by a permeable membrane that could introduce a
supplemental and non-physiological barrier for substance diffusion. On the other hand, the few
existing skin models representing perfusable vessels for systemic delivery of drugs were limited
to macro-channels located in the dermis [28, 58, 60]. Lack of micro-vascularization could result
in misleading and/or irrelevant drug delivery estimation compared to the in vivo situation. To
show the advantage of having a complex vasculature, we exposed our vascularized skin model
to benzo[a]pyren (BaP) in order to mimic systemic exposure to pollutants. Pollutants like BaP
can promote photoreactivity and phototoxicity with nanomolar range concentrations [72].
Various studies have shown that a combined exposure of pollutants and UVs could be toxic and
aggravate sunlight-induced skin damage [72, 77-79]. However, these studies were investigated
either in vivo, in 2D cell culture, or 3D epidermal equivalents whereas UVs and especially
UVA (UVAL and UVA2) wavelength are capable to reach the dermal layer [80]. Moreover,
BaP was measured in the blood of smokers and individuals living in polluted areas [81, 82].
This suggests that the skin could be exposed to these pollutants from the surface but also the
systemic circulation. Therefore, having a complex vascular structure in a dermal equivalent
allows a better understanding of BaP transport and its effects on the dermis before reaching the
epidermal layer. Indeed, we found that either in static or fluidic conditions, the presence of the
secondary vascular plexus increased the presence of benzo[a]pyren BaP in the dermis and the
epidermis compared to samples without vessels or with the 3 vascular channels alone. This
suggests that having a finer vascular structure makes the systemic delivery of substances to or
from the skin more efficient. This could apply not only to pollutants but to any drugs and
compounds systemically delivered.

We, therefore, demonstrated that our vascularized full-thickness skin is a valuable model for
topical or systemic assessments. In this study, we focused on the systemic delivery and
transdermal absorption of compounds. However, a broad range of applications is possible either
for knowledge studies or efficacy and safety evaluations. For instance, vascularized skin models
could also serve to study wound healing, skin regeneration as well as the molecular mechanisms
involved. In fact, 3D skin reconstructs were already used to mimic the wound healing process in
in vitro trauma models [83]. However, these models do not represent the local microenvironment
of in vivo wounds and cannot predict the side effect of the therapeutic treatment due to the lack of
vascularization, systemic circulation, and inflammation mediators, widely reported as critical
components during the wound healing process [84]. Therefore, including a vascular network and
systemic perfusion to reconstructed skin models could improve the efficiency of screening
therapeutic compounds and the prediction rate of patient’s responses to such treatments. Besides
screening therapeutic compounds for wound healing, having both angiogenesis and
vasculogenesis processes in the same skin model could improve the screening of pro and
antiangiogenic drugs. Indeed, vascularization plays an important role in tumor growth and
metastasis [85]. Therefore, this model could be used to better understand tumor, stroma, and
endothelial cells’ interactions in non-melanoma skin cancer. In addition, this complex
vascularized skin model could also be beneficial for the integration of skin appendages that
require blood supply. For instance, without prevascularization and perfusion, generating an in



vitro skin-equivalent with hair follicles density equivalent to the in vivo situation could result
in necrosis [10]. Indeed, fluidic systems have proven to prolong the culture period of ex vivo
hair follicles and postpone the initiation of the hair follicle regression phase (catagen) compared
to static conditions [14].

Our skin model represents an advanced step compared to existing models but it also includes
limitations. Indeed, numerous parameters might further be improved. HUVECs were used as
they are quite easy to access and their culture condition is well-known. Nevertheless, HUVECs
could be replaced by HDMECs (human dermal microvascular endothelial cells) which would
be more relevant for a skin model. In fact, HUVECs are isolated from large vessels whereas
dermis vasculature mainly consists of microvessels [31]. Vessel diameter is not the only
difference, but this parameter could influence cell behavior as it was already shown that
endothelial cells from different blood vessels or different tissues have distinct gene expression
profiles [86]. Bioprinting could also be used as a replacement of the molding technique to create
functional a vascular network that would contain a more complex architecture (smaller vessel
diameters and improved spatial control of their distribution) compared to tubular channels [87].
Moreover, arteries, veins, and lymphatic vessels could be created using multi-channels. Indeed,
engineering reconstructed tissues with both blood and lymphatic capillaries was previously
reported [88-90]. Finally, besides optimization of skin reconstruction, the device could also be
improved to be able to separate the culture media surrounding the skin equivalent from the one
perfusing the vascular channels. This improvement would better mimic skin physiology and
open the possibilities for new applications requiring immune cells perfusion.

Conclusion

We developed for the first time a full-thickness human skin model with a mature epidermis and
three tubular structures with angiogenic sprouts that can be perfused, associated with a complex
microvascular network. The integrity of each compartment was confirmed by histological
immunofluorescence analysis and compared to normal human skin. We proved that having a
perfusable vasculature closer to the in vivo vascular plexus resulted in a more reliable model
for topical and systemic assessments. This includes a wide range of applications either for
knowledge or efficacy and safety studies.
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