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A B S T R A C T 

Bioprinting is a promising way to create native-equivalent tissues for skin replacement in several 

pathologies and trauma. These last few years, various constructs have been reported, composed of 

fibroblasts and keratinocytes used to recapitulate the dermo-epidermal structure. However, the ability to 

control and characterize the mechanical properties of such constructs is a critical point to insure the transfer 

of these engineered products to clinic in a near future. In the present study, we had investigated the 

modulation of the biomechanics of a bioprinted dermis model through physical constrain during tissue 

maturation. Two passive tension devices were then designed and tested to mature the tissue after printing. 

Decrease in tissue retraction and increase of collagen I densities, associated to modulations of Young’s 

modulus were obtained after 20 days of tissue maturation. Taken together, these results attest for the first 

time in literature of promising methods to modulate the mechanical properties of bioprinted skin models. 

 

Introduction 

Skin is a complex organ performing many vital functions, from 

dehydration prevention to protection against external aggressions [1, 2]. 

It also constitutes a vulnerable structure likely to be altered by various 

factors [3]. Among the different sources of skin injuries, burns are part 

of the most common ones. In its last Burns Epidemiology Report, WHO 

estimated to 11 million the number of people suffering from severe burns 

and requiring medical attention [4]. Associated with a high morbidity 

degree, 180 000 deaths annually reported, burns represent a serious 

global health problem [5, 6]. The restoration of skin integrity and activity 

in burns victims is still a real challenge since skin substitutes currently 

used in clinic suffer from difficulties to reproduce the native tissue and 

to promote its complete regeneration [7].  

 

The democratisation of biological tissues 3D-printing, also called 3D-

bioprinting, has revolutionized skin tissue engineering this last decade 

[8]. Contrary to classic methods, where cells are seeded in the matrix 

after its production, most bioprinting approaches propose to print tissues 

already containing skin cells, an interesting time-saving trick [9, 10]. 

Furthermore, bioprinted-skin production allows a high degree of 

freedom regarding tissue shape, thickness and cell composition, 

meaningful advantages in a clinical context promoting personalised 

medicine [11]. Significant efforts have been invested these last years to 

develop bioinks made of natural and bioresorbable components which 

improve the biocompatibility of printed-skins and then promote the 

autologous regeneration of extracellular matrix during the healing 

process [12, 13]. To this end, collagen and gelatine were particularly 

investigated and are now used in most “skin bioinks” [14]. Chitosan was 

also largely reported as promising additive to modify bioink’s 

rheological properties and promote wound healing in mice [15].  
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Nowadays, most bioprinted skin-equivalents presented in literature 

consist in dermo-epidermal structures [16, 17]. These constructs are 

seeded with human cells, mainly fibroblasts and keratinocytes, and 

exhibit promising levels of similarity compared to native tissue 

regarding cellular composition, a fundamental property to insure a 

satisfying skin replacement [18, 19]. Indeed, the compartmentalisation 

of dermal and epidermal cells is commonly reached, and the dermal-

epidermal junction progressively established after printing [20]. 

Bioprinted skin mechanics characterization and modulation were 

however poorly investigated so far, with only seldom works interested 

in bioinks characterization before cell-seeding and after printing [13]. 

Among all the published studies dealing with skin bioprinting, none of 

them ever proposed a rheological characterization of the mature skin 

substitutes obtained and yet, mechanical properties were reported as 

largely conditioning the physiology and the integrity of skin [21, 22]. 

Moreover, reaching mechanical properties allowing the suture of the 

substitute on patient’s native tissue is a key point to insure the 

compatibility of bioprinted constructions with clinical practices. 

 

Our laboratories recently developed a dermo-epidermal bioprinted skin 

substitute based on a gelatine-alginate-fibrinogen gel extrusion [19]. 

This construct reached a cell structuration highly similar to native skin. 

Complex extracellular matrix components production, testifying of cells 

viability and functionality in the bioink, were also demonstrated in vitro 

[19]. Deeper characterization of the substitute showed a Young’s 

Modulus of only tens of Pascal, a value largely above the few thousands 

of Pascal expected in native human skin [23]. A tissue-retraction 

phenomenon was also observed which was attributed to myofibroblasts 

development in the dermis.  

 

The present work aims at modulating our bioprinted skin mechanics and 

retraction through modification of dermis’ maturation modalities. 

Passive constraint was investigated using immobilization devices 

specifically developed for this goal. Structural and rheological analyses 

were led to characterize the effects of passive stimulations on bioprinted 

skin. 

 

Materials and Methods 

 

I Primary human dermal fibroblasts isolation and cultivation 

 

Foreskin samples were obtained from healthy patients undergoing 

circumcision, according to French regulation including declaration to 

ministry (DC No. 2014- 2281) and procurement of written informed 

consent from the patient. Fibroblasts were isolated from 2 years-old 

donor and cultivated in flasks at 37°C, 5% CO2 in Dulbecco’s modified 

Eagle medium (DMEM)/Glutamax TM-1 medium (Gibco Cell Culture, 

Invitrogen, France), supplemented with 10% calf bovine serum 

(HyCloneTM, GE Healthcare Life Sciences, France), 1% penicillin, 

streptomycin and amphotericine B (Bio Industries-Cliniscience, France). 

Culture medium was changed every 2 days and cells were routinely 

passaged in culture flasks until bioprinting. Cells of passages between 7 

and 9 were used. 

 

II Bioink formulation and dermis bioprinting 

 

Bioink consisted in a mixture of 10% (w/v) bovine gelatine (Sigma-

Aldrich, France), 2% (w/v) fibrinogen (Sigma-Aldrich, France) and 

0.5% (w/v) very low viscosity alginate (Alpha Aesar, France) dissolved 

in NaCl 0.9% (Laboratoire Aguettant, France), as already described [19]. 

Just before printing, fibroblasts were trypsinized and seeded in the bioink 

to a concentration of 106 cells/mL. Bioink was homogenized and loaded 

in a sterile 10 mL syringe stored at 37 °C for 15 min for the ink to reach 

a printable rheology. Pieces of bioprinted dermis 17x17x2 mm (lxLxh) 

were produced by microextrusion using a specially designed bioprinter 

(Tobeca, France). Bioprinted dermal pieces were then immerged during 

1 h at room temperature in a 0.05% (w/v) thrombin (30-400 NIH/mg, 

Sigma Aldrich, France) / 3% (w/v) calcium chloride (Sigma Aldrich, 

France) solution to polymerize fibrinogen and chelate alginate. 

 

III Passive maturation of bioprinted dermis 

 

Maturation devices were modelled using the CAD software SketchUp 

(Trimble, USA) and produced by photopolymerization of VeroWhite 

acrylate resin using the Object 30 printer (Stratasys, USA). Devices were 

washed during 48 h in successive PBS (Gibco Cell Culture, Invitrogen, 

France) baths in order to eliminate non-polymerized acrylate monomers 

and photoinitiators. Sterilization of the devices was performed during 24 

h by immersion in 70 % ethanol (Gifrer, France). Just before use, sterile 

structures were rinsed with PBS. 

 

Bioprinted dermis pieces were jabbed on devices (one piece per support) 

and grown at 37°C, 5% CO2 atmosphere in (DMEM)/Glutamax TM-1 

medium supplemented with 10% calf bovine serum, 1% penicillin, 

streptomycin and amphotericine B. Medium was changed every 2 days. 

For each modality, tissues were recovered at days 10 and 20 post-jabbing 

for retraction measurement, rheological analysis and immunostainings 

(collagen I and fibrillin I). Bioprinted dermis not jabbed onto the 

maturation device and cultured in the same conditions was used as a 

control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 3D printed passive maturation devices. (A) P2 modality 

consists in a bottom plate with regularly distributed peaks. (B) M1 

system consists in jaws covered with peaks in periphery. 

 

IV Retraction measurement and rheological analysis  

 

For each passive maturation devices, images of fresh living bioprinted 

dermis were taken immediately before recovering and studied using the 

software Fiji (NIH, USA) to measure tissues’ areas and evaluate 

retraction. Due to the fragility of bioprinted dermis during cells 

maturation, we have chosen to use rheological test instead of classic 

uniaxial tensile test to determine mechanical properties. Rheological 

analyses of bioprinted dermis matured on passive devices and the control 
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were performed with a stress controlled DHR-2 rheometer (TA 

Instruments, USA) using a cross hatched parallel-plate geometry (8 

mm). Measurements were performed on living tissues immediately after 

their recovery, in culture medium maintained at 37 °C. Analysis protocol 

was performed following a method already described in literature [24]. 

Briefly, for each tissue, a preliminary study was led to determine its 

linear viscoelastic domain applying oscillatory stress sweep with a 

constant frequency. Oscillatory frequency sweep tests were then 

performed with an angular frequency ranging from 0.1 to 40 rad/s at a 

constant stress, chosen within the linear viscoelastic domain. At the end 

of the analysis, the storage modulus G’ was computed and modelled to 

determine the experimental Young’s modulus E0 using the following 

equation24 (dermis was considered as an incompressible material with a 

Poisson ratio ν of 0.5): 

 𝐺0 =  
𝐸0

2(1+𝜈)
 

where G0 is the shear modulus. 

 

V Immunofluorescent staining 

 

After 10 and 20 days of total cell culture under passive maturation 

constrain, bioprinted dermis samples were either immediately cryofixed 

using OCT compound (VWR International, France) or fixed in formalin 

4% and embedded in paraffin.  

 

Collagen I was revealed on 5 μm-thick paraffin slices using anti-collagen 

I rabbit polyclonal antibody (Novotec, France). Fibrillin I was stained on 

12 μm-thick slices of cryofixed tissue with an anti-fibrillin I mouse 

monoclonal antibody (Thermo Scientific, France). All secondary 

antibody incubations were performed using the appropriated secondary 

antibody labelled with AlexaFluor 568 (Life Technologies, USA). All 

fluorescent experiments were coupled by a Hoechst 33342 co-staining 

(Thermo Scientific, France) to visualize cells’ nuclei. Fluorescence 

quantifications were performed using Fiji software. Sixteen-bit images 

were saved in an uncompressed tagged image file format. Six 

representative images were captured for each condition. 

 

VI Data analysis 

 

Data from retraction measurements, rheological study and fluorescent 

quantifications were analysed using Rstudio software (R Developers, 

USA). For studies with replicates higher than 10, normality of samples 

was first checked using a Shapiro-Wilk test and variance homogeneity 

verified using a Bartlett Test. One-way analysis of variance (ANOVA) 

was then performed, followed by Student multiple post-test comparing 

all pairs. If normality or variances homogeneity was not verified, a 

multiple non-parametric Wilcoxon test was performed. For studies with 

sizes per modality equal or lower than 10, a multiple non-parametric 

Wilcoxon tests was applied. Significant difference was defined as 

p<0.05 and for multiple tests the Bonferroni correction was used to 

adjust p value. 

 

Results 

 

3D bioprinted dermis were produced using our already published method 

and cultured on specially designed maturation tools [19]. These tools 

(M1 and P2), which were 3D printed using ink-jet method, are presented 

in (Figure 1) together with the position of the bioprinted dermis. They 

were designed in an attempt to obtain dermis passive maturation tools 

enable to prevent tissue retraction.  

 

Modulations of tissue retraction were observed for tissues grown on M1 

and P2 (Figure 1-A), after both 10 and 20 days of total culture. Statistical 

analyses revealed significant area differences between the 2 tissues and 

the control at day 10 (Figure 2-A). Control exhibited the smallest area, 

only 134.1 mm2, a reduction of a half compared to the initial area of 

289.0 mm2. The largest area was obtained for the tissue peaked on P2 

device, with a corresponding area of 256.0 mm2 against 198.1 mm2 for 

the dermis jabbed in M1 device. Retraction phenomenon kept on 

between days 10 and 20. After day 20, all tissues have lost about half of 

their initial area. Contrary to day 10, no significant area’s difference was 

detected between maturation modality P2 and M1 at day 20, the tissues 

exhibiting areas of 116.1 and 117.9 mm2, respectively. Controls showed 

a final area of 66.1 mm2, the equivalent of only 22.2% of the initial area 

measured immediately after printing. Surfaces of tissues matured on the 

two types of devices were doubled and significantly different compared 

to control at day 20. In it worse to note that no significant adhesion 

phenomenon between tissues material and maturation tools material 

(acrylate) was observed; recovering of the tissues from the devices was 

easy and non-destructive to the tissue. 

 

Rheological analyses of mature tissues revealed lower Young’s moduli 

at day 10 for tissues grown on devices compared to control (Figure 2-B). 

Dermis jabbed in M1 structure exhibited a modulus of 42.6 Pa, less than 

half of the value obtained for the control. At day 20, all tissues shown an 

improved stiffness compared to day 10. P2 tissue exhibited the lowest 

variation of Young’s modulus with a final value of 103.3 Pa, the lowest 

of the 3 modalities. M1 and control tissues exhibited similar elastic 

moduli of 155.8 and 149.0 Pa. The highest improvement of Young’s 

modulus was observed for M1 dermis with a final value multiplied by 

3.7 compared to day 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Bioprinted dermis evolution using passive maturation 

devices. (A) Retraction analysis after 10 (white boxes) and 20 (grey 

boxes) days of maturation. Tissues areas were all compared by Wilcoxon 

tests to determine the significantly different pairs (initial tissue area is 
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indicated by the blue line, black lines indicate sample’s median, n=6). 

*P < 0.05, **P < 0.01, *** P < 0.001, ns: non-significant. (B) 

Rheological analysis of bioprinted dermis. Rheometer measurements 

were performed in triplicate to determine G’ and calculate Young’s 

Modulus. 

 

Immunostainings revealed collagen I presence in all tissues at day 10 

(data not shown). At day 20, collagen I fibres were homogeneously 

distributed in the matrix of the two tissues matured on P1 and M2 

devices, while they were present only around cells in the control tissue 

(Figure 3-A). Collagen I network appeared denser in the extracellular 

matrices of dermis matured on devices than control.  

 

Quantifications of collagen I densities at day 10 revealed higher protein 

densities in control than in M1 and P2 tissues (Figure 3-B). A mean of 

106.7 AU/mm2 was quantified in control, while M1 and P2 dermis 

exhibiting densities of 52.8 and 62.7 AU/mm2, respectively. At day 20, 

collagen I mean densities in M1 and P2 tissues, i.e. 279.5 and 279.1 

AU/mm2, were significantly different from the 133.7 AU/mm2 measured 

in control. Surprisingly, collagen I density in control tissues did not 

improve a lot during the last 10 days of maturation, while an important 

increase of 2.5 times was observed for other maturation modalities. 

 

Regarding fibrillin I staining and quantifications, proteins were detected 

in all tissues at day 20 but no significant difference of densities was 

observed between the three maturation methods (Supporting 

Information 1). 

 

 

 

 

 

 

 

 

 

Figure 3. Collagen I immunostaining on matured tissues. (A) 

Collagen I immunostaining of bioprinted dermis after 20 days of 

maturation (Blue: Hoechst, red: collagen I, scale bar: 30 μm). Tissues 

were fixed using a 4% formalin solution, paraffin embedded, cut in 5 

μm-thick slices and stained using anti-collagen I monoclonal rabbit 

antibody. (B) Collagen I immunofluorescent quantification after 10 

(white boxes) and 20 (grey boxes) days of maturation. Collagen I 

densities were all compared by Wilcoxon tests to determine the 

significantly different pairs (black lines indicate sample’s median, n=4). 

*P < 0.05, **P < 0.01, *** P < 0.001, ns: non-significant 

 

Discussion 

 

Molecular changes happen in bioprinted dermis’ extracellular matrix 

during the maturation phase [25]. Different proteins, mainly secreted by 

fibroblasts, progressively accumulate and organize to create networks 

connecting fibroblasts together and to their environment  [1]. Collagen I 

is an early produced marker during dermis growth, while other 

molecules such as fibrillin, a protein serving as scaffold for elastin 

dropping on, are deposited later [25]. Connected to cells, collagen and 

elastin networks are implied in the modulation of mechano-transduction 

pathways in dermal cells, especially fibroblasts. Surprisingly, none of 

the publications dealing with skin bioprinting ever studied the 

modulation of bioprinted skin’s mechanics [21]. If molecular skin 

markers are always stained in tissues to underline their qualitative 

resemblance to native skin, no data about extracellular matrix proteins 

densities are given. Regarding retraction, some works evidenced the 

phenomenon but without any quantification [26]. The devices we 

developed significantly reduced bioprinted dermis retraction without any 

strong attachment to a rigid support, but simply in response to the sense 

of mechanical constraints. Such an observation reinforces the idea that 

mechanical stimulations can modulate dermal properties.  

 

Regarding molecular evolution, a recent work showed promising results 

in the field of skin equivalents maturation. In response to a 5-day 

stretching, improvements of basal membrane components, especially 

collagens IV and VII, were demonstrated in a human skin equivalent 

containing keratinocytes and fibroblasts [27]. Our experiment of passive 

maturation didn’t evidenced modification in fibrillin – the pro-elastin 

network – after growth on devices. As fibrillin production occurs later 

than collagen, tests of longer maturation durations could provide 

complementary data to characterize the evolution of this protein. The 

addition of keratinocytes, epidermal cells previously shown to be 

implicated in dermal elastin network development, could also promote 

the production of the protein [28]. We however showed a significant 

increase in collagen I density after 20 days of maturation, with densities 

more than doubled compared to control using our devices. 

Unexpectedly, during the first phase of dermis growth, collagen I 

secretion seems to be the lowest in tissues under constraints, possibly 

reflecting an adaptation phase to device’s contact, delaying tissue 

development. Finally, increases of collagen density were observed for 

all tissues whatever the maturation modality during growth phase. 

Nevertheless, if at the end of the 20 days maturation, the highest densities 

correspond to tissues grown on our devices (the less retracted ones), the 

highest collagen density at day 10 is correlated with the smaller tissue. 

Thus, no clear correlation between collagen I density and retraction 

degree can be concluded using the present data. Methods of 3D 

quantification of immunofluorescence or techniques of genes’ 

transcripts quantification could provide interesting complementary data 

to complete characterization of collagen I production.  

 

An evolution profile similar to the one observed for collagen I density is 

observed for Young’s modulus, with initial values lower than control and 

then improving until day 20. The P2 maturation modality is associated 

to the highest collagen I density and the lowest elastic modulus at day 

20. Conversely, at day 10 the highest Young’s modulus is associated to 

the highest collagen I density. Taken together, these data don’t suggest 

any clear correlation between collagen I density and tissue stiffness. 

However, improvements of Young’s modulus occur for all tissues during 

growth, indicating a progressive gain in stiffness. They finally range 

between 100 and 155 Pa, values clearly lower than those observed is 

natural skin. Indeed, even if the elastic modulus evolves from an 

anatomic region to another and strongly depends on age, values found in 

literature for native tissue are all about 50 to 100-time higher than in 

bioprinted skin [23, 29]. In forearm, full-thickness skin Young’s moduli 

were previously estimated to be 101.2, 68.7 and 24.9 kPa for volar, 

dorsal and palmar regions, respectively. In volar forearm, the elastic 

modulus of dermis was evaluated to 74 kPa, epidermis and stratum 

corneum values approaching 100 kPa [23].  
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Finally, studies of others dermal proteins such as collagens III or V, in 

addition to longer growth duration allowing the study of elastin, seem 

necessary to better understand the relations between tissue retraction, 

tissue mechanics and extracellular matrix composition. 

 

Conclusion 

 

In this study, we have developed and performed the initial evaluation of 

different in vitro methods to maturate bioprinter dermis and modulate its 

biomechanics and retraction. Using passive maturation systems, we have 

showed that mechanical properties and molecular composition of our 

skin model can be modulated in only a few days after printing. Variations 

in the stiffness of dermis and in collagen I densities were especially 

noticed in response to static constraints. Altogether, the obtained data 

suggest promising perspectives for bioprinter skin substitutes 

engineering and transposition in clinic, once the mechanical properties 

of the mature tissue strong enough to enable stitching. 
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