
https://doi.org/10.1177/20417314221088513

Journal of Tissue Engineering
Volume 13: 1–20 

© The Author(s) 2022
Article reuse guidelines: 

sagepub.com/journals-permissions
DOI: 10.1177/20417314221088513

journals.sagepub.com/home/tej

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons 
Attribution-NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, 

reproduction and distribution of the work without further permission provided the original work is attributed as specified on the SAGE and Open 
Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Bioprinting and plastic compression  
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Abstract
Extensive availability of engineered autologous dermo-epidermal skin substitutes (DESS) with functional and structural 
properties of normal human skin represents a goal for the treatment of large skin defects such as severe burns. Recently, 
a clinical phase I trial with this type of DESS was successfully completed, which included patients own keratinocytes 
and fibroblasts. Yet, two important features of natural skin were missing: pigmentation and vascularization. The first 
has important physiological and psychological implications for the patient, the second impacts survival and quality of the 
graft. Additionally, accurate reproduction of large amounts of patient’s skin in an automated way is essential for upscaling 
DESS production. Therefore, in the present study, we implemented a new robotic unit (called SkinFactory) for 3D 
bioprinting of pigmented and pre-vascularized DESS using normal human skin derived fibroblasts, blood- and lymphatic 
endothelial cells, keratinocytes, and melanocytes. We show the feasibility of our approach by demonstrating the viability 
of all the cells after printing in vitro, the integrity of the reconstituted capillary network in vivo after transplantation 
to immunodeficient rats and the anastomosis to the vascular plexus of the host. Our work has to be considered as a 
proof of concept in view of the implementation of an extended platform, which fully automatize the process of skin 
substitution: this would be a considerable improvement of the treatment of burn victims and patients with severe skin 
lesions based on patients own skin derived cells.
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Introduction

Split-thickness skin autografts (STS) still represent the 
gold standard to treat full thickness skin wounds. Thereby, 
part of the healthy skin is removed from a donor site on the 
patient’s body and transplanted onto the wound area.1,2 
Unfortunately, the availability of autografts for wound 
coverage is insufficient when dealing with large and/or 
severe wounds. In addition, due to scar tissue development 
and contraction of the transplanted skin, this procedure 
often needs to be repeated to allow joint movement and 

body growth. This results in recurring painful treatments 
and long hospitalization periods for the patient.3,4

Therefore, great efforts regarding the development of skin 
substitutes were made in the last decades to overcome prob-
lems associated with STS including skin donor site shortage 
and scar formation.5 Some examples are cultured epidermal 
autografts (CEAs), like EpiCell®, EpiDex®, and MySkin® 
that replace missing epidermis, and acellular dermal substi-
tutes like Matriderm® and Integra® that are applied to prepare 
a neodermis.3,6,7 Dermal substitutes are sometimes combined 
with CEAs, or keratinocytes sprays like ReCell® and 

Graphical Abstract. The SkinFactory: Bioprinting and plastic compression of large pigmented and vascularized human 
dermo-epidermal skin substitutes.
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CryoSkin®, in a single or in two operative steps to cover deep 
wounds in a sort of dermo-epidermal composite. Furthermore, 
allogenic dermo-epidermal skin analogs including Apligraf® 
are used only for temporary cover of chronic wounds.3,6,7 In 
contrast, dermo-epidermal skin substitutes (DESS) with 
autologous keratinocytes and fibroblasts represent a promis-
ing novel treatment option, however they are produced for 
compassionate use, not for commercialization.8–12

Therefore, the creation of an ideal tissue-engineered 
autologous dermo-epidermal skin substitute with func-
tional and structural properties of normal human skin as a 
commercially available products to be available for 
patients all around the world is envisioned.13 So far, pre-
clinical studies with manually prepared skin grafts based 
on collagen type I matrix containing human fibroblasts as 
dermal part and a multi-layered epidermis consisting of 
keratinocytes were performed.14–21

Recently, we successfully performed and concluded a 
clinical application in a phase I trial, which demonstrated 
that these autologous dermo-epidermal skin equivalents 
developed in a safe and stable tissue, with nearly normal 
skin quality.22

In addition, Gómez et al.23 successfully used a bioengi-
neered skin composite for the clinical treatment of burn 
patients, using autologous fibroblasts and keratinocytes 
and clotted human plasma as a three-dimensional dermal 
scaffold.

Although considerable progress has been made, some 
important functional properties of skin, like pigmentation 
and vascularization, are still missing in the DESS. 
Despite the pivotal role of pigmentation in the protection 
of epidermal cells from ultraviolet radiation, the loss of 
homogeneous, natural pigmentation in skin substitutes 
also substantially affects the psychological and social 
well-being of the patients.12,24–26 It was observed that a 
minimal number of melanocytes is necessary to obtain a 
homogeneous pigmentation matching the color of the 
donor skin in pigmented DESS.18,24 In addition, the use of 
melanocytes resulted in a physiological response to 
UV-radiation in the pigmented DESS.27 Importantly, 
mesenchymal cells influence melanosome production, 
maturation in melanocytes, and melanin transfer to 
keratinocytes, emphasizing the importance of using 
donor site-specific stromal cells in pigmented DESS, 
when aiming to produce skin grafts matching the color of 
the site to be transplanted.28

Next to pigmentation, the inclusion of a functional vascu-
lar network in the DESS in order to accelerate the connection 
with the host blood and nutrients supply was investigated: 
Endothelial cells from different origin (human umbilical 
vein, human dermis, or adipose tissue) could be induced to 
form a vascular plexus in fibrin hydrogels, collagen-based 
hydrogels, or scaffold-free substitutes.14,20,29 With human 
dermal microvascular endothelial cells (HDMECs), lym-
phatic capillaries were successfully engineered, improving 

cellular waste/debris removal, thus, reducing edema upon 
transplantation of DESS onto immunodeficient rats.30

Furthermore, an important feature of our DESS assembly 
approach is the plastic compression of the collagen type I 
used as matrix for the dermal part in the DESS. Thereby, the 
plastic compression mechanically stabilizes the dermal com-
ponent of the DESS. Autologous human fibroblasts can be 
evenly distributed in the three dimensions of the hydrogel and 
can be plastically compressed without affecting their viability 
and biological function.31 However, the combination of pre-
vascularization and pigmented plastically compressed colla-
gen-based DESS has never been shown before.

Further, accurate production of a large quantity of 
DESS in an automated way is an important goal for the 
treatment of severe large skin defects. To achieve this goal, 
3D bioprinting is considered as a powerful tool. Hence, 
different technologies have been tested in the past with 
extrusion, jetting, and laser-based bioprinting being the 
most common.32–34 Extrusion bioprinting consists in the 
dispersion of a bioink through a micro-nozzle using pneu-
matic pressure or a piston.35 The extrusion printing allows 
to easily dispense highly viscous (bio-)materials, like solu-
ble collagen, and is thus the gentlest method with respect 
to the viability of the cells. Jetting-based bioprinting with 
single droplet deposition utilizes either vibrating piezoe-
lectric crystals, heating, or electrostatic forces to generate 
inkjets, which drives materials (cells) out of the nozzle 
toward the substrates.36 Even though the print heads tend 
to clog frequently, the viability of the cells is well pre-
served. Laser-based bioprinting is a relatively complex 
technique, which uses pulsed laser energy to produce high-
pressure blisters on a gold-coated tape. The burst of the 
blister directs the bioink to the substrate. Laser-based bio-
printing is a nozzle-free procedure, which does not have 
clogging problems with cells or materials as for example 
jetting-based bioprinting, but shows a lower cell viability 
in comparison to the other techniques.37 The combination 
of all of these different technologies, in particular extru-
sion and jetting-based bioprinting, enables the use of sev-
eral bioinks such as polymerizing and jellifying materials, 
like fibrin and collagen, soluble factors, and living cells in 
a very specific and precise pattern, thereby eminently 
qualifying 3D bioprinting for skin analog production.38–40

Here, we describe our newly developed 3D bio-printer 
platform, which includes modules for collagen type I hydro-
gel mixing and extrusion-based bioprinting, hydrogel com-
pression, and patterned inkjet delivery of various human skin 
derived cells. By means of this new robotic unit (called 
SkinFactory), we engineered for the first time a large-scale 
human DESS, which includes at the same time human skin 
derived keratinocytes, melanocytes, fibroblasts, and blood 
and lymphatic endothelial cells forming blood and lymphatic 
networks in vitro. Additionally, we demonstrate the function-
ality of the human pigmented and pre-vascularized DESS 
both in vitro and in a pre-clinical animal model in vivo.
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Our work should be considered as a proof of concept in 
view of the implementation of a robotic platform, which 
would eventually fully automatize the entire manufactur-
ing process of skin substitutes under GMP conditions for 
improved treatment of patients with severe skin lesions.

Materials and methods

Cell isolation and culture

Human foreskin and adipose tissue samples were obtained 
from the Department of Surgery of the University 
Children’s Hospital Zurich. Parents or patients gave 
informed consent. This study was conducted according to 
the Declaration of Helsinki Principles and after permission 
by the Ethics Commission of the Canton Zurich (BASEC 
No. 2018-00269).

Human epidermal keratinocytes, melanocytes, dermal 
fibroblasts, and human dermal microvascular endothelial 
cells (HDMECs) were isolated from foreskin and cultured 
according to previously published routine protocols: 
Keratinocytes and fibroblasts according to Pontiggia et al.,41 
melanocytes as described in Böttcher-Haberzeth et  al.,21 
HDMECs according to Montaño et al.14 All isolation proce-
dures are summarized in the supplemental protocols.

Preparation of dermo-epidermal skin 
substitutes without a bio-printer

This paragraph describes the non-automated preparation of 
DESS; the automated process is illustrated in Section 2.3. For 
this, collagen type I (5 mg/ml, Symathèse, Chaponost, France) 
hydrogels were prepared based on a previously published 
protocol31 with some modifications. We used a newly devel-
oped transwell system (see also Section 2.3.2) consisting of 
6 × 6 cm cell culture insert with a bottom PET track etched 
membrane with 3.0 µm pore size (custom made by Oxyphen, 
Wetzikon, Switzerland) placed in a 150 cm2 cell culture flask 
with re-closable lid (TPP, Trasadingen, Switzerland). Six mil-
lilitres neutralization buffer (0.32 M NaHCO3, 0.15 M NaOH, 
200 mM Hepes, Sigma-Aldrich Chemie GmbH, Buchs, 
Switzerland), 4 ml Dulbecco’s modified Eagle’s medium 
(DMEM, Gibco, Thermo Fisher Scientific AG, Basel, 
Switzerland) containing 0.4 × 106 fibroblasts and 30 ml col-
lagen were mixed and poured into the cell culture insert. After 
1 h of incubation at 37°C the hydrogel was compressed to the 
thickness of 1 mm (final cell concentration: 120 cell/mm3) 
and incubated for 1 week at 37°C in 40 ml DMEM (supple-
mented with 10% Fetal Calf Serum, 0.05% Gentamycin, and 
1% Hepes Buffer 1 M, all Thermo Fisher) in the lower cham-
ber of the transwell system and 10 ml in the upper chamber of 
the insert. Medium was changed three times a week.

After 1 week, keratinocytes and melanocytes were 
mixed in proportion 5:1 in serum-free keratinocytes 
medium (SFM, supplemented with 25 mg/ml bovine 
pituitary extract, 0.2 ng/ml EGF, and 5mg/ml 

gentamycin; all Thermo Fisher) and melanocytes growth 
medium (MGM, PromoCell, Heidelberg, Germany), also 
in a 5:1 ratio (SFM:MGM). The ratio of about one mel-
anocyte to five keratinocytes was taken in accordance 
with the described findings about the physiological dis-
tribution of melanocytes in the basal layer of the human 
epidermis.28,42 0.45 × 106 cells were seeded on the top of 
the hydrogel. The skin substitutes, now called DESS, 
were incubated at 37°C in DMEM with 40 ml of medium 
in the lower chamber only, to avoid the flushing of 
seeded keratinocytes and melanocytes on the surface of 
the hydrogel. The next day, 10 ml of SFM:MGM, were 
gently added onto the epidermal part of the DESS. The 
culture media were changed three times a week. After 
1 week of incubation, fluorescein diacetate (FdA, Sigma-
Aldrich) live cell staining was performed to verify cell 
viability.

For the pre-vascularization of DESS, HDMECs were 
mixed with fibroblasts in a ratio of 1:1 (8.2 × 105/ml) and 
included in the hydrogel which was then cultured in 
EGM-2MV medium (Lonza, Basel, Switzerland) for 
3 weeks before receiving keratinocytes and melanocytes 
in the same way as described above. Then, DESS were 
cultured with 40 ml EGM in the lower and 10 ml 
SFM:MGM in the upper chamber. The culture media were 
changed three times a week. After 1 week of incubation, 
fluorescein diacetate (FdA, Sigma-Aldrich) live cell stain-
ing was performed to verify cell viability.

All the steps of the procedure, the used media and the 
culture times are summarized in Table 1.

The 3D bio-printer SkinFactory and the 
automatized generation of DESS

To engineer pigmented and vascularized DESS according  
to the protocol above, we used the BioFactory™ 3D  
bio-printer system of regenHU (Villaz-Saint-Pierre, 
Switzerland). The BioFactory™ was supplemented with 
automated hydrogel-mixing/extrusion, compression, and jet-
ting devices to create a robotic platform with four different 
stations applied to a turning turret, like a carrousel. The mod-
ified version of the BioFactory™ was called “SkinFactory.” 
Figure 1 schematically describes the different components of 
the SkinFactory and the custom-made consumables (sche-
matics in b, c, d by RegenHU with Autodesk Inventor 
(Autodesk, San Rafael, USA), drawing in e by Oxyphen AG 
with 3D CAD (Autodesk)). Figure 2 shows photographs of 
the skin producing process. In the following section, we 
describe in detail the SkinFactory operative procedures, 
which implements the protocol (concentrations, media) as, 
described in Section 2.2.

Step I: Bioink and cartridge preparation.  The cartridge (Med-
mix, Rotkreuz, Switzerland) for the bioink consisted of a 
double syringe with two separate compartments (Figure 1(a), 
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Crt). The ratio between the volumes of the compartments 
was 2:1. For filling, the cartridge was closed with a cap (Ca). 
One component of the bioink, consisting of the fibroblasts/
endothelial cells suspension, was poured into the small com-
partment of the cartridge and mixed with the neutralization 
buffer. The other component of the bioink, collagen type I, 
was cast into the large compartment. Then, both syringes 
were sealed with O-ring pistons (Ps). Next, the cartridge was 
turned up site down and the cap (Ca) was substituted with the 
mixer (Mx). The bioink filled cartridge (Figure 1(a), to the 
right) was then loaded into the SkinFactory.

Step II: Preparation of the dermal equivalent using the SkinFac-
tory.  Figures 1(b), 2(b) and (c) show the first station of the 
turning turret. The loaded cartridge was inserted into the 
cartridge holder (Ch). The 6 × 6 cm (internal size) cell cul-
ture insert (In, also in Figure 1(c) and (e)) was placed on the 

stage (St). The insert was held in position by the insert 
holder (Ih, Figure 2(c)). During the two-component mixing 
and deposing process, the insert bottom was positioned 
exactly 3.3 cm under the opening of the mixer. The plung-
ers (pl) pushed the content of the two compartments through 
the mixer opening (4 mm) into the insert (Figures 1(b) and 
2(c)) at a flow rate of 0.8 ml/s (dosing resolution: 2.9033 µl/
step; cartridge piston surface: 580.66 mm2 × 0.005 mm 
minimal axis resolution; shear rate approx. 130 s−1). The 
measured viscosity of the bioink (collagen type I and neu-
tralized cell suspension) was 0.166 Pa s (Supplemental Fig-
ure S1a). During extrusion the stage performed circular 
movements to allow an homogeneous distribution of a sin-
gle layer of the bioink on the porous membrane, resulting in 
a 6 × 6 cm hydrogel (dermal equivalent) with 8 mm of 
thickness. During the jellification of the collagen a storage 
modulus of approximately G′ = 200 Pa was reached after 

Table 1.  Summary of the used cells, media, and culture times.

Procedure step Biopsy Cell isolation and 
culture

Dermis formation and 
hydrogel compression

Cell printing of 
epidermal compartment

Transplantation

Pigmented DESS Day 0 Day 1–14 Day 7 Day 14 Day 21

Foreskin
•	 Dermis
•	 Epidermis

Fibroblasts
Keratinocytes
Melanocytes

Collagen
Fibroblasts

Keratinocytes
Melanocytes

Onto full-
thickness skin 
lesion nu/nu rats

Used media DMEM
SFM
MGM

DMEM SFM:MGM 5:1 (top)
DMEM (bottom)

 

Prevascularized DESS 
with HDMECs

Day 0 Day 1–28 Day 14 Day 28 Day 35

Foreskin
•	 Dermis
•	 Epidermis

HDMECs
Fibroblasts
Keratinocytes
Melanocytes

Collagen
HDMECs
Fibroblasts

Keratinocytes
Melanocytes

Onto full-
thickness skin 
lesion nu/nu rats

Used media EGM
DMEM
SFM
MGM

EGM SFM:MGM 5:1 (top)
EGM (bottom)

 

Number of 
cells(number of 
possible hydrogels)

Day 0 Day 1 Day 7 Day 14  

3–5 cm2 K:  6–10 × 106

E:  0.1–0.2 × 106

F:  0.5–1.5 × 106

M:  0.1–0.2 × 106

E:  ~0.8 × 106 (4)
F:  ~3 × 106 (15)

K:  ~25 × 106 (60)
M:  ~1 × 106 (13)

 

DMEM: Dulbecco’s modified Eagle’s medium; E: endothelial cells; EGM: endothelial cell growth medium; F: fibroblasts; HDMECs: human dermal 
microvascular endothelial cells; K: keratinocytes; M: melanocytes; MGM: melanocyte growth medium; SFM: serum free medium for keratinocytes.
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1 h, the loss modulus only rose to G″ = 14 Pa, indicating the 
formation of a solid hydrogel (Supplemental Figure S1b).

Step III: Plastic compression of the dermal component using the 
SkinFactory.  For compression, the turret of the SkinFactory 
was turned to the second station. The white square 

compression piston (Figure 1(c), Cp) of the compression 
device was now just above the insert (In). For compression, 
the stage was moved slowly up until the piston was in con-
tact with the hydrogel (red arrow 1 and Figure 2(d)). The 
movement upward continued for the thickness of the 
uncompressed hydrogel (Hg in Figure 2(d), approximately 

Figure 1.  Schematic illustration of the robotic platform SkinFactory. (a) Loading of the cartridge with collagen type I and human 
dermal cells. (b) Production of the dermal component by pressure assisted extrusion. (c) Hydrogel plastic compression. (d) Inkjet-
based bioprinting of human epidermal cells. (e) Cell culture system. (f) Overview of the turning SkinFactory platform. Station b: 
pressure assisted extrusion, station c: plastic compression, station d: Inkjet-bioprinting.
Ah: cartridge adapter head; Ca: cap; Cf: cell culture flask; Ch: cartridge holder; Cp: compression piston; Crt: cartridge; Cw: compression weights; Fr: 
insert frame; In: culture insert; Li: culture flask lid; Ma: microvalve actuator; Mv: microvalve; Mx: mixer; Pl: plunger; Ps: o-ring pistons; Pv: pressure 
valve; St: stage.
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Figure 2.  Skin substitute production process. (a) Front view of the SkinFactory. (b) Production of the dermal component by 
pressure assisted extrusion. (d) Hydrogel plastic compression. (e) Inkjet-based bioprinting of human epidermal cells. (g) Cell culture 
system. (h) Pre-vascularized pigmented human dermo-epidermal skin substitute of 6 × 6 cm2. Abbreviations as for Figure 1.
At: aspiration tube; Hg: hydrogel; Ih: insert holder.
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0.8 cm) minus the desired final thickness of the compressed 
hydrogel, which was 1 mm (red arrow 2). During this sec-
ond movement, the compression weights (Cw) were pushed 
upward. Gravitation generated a compression force of 600g 
to the hydrogel (red dotted arrow 3). Fluid (cell culture 
medium) was pushed out through the porous membrane of 
the insert into a blotting paper and was removed by aspira-
tion through a tube (At) connected to the bottom of the stage 
(Figure 2(d)). Thereafter the culture insert containing the 
hydrogel was removed from the SkinFactory stage, inserted 
in a frame (Fr, Figure 1(e)), and transferred into a 150 cm2 
cell culture flask (Cf) with reclosable lid containing the 
appropriate medium. The compressive (Young’s) modulus 
of the plastically compressed collagen hydrogels was meas-
ured as 27.12 ± 5.22 kPa (n = 3, see supplemental protocols). 
Other structural parameters of the obtained hydrogels where 
analyzed in previous publications.31,43

Step IV: Printing of the epidermis using the SkinFactory.  The cell 
suspension of keratinocytes and melanocytes was loaded 
into the printing cartridge (Pc, Figures 1(d) and 2(e)) which 
was sealed by the cartridge adapter head (Ah). The head was 
connected to a compressed air system delivering a pressure 
of 0.1 bar (Pv). The tip of the cartridge was connected 
through a lure lock adapter to the microvalve actuator (Ma). 
A microvalve (Mv, opening diameter 100 µm) regulated the 
dispensed volume by the frequency of openings (shots, Fig-
ures 1(d) and 2(f)). For this study, droplets consisting of two 
shots of 0.4 µl were printed. This resulted in 0.8 µl dots with 
a diameter of 1.9–2.5 mm. The number of cells contained in 
the droplet was regulated by means of the cell concentration 
in the used cell suspension. We defined for this study 
4000 cells/dot. Around 109 dots (0.436 Mio cells) were 
evenly distributed on the 36 cm2 surface of the hydrogel 
(compare Figure 3) by the movement of the stage, resulting 
finally in a DESS. A software interface (BioCAD™, 
regenHU) facilitated the drawing of the printing pattern.

Step V: Culturing of the skin substitute.  After printing of 
keratinocytes and melanocytes, the culture insert containing 
the DESS was removed from the SkinFactory stage, inserted 
in a frame (Fr, Figure 1(e)), and transferred into the 150 cm2 
cell culture flask (Cf) with reclosable lid containing the EGM 
medium (Figure 2(g)). No medium was added in the insert 
(upper chamber) to avoid the flushing of printed keratino-
cytes and melanocytes on the surface of the hydrogel. The 
frame maintained the insert 5 mm above the bottom. The 
next day, 10 ml of SFM:MGM, was gently added on top of 
the insert. After 1 week incubation at 37°C/5% CO2, FdA live 
cell staining was performed to verify cell viability. DESS 
was now ready for transplantation (Figure 2(h)). Figures 1(f) 
and 2(a) are overviews of the SkinFactory platform.

Animals and transplantation

Animal studies were approved by the local committee for 
experimental animal research (license number ZH90/15) 

and performed as previously published.15 The surgical pro-
tocol was approved by the local Committee for 
Experimental Animal Research (permission number: 
ZH090/2015). Ten weeks old immune-incompetent female 
crl:NIH-Foxn1rnu rats (Charles River, Freiburg, Germany) 
were prepared and anesthetized as described previ-
ously.44,45 Skin substitutes were transplanted into full 
thickness skin defects created surgically on the back of the 
animals. To prevent wound closure from rat skin, custom 
made metal rings (2.5 cm in diameter) were sutured to the 
skin defects using non-absorbable polyester sutures 
(Ethicon, Johnson and Johnson, Zug, Switzerland). 
Buprenorphin (s.c. 0.05 mg/kg body weight, Temgesic™, 
Indivior AG, Baar, Switzerland) was applied for analgesia. 
Dressing changes and photographic pictures were made 
once a week. After 3 weeks, transplants were excised and 
embedded either in paraffin or TissueTek (OCT com-
pound, Sakura, Alphen aan den Rijn, Netherlands) for his-
tological and immunofluorescence analysis.

Histological, fluorescence, and live cell staining

Fluorescein diacetate (FdA) live cell staining was per-
formed according to the protocol previously published.31 
Histological hematoxylin/eosin and immunofluorescence 
staining on tissue sections were described in detail by 
Biedermann et al.15 and whole mount staining by Marino 
et  al.30 All the used antibodies were specific for human 
antigens if not differently specified: from Abcam 
(Cambridge, UK): Lyve1 (polyclonal, 1:100, ab10278); 
from BD Pharmingen (Basel, Switzerland): Ki67 (clone: 
B56, 1:100); from Dako: human CD31 (clone: JC70A, 
1:50), rat CD31 (clone: TLD-3A12, 1:50), CK10 (clone: 
DE-K10, 1:100), Melanosome (HMB45, 1:50); from 
Dianova (Germany): CD90 (clone: AS02, 1:50); from 
Lubio (Luzern, Switzerland): CK1 (clone: LHK1, 1:200); 
from Progen (Heidelberg, Germany): CK5 (polyclonal, 
1:100, GP-CK5); from SantaCruz (Labforce AG, 
Nunningen, Switzerland): Laminin 332 (clone: P3H9-2, 
1:100), Tyrosinase (clone: c-19, 1:50), VE-Cadherin 
(clone: F-8, 1:50); from Spring Bioscience (CA, 
Pleasanton): CK15 (clone: SPM190, 1:50). The counter-
staining of cell nuclei was performed with Hoechst 33342 
(Sigma-Aldrich). Pictures were taken with a DS-Ri1 digi-
tal camera connected to a Nikon Eclipse TE2000-U 
inverted microscope. The device is equipped with 
Hoechst-, FITC-, and TRITC-filter sets (Nikon AG, 
Switzerland; Software: NIS-Elements BR version 3.22.11).

Cell quantification

Transplanted DESS were stained for Ki67 and imaged 
with the 20x objective. The ratio of proliferative nuclei 
(Ki67 positive) over total nuclei (Hoechst positive) in five 
representative photographic frames each (n = 5) were 
quantified. In the same way, HMB45 positive melanocytes 
over DAPI positive nuclei were quantified.
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Figure 3.  Patterned cell printing resulted in a coherent layer of human keratinocytes and melanocytes. (a) FdA staining of human 
fibroblasts in a collagen type I hydrogel 7 days after hydrogel production. (b) The programed printing pattern for keratinocyte and 
melanocyte seeding was visualized by printing of trypan blue on a filter paper. (c–f) Inkjet-based bioprinting of epidermal cells: 
FdA staining of keratinocytes and melanocytes 1 day (c), 3 days (d), 6 days (e), and 8 days (f) after printing. (g) Immunofluorescence 
staining of cells 4 days after seeding with antibodies against panCK (keratinocytes, green) and HMB45 (melanocytes, red). 
Counterstaining of cell nuclei with Hoechst (blue). Scale bars: 100 µm in (a); 2 mm in (c–f).
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All results are reported as mean ± standard error of the 
mean (±SEM). Comparison between two groups was per-
formed using the unpaired Student’s t test. Differences 
were considered significant with a p < 0.05.

Results

For the transition from our established manual production 
of dermo-epidermal skin substitutes (DESS) to automated 
assembly of pigmented and vascularized DESS using the 
SkinFactory, we investigated several points including (i) 
the homogeneity of the cell distribution in the different 
compartments, namely epidermis and dermis, (ii) the sur-
vival of the cells during the different printing steps, and 
(iii) cell viability and functionality in the substitutes in 
vitro and in vivo after transplantation.

Dermal fibroblasts tolerate the collagen 
extrusion and compression process, and 
patterned jet-printing is safe for epidermal 
keratinocytes/melanocytes

The two basic steps of the DESS assembly consist of (i) 
the inclusion of dermal cells in collagen to form the der-
mal component and (ii) the printing of the epidermal 
cells to create the epidermal compartment of the skin 
equivalent.

Thus, we first investigated the homogeneity of distribu-
tion of fibroblasts only, included in the collagen matrix by 
the automated extrusion process and analyzed the viability 
of the fibroblasts after the mixing procedure. We used the 
SkinFactory to embed fibroblasts in the collagen type I 
matrix and to compress the created dermal substitute. After 
1 week of culture, we evaluated the viability and distribu-
tion of the dermal cells by FdA staining. Figure 3(a) shows 
a representative sector of a compressed bioprinted colla-
gen hydrogel, where the fibroblasts displayed their charac-
teristic elongated shape, and populated homogeneously 
the collagen matrix. This fibroblast pattern in the auto-
mated process was comparable to the manually prepared 
collagen matrix (data not shown) and was thus considered 
a prerequisite for the decision to proceed with the genera-
tion of an epidermal layer.

We asked further, how dense keratinocytes and melano-
cytes have to be printed on top of the bioprinted hydrogel 
to form a homogenous closed layer and how viable are the 
cells after the jetting process. For this, we first optimized 
the jetting pattern for the total size of the hydrogel 
(6 × 6 cm), and figured out that 109 droplets were the opti-
mal number for our jetting conditions: the minimal num-
ber of droplets and consequently the minimal number of 
cells which allows the coverage of the whole surface of the 
hydrogel in a period of time of no more than 1 week. For 
better visualization of the printing pattern, trypan blue 

droplets were jet-printed directly on the porous membrane 
of the insert (Figure 3(b)).

Accordingly, 7 days after formation of the dermal com-
ponent (Figure 3(a)), keratinocytes and melanocytes were 
mixed in a 5:1 ratio and printed in 109 dots with 4000 cells 
each on the 6 × 6 cm collagen hydrogel. Repetitive FdA 
cell staining revealed that the epidermal cells well-toler-
ated the jetting pressure, were viable, migrated and formed 
a coherent layer within 8 days after printing (Figures 3(c)–
(f), 1, 3, 6, and 8 days). During this time, at day 4, we per-
formed immunofluorescence staining using panCK (green) 
and HMB45 (red) antibodies. The first antibody react 
against several cytokeratins and the second against a neu-
raminidase-sensitive sialylated glycoconjugate present in 
pre- and earlystage melanosomes. They are useful for the 
identification of keratinocytes and melanocytes, respec-
tively (Figure 3(g)). Both cell types were present and uni-
formly distributed on the collagen type I hydrogel. 
Melanocytes displayed their characteristic elongated 
structure with some protrusions and keratinocytes showed 
a typical cobblestone pattern.

Pigmented bio-printed dermo-epidermal skin 
substitutes are functional in vivo

Following the verification of cell viability after the bio-
printing process in vitro, we investigated whether the bio-
printed melanocytes were able to sustain pigmentation of 
DESS in vivo.

Bio-printed human DESS containing fibroblasts, 
keratinocytes, and melanocytes were transplanted onto 
the back of immuno-incompetent female nu/nu rats 
7 days after seeding of the epithelial cells. Three weeks 
after transplantation, the DESS showed macroscopically 
a slight pigmentation (Figure 4(a)). Histological analysis 
of frozen sections revealed the presence of all the strata 
of the epidermis, including the stratum basale (Figure 
4(b), white arrows), stratum spinosum (black star), and 
stratum corneum (white box). Melanin was visible after 
Fontana Masson staining (Figure 4(c), black arrows), and 
further, melanin was deposited above the nuclei of 
keratinocytes (blue arrows). Immunofluorescence analy-
sis showed the presence of melanocytes in the basal layer 
by expression of tyrosinase, an enzyme that catalyzes the 
production of melanin (Figure 4(d)), and the melano-
some-marker PMEL (HMB45, Figure 4(e)).

The expression of laminin 332 (the ligand of keratino-
cyte integrin α6β4 in hemidesmosomes), was indicative 
for a homogeneous basement membrane (Figure 4(e)). To 
determine the proliferative capacity of the epithelial cells 
in the DESS, sections were stained for Ki67, a nuclear cell 
proliferation-associated antigen that is expressed in all 
active stages of the cell cycle46 (Figure 4(f)). The basal 
keratinocyte layer homogeneously expressed cytokeratin 
(CK) 15 (Figure 4(g)) and CK5 (Figure 4(h)). CK15 is a 
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useful indicator of epidermal homeostasis, as it is almost 
exclusively expressed in basal keratinocytes in a homeo-
static epidermis.41 In normal human homeostatic epider-
mis, CK5 is expressed in the basal layer and the first 

suprabasal layers. However, expression of CK5 is induced 
in activated keratinocytes during wound regeneration.15 
The CK5 expression pattern shows that after 3 weeks the 
graft in our system has not yet reached homeostasis.

Figure 4.  Analysis of a pigmented human DESS in vivo. (a) Macroscopic view of the human graft 3 weeks after transplantation. 
(b) Hematoxylin/eosin staining of sections showing the stratum basale (arrows), stratum spinosum and stratum granulosum 
(star), and stratum corneum (square). (c) Fontana-Masson melanin staining. Cell nuclei and cytoplasm were counterstained with 
Hematoxylin/eosin. Melanocyte dendrites projecting to the upper layers of the epidermis (black arrows) and melanosomes shielding 
keratinocytes nuclei (blue arrows) are visible. (d–j) Immunofluorescence staining using antibodies to: Tyrosinase ((d), green), 
HMB45 (green)/Lam332 (red) (e), Ki67 (green)/Lam332 (red) (f), CK15 ((g), green), CK5 (green)/Lam332 (red) (h), CK10 (green)/
Lam322 (red) (i), CK1 (green)/Lam332 (red) (j). Counterstaining of cell nuclei with Hoechst (blue). (k) Quantification (n = 5) of 
proliferating cells (Ki67+) in DESS and in foreskin as a control. (l) Quantification (n = 5) of melanocytes (HMB45+) in DESS and in 
foreskin as a control. Results are reported as mean ± standard error of the mean (±SEM). Comparison between two groups was 
performed using the unpaired Student’s t test. Differences were considered significant with a p < 0.05. Scale bars: 100 µm.
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The differentiation marker CK10 (Figure 4(i)) was 
expressed in the suprabasal layers of the spinous and gran-
ular layers, whereas CK1, a late differentiation marker, 
was still confined to the stratum granulosum (Figure 4(j)). 
Both, the suprabasal expression of CK5 and the missing 
expression of CK1 in the spinous layer may indicate that 
the graft did not reach complete homeostasis after 3 weeks 
in vivo. The percentage of Ki67-positive proliferative cells 
(32.83% ± 1.7%, mean ± SEM; Figure 4(k)) was statisti-
cally similar compared to Ki67 expressing epidermal cells 
in foreskin used as control (35.0% ± 1.7%, p = 0.51). 
HMB45-expressing melanocytes were visible in the basal 
layer at an occurrence similar to control human skin: 
13.3% ± 1.1% HMB45-positive melanocytes in DESS 
versus 10.8% ± 0.32% (p = 0.21) in foreskin (Figure 4(l)).

Automated mixing and compression of 
hydrogels allow pre-vascularization of dermal 
substitutes in vitro

After the engineering of pigmented DESS, we introduced 
a vascular network into the dermal compartment of the 
pigmented DESS.

To first investigate the influence of the SkinFactory on 
the vascular network formation, hydrogels were produced 
without compression and epidermal cells. For this, 

HDMECs and fibroblasts were included into collagen type 
I hydrogels and plated in 6 × 6 cm inserts with the 
SkinFactory system. The hydrogels were not compressed 
with the SkinFactory and cultured up to 4 weeks in vitro. 
Subsequently, the hydrogels were analyzed by whole 
mount immunofluorescence staining after 3 and 4 weeks. 
Figure 5 shows the formation of branched capillaries after 
3 and 4 weeks as judged by the CD31 expression in repre-
sentative sectors of the hydrogels (Figure 5(a) and (b)). 
Confocal microscopy revealed the 3D vascular network 
and the partial coverage of the CD31 expressing capillaries 
by CD90 (Thy-1) positive mural cells (Figure 5(c)).

To elucidate the effect of plastic compression on the 
capillary formation in vitro, in particular to define the opti-
mal time point, at which compression is best tolerated by 
the endothelial cells, HDMEC containing collagen hydro-
gels were produced and compressed using the SkinFactory 
just after production or 2 weeks later, when a capillary net-
work was already present in the hydrogels.

In general, we observed the formation of capillary net-
works in all conditions (Figure 5). In uncompressed colla-
gen hydrogels, serving as controls, HDMEC developed 
into blood and lymphatic capillaries within 3 weeks (Figure 
5(d)). But even in both types of compressed hydrogels 
(Figure 5(e) and (f)), we could equally observe the forma-
tion of blood (positive for the pan endothelial marker 
CD31 only) or lymphatic capillaries (positive for CD31 

Figure 5.  SkinFactory production of pre-vascularized human DESS in vitro. (a) CD31 immunofluorescence whole-mount staining 
showing the formation of capillaries from HDMECs in collagen type I hydrogels upon 3 weeks and (b) 4 weeks of culture after 
SkinFactory production. (c) CD31/CD90 double staining and confocal imaging with volume reconstruction of HDMECs-derived 
capillaries upon 3 weeks of culture in a collagen type I hydrogel displaying the presence of mural cells (CD90 positive) around 
endothelial cells (CD31 positive). (d–f) CD31 (red)/Lyve1 (green) immunofluorescence staining of HDMECs (BECs and LECs) raised 
in collagen hydrogels for 3 weeks under three different conditions: uncompressed (d), compressed upon HDMECs inclusion (e), 
or compressed 2 weeks after inclusion (f). Counterstaining of cell nuclei with Hoechst (blue). In all three cases lymphatic (yellow 
CD31/lyve1 double positive) and blood capillaries (red CD31 single positive) were visible. Scale bars are 100 µm.



Pontiggia et al.	 13

and the lymphatic marker Lyve1), indicating that compres-
sion do not impair the formation of the vascular plexus.

Fully automated engineering and 
transplantation of pigmented and pre-
vascularized dermo-epidermal skin substitutes 
(PV-DESS)

We finally combined pigmentation and pre-vascularization 
to assemble the first automatically engineered pigmented 
and pre-vascularized dermo-epidermal skin substitute 
“PV-DESS” using the SkinFactory.

Hence, we combined HDMECs and fibroblasts in the 
dermal compressed compartment and keratinocytes with 
melanocytes in the epidermal component of the PV-DESS 
using the SkinFactory. We studied the functionality of the 
obtained human PV-DESS at 1–3 weeks after transplanta-
tion in our animal model (Figure 6). First, we investigated 
the presence of the human capillary network after trans-
plantation. The human capillaries were monitored by 
immuno-fluorescence staining using the human CD31 
antibody in combination with the human fibroblast marker 
CD90 (Figure 6(a)). We detected human capillaries 1 and 
2 weeks after transplantation in the human dermis (Figure 
6(a), upper panels). Importantly, also after transplantation, 
we could reveal both blood and lymphatic capillaries by 
immunofluorescence double staining for human CD31 and 
human Lyve1 (Figure 6(a), lower panels).

To demonstrate the integrity of the capillary network 
we performed immunofluorescence stainings against 
VE-Cadherin, a component of intercellular junctions of 
endothelial cells. Supplemental Figure S2a shows the 
expression of human VE-Cadherin (green) in capillaries 
expressing CD31 (red). The panel a′ illustrates the magni-
fication of the region in the white box of Figure 2(a), 
whereas panel a″ shows the separate green and red chan-
nels. On the same grafts sections, we performed stainings 
against human (red) and rat CD31 (green) to reveal 
whether bioengineered human capillaries had anastomo-
sed to the vascular plexus of the host. Supplemental Figure 
S2b shows that the human capillaries, present in the bioen-
gineered human dermis, connected to the host rat vessels: 
the white arrows indicate yellow anastomosis regions 
where both hCD31 and rCD31 molecules coexist spatially 
very tight together. Anastomosis of human and rat capillar-
ies is also demonstrated by the presence of auto-fluores-
cent rat erythrocytes (green) in human capillaries (CD31 in 
red) (Supplemental Figure S2c). The arrowhead points at a 
CD31 negative rat vessel, whereas the arrow and 
Supplemental Figures S2c′ and c″ indicate a CD31 posi-
tive human vessel.

By means of hematoxylin/eosin staining, the upper 
panel of Figure 6(b) demonstrates the quality of the 
obtained PV-DESS 2 weeks after transplantation with a 
pronounced cornified layer (white star), an ordered 

stratification (black star), and basal keratinocytes arranged 
as a typical columnar layer of cells (white arrowhead) 
interpolated with melanin containing melanocytes (black 
arrowheads), which extend their protrusions into the upper 
layer (arrows). To prove the presence and the localization 
of all used human cell types, a four-color immunofluores-
cence staining (Figure 6(b), lower panel) was performed to 
delineate fibroblasts (CD90, blue), endothelial cells 
(CD31, white), keratinocytes (CK1, red), and melanocytes 
(HMB45, green).

Further histological hematoxylin/eosin analysis 
showed a stratified epidermis (Figure 6(c), top panels) 
after 1, 2, and 3 weeks in vivo. A mature physiological 
keratinocyte pattern in the different layers and in particu-
lar in the basal layer was visible after 2 and 3 weeks, dis-
playing columnar basal keratinocytes (white arrowhead). 
A cornified layer was hardly distinguished after two and 
clearly present after 3 weeks (white stars). CK10 was 
expressed from the first week on (Figure 6(c), second 
row), but was still observed in the basal layer (white 
arrowheads) of the epidermis after 1 week. However, 
after 2 weeks, CK10 was definitely confined to the supra-
basal layers (white arrowheads), highlighting epidermal 
homeostasis. The Ki67 expression was mainly located in 
the basal layer (Figure 6(c), third row) after 1, 2, and 
3 weeks. The analysis of proliferative cells in representa-
tive regions of transplanted PV-DESS confirmed 
22% ± 4.8% in the 3 weeks substitutes compared to 
35% ± 1.7% positive cells in normal human foreskin 
(Figure 6(d), mean ± SEM). This difference was calcu-
lated as not significant (p = 0.17) so this result is not dif-
ferent from the result with the non vascularized subsitutes 
(Figure 4(k)). We observed that 13.3% ± 1.8% cells in 
the basal layer of DESS are melanocytes (Figure 6(c), 
last row and Figure 6(e)), compared to 11% ± 0.3% (n.s., 
p = 0.45) basal layer melanocytes in normal human fore-
skin, demonstrating a physiological number of melano-
cytes in our PV-DESS.

Figure 6(f) shows the macroscopic view of a PV-DESS 
transplant 3 weeks after transplantation.

Discussion

The engineering of autologous dermo-epidermal skin sub-
stitutes (DESS) with the functional and structural proper-
ties of normal human skin represents encouraging 
treatment of large severe burns, trauma, congenital giant 
nevi, and diseases that lead to skin necrosis. In the last 
years, autologous dermo-epidermal skin analogs prepared 
in a manual manner were established15,17,31,41 and preclini-
cal long term transplantation experiments were per-
formed.15,18,19,21 This work resulted for example in a 
completed clinical phase I trial, which demonstrated that 
DESS are safe and result in stable tissues, with nearly nor-
mal skin quality.22 The recently started multicentric phase 
II study will further prove the quality of these autologous 
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Figure 6.  In vivo investigation of bio-printed pigmented and pre-vascularized human DESS using the SkinFactory. (a) Human 
capillaries (CD31, red, arrow heads) are present in the human neo-dermis, which is highlighted by human dermal fibroblasts (CD90, 
green, arrows), 1 and 2 weeks after transplantation (upper panels). Human Lyve1 (green) and human CD31 expression (red) 
demonstrate the presence of both lymphatic (arrow heads) and blood capillaries (arrows) 1 and 2 weeks after transplantation (lower 
panels). (b) Hematoxylin/eosin staining (upper panel): stratum corneum (white star), stratum spinosum (black star), pigmented 
clusters of melanocytes (black arrow heads), unpigmented clusters of basal keratinocytes (white arrow heads), melanocyte dendrites 
(blue arrow), and melanosome supranuclear caps in keratinocytes (black arrows). (b′) Four-color immunofluorescence staining 
demonstrating the presence and the localization of the four included cell types: fibroblasts (CD90, blue), endothelial cells (CD31, 
white), Keratinocytes (CK1, red), and melanocytes (HMB45, green). The white dotted line indicates the dermo-epidermal border. 
(c) Additional histological and immunofluorescence analysis. First row: Hematoxylin/eosin staining showing the formation of multi-
layered epidermis, basal, and cornified layers are indicated by arrowheads and stars, respectively. Second row: CK10 (green)/
Lam332 (red) immunofluorescence double staining with arrowheads indicating the basal layer. Third row: Ki67 (green)/Lam332 (red) 
double staining with arrowheads indicating the proliferative cells. Fourth row: HMB45 (green)/Lam332 (red) double staining with the 
arrowheads indicating the melanocytes. Counterstaining of cell nuclei with Hoechst (blue). (d) Quantification (n = 5) of proliferative 
basal cells (Ki67+) in DESS 3 weeks after transplantation and comparison to foreskin. (e) Quantification (n = 5) of melanocytes 
(HMB45+) in the basal layer of DESS 3 weeks upon transplantation compared to foreskin. Results are reported as mean ± standard 
error of the mean (±SEM). Comparison between two groups was performed using the unpaired Student’s t test. Differences were 
considered significant with a p < 0.05. (f) Macroscopic view of a DESS 3 week after transplantation. Scale bars are 200 µm.
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DESS. For a future development and improvement of such 
DESS, two challenges became relevant. The first issue is 
related to the reproduction of important physiological 
properties of the skin, which are missing in the current 
DESS, namely pigmentation and vascularization. The sec-
ond challenge is the automated production of high num-
bers of large-size DESS, without the need for manual 
DESS preparation, for improved reproducibility.

Hence, the present study aimed at the automated engi-
neering of pigmented and pre-vascularized DESS as a 
proof of concept in view of the realization of a robotic plat-
form, which would fully automatize, under GMP condi-
tions, the whole process of DESS production. The 
3D-printing platform of regenHU offered the necessary 
technological instrumentation and flexibility to implement 
our manual protocols in an automated assembly system. 
The pre-existing platform consisted of a microvalve ink-
jetting device suitable for printing cells,47–52 for example 
keratinocytes and melanocytes. We modified the platform 
by the addition of two new modules for our specific needs 
to establish the SkinFactory: The first module is made up 
of a piston-driven extrusion tool, which utilizes a double 
syringe and a mixer tip for combining collagen and cells 
(fibroblasts). The second module consists in a hydrogel 
compression device, which allowed to modulate thickness 
and stiffness of the skin equivalent. The mobile stage of 
the regenHU platform was adapted to keep in place the 
6 × 6 cm cell culture insert of a new type of transwell sys-
tem, which was custom made by Oxyphen for our pur-
poses. This transwell system was created to fit in a 
commercially available 150 cm2 cell culture flask with 
reclosable lid.

Through the production of a large pigmented pre-vas-
cularized human DESS using the automated SkinFactory, 
we could show for the first time that (1) both blood and 
lymphatic capillary formation is not impaired by collagen 
type I hydrogel plastic compression, (2) jet-printed 
keratinocytes and melanocytes in programed patterns 
remain viable and developed into a coherent cell layer, and 
therefore that (3) the automated inclusion of five human 
skin derived cell types (blood- and lymphatic endothelial 
cells, fibroblasts, keratinocytes, and melanocytes) in a 
DESS is feasible.

Our established SkinFactory platform is based on the 
pre-existing BioFactory system which was used before in 
different studies to improve bioinks and printing preci-
sion,47,48 or for tissue engineering of cartilage,50 bone,49 and 
retina.52 The bioprinting of pigmented human skin by 
means of another BioFactory-based system was shown by 
Ng et  al.51 through the use of inkjet-modules only: their 
dermal component consisted of multiple layers of collagen, 
polyvinylpyrrolidone (PVP), and fibroblasts. The collagen 
used by Ng et al.51 was neutralized prior to printing to allow 
jellification, but was maintained at low temperatures to 
avoid the clogging of the jetting-nozzle. In contrast to our 

work, no endothelial cells were included and 4 days after 
formation of the dermal component, keratinocytes and mel-
anocytes, suspended separately in the same PVP/collagen-
based bioink, were dispensed separately on the dermal 
equivalent. Ng et  al. maintained their constructs up to 
4 weeks in vitro under air-liquid interface. Even though 
they obtained indeed a homogeneous pigmentation, the 
stratification of the epidermis upon transplantation was 
incomplete and unordered. The above-described strategy 
used by Ng et al. presents in our opinion some unaddressed 
points, which are generally also not taken into account by 
others, and which we investigated in our study.

The first point is the scaffold used to reconstruct the 
dermal component of the skin substitute. Biomaterials tra-
ditionally used for the production of (bioprinted) human 
skin analogs like fibrin53–55 or collagen38 are actually natu-
rally derived and easy to apply, yet they are hampered by 
some disadvantages, like the poor mechanical strength, the 
rapid biodegradation rate, and the difficult printability. 
Additionally, cellularized collagen hydrogels often con-
tract considerably during the in vitro culture phase.56,57 
Therefore, new strategies have been developed to over-
come these drawbacks: for example the modification of 
the mechanical properties of collagen through chemical 
and biophysical cross-linking techniques,58,59 or the use of 
artificially synthesized polymers such as polyvinylpyrro-
lidone,51 polyethylene glycol,60 and many others.61 Yet, 
with the application of plastic compression to collagen I,62 
we obtained and characterized43 the most natural biomate-
rial for skin reconstruction in a mechanically stable form 
with reduced shrinkage properties, thereby avoiding com-
plex synthesis procedures. It was previously demonstrated 
that autologous human fibroblasts can be evenly distrib-
uted in the three dimensions of a hydrogel and can be plas-
tically compressed without affecting their viability and 
biological function.31 With our study, we demonstrated for 
the first time the feasibility of plastic-compression of pre-
vascularized collagen-based DESS.

A second issue we want to emphasize is the technolo-
gies utilized for the printing of collagen with fibroblasts as 
the dermal component on one site and keratinocytes and 
melanocytes as the epidermal layer to the other site. 
Collagen I is soluble in acidic conditions and is relatively 
viscous. The jellification process requires pH-neutraliza-
tion, which is generally achieved before printing by addi-
tion of a neutralization buffer,63 or afterwards by sodium 
bicarbonate nebulization.38 The first method, that is pre-
neutralization, necessitates a cooling system to slow down 
jellification until the collagen reaches the final position 
and form.63 This applies to both extrusion and inkjet-bio-
printing. With the second method, that is post-neutraliza-
tion, the risk of clotting of the jetting-nozzle is reduced 
(although not eliminated), but the layer-by-layer printing 
with subsequent nebulization is mandatory, which in turn, 
reduces the printing speed.38,60,63,64 In contrast to the 
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aforementioned methods, we used an intra-neutralization 
process. For this, we exploited a double-syringe with two 
separate compartments, one for the collagen and one for 
the cells and neutralization buffer, which are mixed during 
printing (i.e. intra-neutralization). This simplifies prepara-
tion and loading of the bioinks and the technical require-
ments of the printing system (no cooling is necessary). In 
addition for dermal substitutes produced in horizontal 
molds, the extrusion technology is simpler, faster, and 
cheaper compared to inkjet-bioprinting. Regarding the 
deposition of keratinocytes and melanocytes by ink-jet 
bioprinting, we want to annotate that the same can also be 
performed by simple extrusion bioprinting. Though, we 
wanted to exploit all the features of our platform in view of 
future applications. These may include not only the high 
throughput production of skin substitutes by extrusion of 
epidermal cells in a standardized way, but also a site-spe-
cific single-cell deposition and patterning to reproduce, for 
example pigmentation gradients. For the present work, we 
were particularly interested in using ink-jet bioprinting to 
produce single dots of keratinocytes and observe the 
migration of keratinocytes to cover the whole hydrogel 
surface in a sort of wound healing assay. Future develop-
ments will indicate which approach (extrusion or ink-jet) 
will be used for which application (clinical or basic 
research studies).

A third consideration regards the restoration of the 
patient’s native skin color in a skin analog. It was shown 
that adding melanocytes to bioengineered dermo-epider-
mal skin analogs allows to obtain pigmented DESS with 
high affinity to donor skin.18 In the present work, we repro-
duced those results with the new SkinFactory. Similarly, 
Ng et al. tried to mimic the keratinocytes–melanocytes dis-
tribution and ratio in the human epidermis by sequential 
printing of keratinocytes and melanocytes at predeter-
mined positions. They achieved indeed a homogeneous 
pigmentation in vitro,51 yet, in our opinion, this approach 
is unnecessarily complex since it requires the pre-defini-
tion of the keratinocytes and melanocytes printing pattern. 
It is also more time consuming due to the separate delivery 
of the two cell types. On the other hand, many different 
factors concur to create a physiological environment for 
the correct development of pigmentation. These factors are 
certainly related to the scaffold and the interplay of differ-
ent cell types present in it, or to the growth factors present 
in the culture media as well as the culture protocols. 
However, most of these factors still remain to be deter-
mined. It is therefore conceivable that a slight shift of the 
balance between all the unknowns will affect the develop-
ment of a correct pigmentation.54,64

A fourth point concerns the efficient vascularization of 
DESS. After transplantation, non-vascularized tissue-engi-
neered skin grafts are initially entirely dependent on diffu-
sion, which is slow and inefficient.65 The delivery of 
oxygen, nutrients, and growth factors, is often inadequate 

and results in scar-like dermal structures and tissue shrink-
age. The application of pre-vascularized grafts, which rap-
idly anastomose, with the blood capillaries of the host 
upon transplantation has been shown to promote cell sur-
vival, differentiation, and physiological integration of the 
engineered tissue.20,66 The recent advancements in the field 
of 3D bioprinting of vascularized tissues67 include three 
approaches: (i) the bioprinting of scaffolds with vascular-
like microchannels to be populated by endothelial cells 
before transplantation,68 (ii) the pre-patterned printing of 
endothelial cells that form a vascular plexus which can 
anastomose with the host vascular system,69–71 and (iii) the 
random 3D-printing of a endothelial cell containing matrix 
and spontaneous self-assembly of microvascular struc-
tures. While the first approach is suited for the reconstruc-
tion of larger vessels, the other two aim at the regeneration 
of capillary structures. We based our SkinFactory experi-
ments according to the third approach, as it was already 
successfully proved that endothelial cells spontaneously 
assembled and formed a vascular plexus in vitro.14,72,73 
Indeed, many 3D bioprinting protocols also rely on the 
remarkable self-assembly property of endothelial cells, yet 
with two variants: (a) the printing of the dermal compo-
nent (with fibroblasts and endothelial cells) and consecu-
tive printing of the epidermal compartment, followed by 
direct transplantation with the assembly of the vascular 
structures occurring in vivo,74 or (b) a short microvascular 
development-phase in vitro is interposed between dermal 
and epidermal printing.63 For the formation of a vascular 
network in our substitutes, according to the second variant, 
we included an apparently long (2 weeks), but, in our opin-
ion, necessary development-phase in vitro. It was previ-
ously demonstrated, that this time is crucial for the correct 
development of the DESS and is, at the same time, the 
phase during which fibroblasts remodel the collagen 
hydrogel, prepare the formation of a basal lamina and thus 
the anchorage of epithelial cells, and secrete growth fac-
tors to finally sustain epidermal regeneration.17 In addi-
tion, during this phase, a ramified 3D vascular plexus 
forms. Indeed, the reduced (or missing) dermal-maturation 
time can be one of the reasons for reduced stratification 
and vascularization of grafts in vitro.38,54

A fifth important issue is the choice of the origin of 
endothelial cells. Different sources of endothelial cells are 
generally used for vascular tissue engineering,7,75 yet 3D 
bioprinting attempts were done mainly with umbilical cord 
cells (HUVECs),29,68,76–78 but also with cord blood cells,63 
HDMECs,74 and induced pluripotent stem cells (iPSC).79 
Both HUVECs and cord blood cells are allogeneic to the 
patient and potentially immune-reactive. Furthermore, 
investigators using HUVECs reported reduced survival 
and impaired in vivo skin engraftment.80 Moreover, the in 
vivo vasculogenic capacity of cord blood-derived cells 
declines rapidly with time during cell culture.81 We believe 
that the ideal clinical approach to create a pre-vascularized 
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dermal equivalent should use autologous cells, derived 
from a single biopsy, and easily harvested from the patient 
with minimal donor-site morbidity. Therefore, HDMECs 
are the best option since they match to the above-men-
tioned profile. The advantage of using HDMECs is that 
they are gained from the same biopsy in the same work-
flow as the other needed cell types, that is, fibroblasts, 
keratinocytes, and melanocytes, thus simplifying the isola-
tion procedures and reducing donor-site morbidity.

A further consideration concerns the exposition of the 
substitutes to the air-liquid interphase to induce differenti-
ation of the epidermal layer, as indicated by some of the 
mentioned authors.38,51,53,60,64 According to published 
works,17,63 we believe that exposition to the air-liquid 
interphase is beneficial only for the stratification and 
maintenance of the substitutes in vitro. In case of trans-
plantation this step can be skipped, since the stratification 
of the new epidermis is supported by the host.22

Another aspect is that natural human skin shows a char-
acteristic undulating pattern of rete ridges and alternating 
dermal papillae to increase the surface area of the dermo-
epidermal junction. This provides mechanical stiffness to 
the skin and extends the capillary-epidermal interface to 
improve nutrient supply to the avascular epidermis.82 Due to 
the presence of CK19/CK15 expressing cells in the tips of 
the rete ridges,41,83,84 the additional role as reservoir of epi-
dermal stem cells has also been proposed.85 We have clues 
that the presence of a vascular plexus might be pivotal in the 
spontaneous formation of rete ridges structures (unpub-
lished results). Also Baltazar et al.63 observed similar out-
comes and related the spontaneous development of rete 
ridges with the presence of supporting pericytes in their skin 
substitutes. Despite the presence of fibroblasts, which were 
shown to take over the role of pericytes,20 we did not observe 
any formation of rete ridges in this study. In this respect, 
interesting attempts to create de novo rete ridges have been 
recently shown using PDMS patterned substrates coated 
with collagen I and cultured with keratinocytes in vitro,86 
using three-dimensional electrospun microfabricated scaf-
folds seeded with keratinocytes87 or using laser ablation to 
create rete ridges-like patterned dermal templates which 
were covered by keratinocyte sheets and transplanted on 
nude mice.88 Hence, we could easily address with our 
SkinFactory the issue to include preformed “ridges” which 
cells can occupy by performing the collagen compression 
step using a modified compression piston with a rete ridge 
like patterned surface in the future.

The upgrade of DESS to full-skin substitutes by the inclu-
sion of the hypodermal layer is a possible and reasonable 
target for the future, since it better reflects the actual com-
plexity of native human skin and has the potential to improve 
dermal development and epidermal stratification.89,90

From a small (4–5 cm2) skin biopsy, we could theoreti-
cally have generate approximately 180 cm2 (five DESS). 
This takes less than 3 h of work with the SkinFactory, but 
needs approximately 15–20 days to produce a mature graft 

ready for transplantation (Table 1). The manufacturing 
process without prevascularization would also allow a 
90-fold expansion (i.e. production of 450 cm2) within the 
same production time. The limiting factor seems to be the 
gain and expansion of an adequate number of endothelial 
cells, and we are working hard to accelerate this step. Our 
production time, even though seemingly long, is similar to 
the 4–5 weeks required for the skin analog developed by 
Boyce et  al.11 and significantly faster than the 8 weeks 
needed for the skin analog produced by Auger et  al.91 
Nevertheless, it is our explicit goal to reduce production 
time, so that more acute cases could be treated in a clinical 
application.

Finally, the Fraunhofer Group has generated a robotic 
system (also called Skin Factory), in which all the bioengi-
neered skin fabrication steps are carried out automati-
cally.92,93 The produced skin substitutes consisted of 
human fibroblasts embedded in a collagen scaffold and a 
stratified epidermis formed by human keratinocytes. No 
other cell types were included. The complete exclusion of 
human intervention increased the reproducibility and 
reduced the costs, but also reduced the adaptability of the 
system and did not accelerate significantly the process.94 
Therefore, we can imagine that the ultimate skin produc-
tion system will probably amount to the collaboration of 
human and machine.

Conclusion

We show for the first time the engineering of an easy to han-
dle, large-scale human pigmented and vascularized dermo-
epidermal skin substitute and demonstrate its functionality in 
vivo. This achievement was accomplished by means of a 
new 3D bio-printer platform called SkinFactory, which 
includes modules for collagen hydrogel mixing and extru-
sion-based bioprinting, hydrogel plastic compression, and 
patterned inkjet delivery of various human skin derived cells. 
This study is as a proof of principle toward future clinical 
application of bio-printed vascularized autologous full skin 
dermo-epidermal skin substitutes as improved treatment 
option of burn victims and patients with severe skin lesions.
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