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Abstract 

This study describes a perfusable and stretchable culture system for a skin-equivalent. The system is 

comprised of a flexible culture device equipped with connections that fix vascular channels of the 

skin-equivalent and functions as an interface for an external pump. Furthermore, a stretching 

apparatus for the culture device can be fabricated using rapid prototyping technologies, which 

allows for easy modifications of stretching parameters. When cultured under dynamically stretching 

and perfusion conditions, the skin-equivalent exhibits improved morphology. The epidermal layer 

becomes thicker and more differentiated than that cultured without the stretching stimuli or under 

statically stretched conditions, and the dermal layer was more densely populated with dermal 

fibroblasts than that cultured without perfusion due to the nutrient and oxygen supply by perfusion 

via the vascular channels. Therefore, the system is useful for improvement and biological studies of 

skin-equivalents. 

 

1. Introduction 

A tissue-engineered skin consisting of dermal and epidermal layers, termed skin-equivalent, was 

developed in the 1980s [1]. The skin-equivalents have been enhanced and used as a tool of 

biological studies, a material for wound dressing, and as an alternative to animal tests of cosmetic 

ingredients and products [2–11]. 

To improve the morphology and function of the skin-equivalent to obtain better outcomes in 

the applications stated above, it is important to be able to control the spatiotemporal conditions, 

which are mainly classified into chemical and physical conditions. Recently, as a method to control 

spatiotemporal chemical conditions, perfusion systems for the skin-equivalents have been 

developed [12–14]. The perfusion system of the skin-equivalent was comprised of the skin-

equivalent integrated with perfusable vascular channels, an external pump, and a culture device 

functioning as an interface between the skin-equivalent and the external pump. By perfusion via the 
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vascular channels, the spatiotemporal control of the chemical condition in the dermal layer was 

achieved. As a typical effect of perfusion via vascular channels, it has been reported that the density 

or proliferation of cells in the dermal layer was increased by nutrient and oxygen diffusion from the 

vascular channels [14,15]. 

Regarding the spatiotemporal control of physical conditions, the effect of mechanical forces 

on various tissues have been investigated in the fields of mechanobiology and tissue engineering 

[16–20]. According to these studies, the mechanical forces such as stretch, compression and flow 

shear contribute to development and differentiation of cells and tissues via mechanotransduction 

pathways. Subsequently, the mechanical forces have been proved to be effective for improving the 

qualities of the tissues in terms of morphology and/or function. As for the skin-equivalents, the 

effect of stretching stimuli have been also investigated [21–25]. It has been revealed that the 

thickness of the epidermal layer, an important factor of barrier function and robustness, was 

improved in a stretching culture. Therefore, it has been assumed that both the dermal and epidermal 

layers can be improved by integrating a stretching function into the perfusion system of the skin-

equivalent. Moreover, the perfusable and stretchable system of the skin-equivalent can be used as a 

tool for the biological study of skin. This allows for studies on both the effects of perfusion and 

stretching stimuli on the skin at the same time. However, it has been difficult to apply the stretching 

stimuli on the skin-equivalent in the perfusion system because the skin-equivalent is fixed on the 

culture device made of rigid materials such as acrylic resin [13,14], polycarbonate, and polyether 

ether ketone [12] for interconnections to the external pump.  

In this study, we develop a perfusable and stretchable culture system for the skin-equivalent 

by fabricating a culture device from flexible silicone rubber and a stretching apparatus for the 

culture device (Figure 1a, b). The stretching parameters can be readily changed since the stretching 

apparatus are fabricated by rapid prototyping technology; the strain can be changed by slight 

modification of the crank that is fabricated by 3D printer, and the frequency is controlled by an 

open-source microcontroller (Arduino). Using the perfusable and stretchable system, we cultured 
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the skin-equivalent with the stretching stimuli at various frequencies during perfusion. Finally, to 

show that our system can be used as a tool for improving the skin-equivalents and biological 

investigations, we performed a morphological analysis of the cultured skin-equivalent on metrics 

such as the thickness and differentiation state of the epidermal layer, the cell density of the dermal 

layer, and an endothelial marker of the vascular channel. 

 

2. Materials and methods 

2.1 Reagents 

Fibroblast growth medium 2 (FGM-2), endothelial growth medium 2 (EGM-2), and keratinocyte 

growth medium Gold (KGM-Gold) were purchased from Lonza, Ltd. (Basel, Switzerland). 

Dulbecco’s modified Eagle’s medium (DMEM), Ham's nutrient mixture F-12 (Ham's F-12), 

penicillin-streptomycin, hydrocortisone, adenine, and bovine serum albumin (BSA) were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS) was purchased from Biosera 

(Kansas City, MO, USA). Phosphate-buffered saline without Mg2+ and Ca2+ (PBS−) was purchased 

from Cell Science & Technology Institute (Sendai, Japan). Type I collagen solution (IAC-50) was 

purchased from Koken Co. (Tokyo, Japan). L-ascorbic acid phosphate magnesium salt n-hydrate 

(ascorbic acid), insulin, Mayer's hematoxylin solution, and 0.5% eosin Y ethanol solution were 

purchased from Wako Pure Chemical Industries (Osaka, Japan). Four percent paraformaldehyde 

(PFA) solution was purchased from Muto Pure Chemicals Co., Ltd. (Tokyo, Japan). Cytokeratin 15 

(CK15), cytokeratin 10 (CK10), collagen I, collagen IV and Ki67 antibodies were purchased from 

Abcam PLC (Cambridge, UK). CD31 antibody was purchased from BD Biosciences (San Jose, CA, 

USA). Polydimethylsiloxane (PDMS) (Sylgard 184 Silicone Elastomer) was purchased from Dow 

Corning Toray Co., Ltd. (Tokyo, Japan). Ecoflex® (Supersoft 00-30) was purchased from Smooth-

On, Inc. (Macungie, PA, USA). 

 

2.2 Cell culture 
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Normal human dermal fibroblasts from neonatal foreskin (NHDFs) and normal human epidermal 

keratinocytes from neonatal foreskin (NHEKs) were purchased from Lonza. NHDFs and NHEKs 

were grown in FGM-2 and KGM-Gold, respectively, at 37°C under a 5% CO2 atmosphere. NHEKs 

were subcultured at approximately 70% to prevent differentiation. Human umbilical vein 

endothelial cells (HUVECs) were purchased from PromoCell GmbH (Heidelberg, Germany), and 

cultured in EGM-2 at 37°C under a 5% CO2 atmosphere. 

 

2.3 Fabrication of the perfusable and stretchable culture system 

The culture device was comprised of a silicone rubber (a 1:1 mixture of PDMS and Ecoflex®) 

frame and resin connections. The frame was fabricated by molding from a master printed by a 3D 

printer (AGILISTA-3100, KEYENCE Corp., Osaka, Japan). The connections integrated with an 

anchoring structure to fix the skin-equivalent were also 3D-printed. The culture device was 

assembled by punching the side wall of the frame and inserting the connections (Figure 1c-1). After 

assembling, the culture device was coated with Parylene C (thickness: 2–4 μm) to ensure 

biocompatibility [26], and strung with nylon wires (diameter: 0.41–0.52 mm) across the 

connections. The culture device was sterilized by 70% ethanol and UV light, and treated with O2 

plasma just before making the dermal layer as described previously [14] to increase adhesion of 

cells to collagen. 

 The stretching apparatus was comprised of a stepper motor (ST-42BYH1004, MERCURY 

MOTOR, Shenzhen, China) controlled by Arduino (Arduino SRL, Turin, Italy), a lid equipped with 

a motor holder and a device holder, a crank connected with a slider by a link, and a medium 

reservoir (Figure 1b). All the parts except the stepper motor were fabricated by a 3D printer, and 

were also coated with Parylene C to ensure biocompatibility and sterilized by 70% ethanol and UV 

light. 
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 The motion of the device and the stretching apparatus was recorded by a digital single-lens 

reflex camera (EOS Kiss X7, Cannon Inc., Tokyo, Japan) equipped with a macro lens (EF-

S6028MU, Cannon Inc.), and analyzed by ImageJ (NIH, Bethesda, MD, USA). 

 

2.4 Construction and cultivation of the skin-equivalent 

The skin-equivalent was constructed by a protocol previously described [14], with some 

modifications. Briefly, the dermal layer was constructed by filling the culture device with 

neutralized collagen solution containing NHDFs and incubating the culture device in the CO2 

incubator (Figure 1c-2). After 2 days of incubation in DMEM supplemented with 10% FBS and 70 

μg/mL ascorbic acid, the dermis layer was shrunk by the NHDFs. Subsequently, the vascular 

channels were made by extracting nylon wires from the dermis layer and seeding HUVECs into the 

resultant hollow channel by a syringe pump (KD Scientific, Holliston, MA, USA) (Figure 1c-3). 

After 2 days of incubation in EGM-2, the medium was changed to FAD culture medium (DMEM 

and Ham’s F-12 [3:1] supplemented with 10% FBS, 70 μg/mL ascorbic acid, 0.4 μg/mL 

hydrocortisone, 5 μg/mL insulin, and 25 μg/mL adenine). To make the epidermal layer, NHEKs 

were seeded on the dermal layer. After 24 hours of incubation, the culture device was set on the 

stretching apparatus, and the top surface of the skin-equivalent was lifted to the air-liquid interface 

to induce cornification (Figure 1c-3). On the same day, perfusion was initiated using a peristaltic 

pump (SJ-1211II-L, ATTO Corp., Tokyo, Japan) at 2–3 mL/h. After 3 days of cultivation at the air-

liquid interface, the stretching culture was conducted for 4 days. 

 

2.5 Histological analysis 

To analyze the morphology of the skin-equivalent cultured by the perfusable and stretchable system, 

the samples were cryosectioned and stained by hematoxylin and eosin (HE) staining and 

immunostaining. For immunostaining, the cryosections were washed by PBS− and incubated with 

blocking solution (PBS− containing 1% BSA). The cryosections were incubated with primary 
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antibody diluted 1:200 in blocking solution overnight at 4°C. Subsequently, the cryosections were 

washed by PBS− and incubated with secondary antibody 1:200 in PBS− for more than 2 hours at 

room temperature. The cryosections were counterstained with 4′,6-diamidino-2-phenylindole 

(DAPI). 

 To investigate the influence of perfusion and stretching stimuli on the epidermal layer, the 

thickness of the epidermal layer was measured. For each HE-stained cryosection, the thickness of 

the epidermal layer was acquired by measuring the thickness at 11 points and calculating the mean 

value. For further analysis of the epidermal layer, the number of Ki67-positive nuclei was also 

measured by ImageJ. The regions of the epidermal layers in the images of the cryosections stained 

with Ki67 antibody and DAPI were selected, and the number of all nuclei and Ki67-positive nuclei 

were measured by spot colocalization plugin (ComDet v.0.3.7). To assess the barrier function of the 

epidermal layer, the capacitance of epidermal layer was measured using an LCR meter (LCR700, 

Sanwa Electric Instrument Co., Ltd., Tokyo, Japan) as previously reported [14]. 

 The cell density around the vascular channel was measured by ImageJ to evaluate the effect 

of perfusion and stretch on the dermal layer. The images of the cryosections stained with DAPI 

were converted to 8-bit grayscale and to binary by a threshold and watershed process. Subsequently, 

the number of cells in the upper and lower regions (150 [h] × 500 [w] μm2/region) beside the 

vascular channels were counted by analyze with the particle plugin. The density of collagen I was 

also evaluated by measuring the fluorescence intensity of the cryosections stained with the collagen 

I antibody. 

 

2.6 Statistical analysis 

The data of the epidermal thickness and the dermal cell density were analyzed by multi-way 

analysis of variance (ANOVA) using the statistical software JMP 12.2.0 (SAS Institute Inc., Cary, 

NC, USA). For multi-way ANOVA, we omitted the data for the non-stretched and non-perfused 

condition to avoid biases.  
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3. Results and discussion 

3.1 The culture device and the stretching apparatus 

To enable both the perfusion and stretch of the skin-equivalent, we fabricated a frame of the culture 

device from silicone rubber. As a silicone rubber, we used a 50:50 mixture of PDMS and Ecoflex® 

to obtain a flexibility suitable for both handling during construction of the skin-equivalent requiring 

robustness, and stretching culture requiring elasticity, since the Young’s modulus of the mixture 

decreases with increasing Ecoflex® ratio (Figure S1). We infused a red ink into the channel of the 

skin-equivalent via the connection after construction of the skin-equivalent to show the perfusability 

of the device (Figure 2a, b). As shown in Figure 2b, the infused ink flowed into the channel, 

indicating that our device has a perfusion feature similar to that of the system reported previously 

[14]. This result indicates that the proposed device also has a capability of transdermal absorption 

test that is an application shown in the previous study. The device was not only perfusable but also 

deformable in various manners owing to the flexible nature of the silicone rubber. To demonstrate 

the deformability, we conducted three types of deformation: squeezing, tilting, and bending (Figure 

2c–e, Movie S1). In all of the deformation types, the skin-equivalent was also deformed in 

accordance with the deformation of the device owing to the anchoring structure of the connection 

that fixed the four sides of the skin-equivalent. This result indicated that the deformation of the 

device was well transformed into that of the skin-equivalent. 

For a simple stretching stimulus on the skin-equivalent, we developed a stretching apparatus 

that had a function for dynamically stretching the device in one direction (Figure 2f). Using the 

stretching apparatus, the skin-equivalent constructed in the device was dynamically stretched during 

perfusion with medium (Figure 2g, Movie S2). To show that the stretching parameters can be 

readily changed, we fabricated 3 designs of cranks and measured the maximum strain by setting 

each of the cranks and the empty device on the apparatus (Figure 2h). As a result, the maximum 

strains were 8.4%, 12.2%, and 14.8% for each design, respectively. We also changed the stretching 
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pattern by modifying the program of the microcontroller. As shown in Figure 2i, we performed 4 

types of stretching patterns using another design of the crank: constant motions at 0.02 Hz, 0.05 Hz, 

and 0.1 Hz, and an intermittent motion at 0.17 Hz (Movie S3). According to these results, the 

stretching apparatus was capable of various stretching conditions. Moreover, the strain repeatability 

of each pattern was sufficiently high (coefficient of variation [C.V.] in each pattern was 1.5% at 

most), and the difference of the strains among the 4 patterns was almost negligible (C.V. among the 

4 patterns was 0.9%), indicating that the system can be used to stably apply the stretching stimuli. 

 

3.2 Analysis of the epidermal layer 

To investigate the effect of stretching stimuli on the epidermal layer, we first compared the 

cryosections of the skin-equivalents cultured under non-stretched and dynamically stretched 

conditions (10% at 0.05 Hz) without perfusion, which were then subjected to HE staining and 

immunostaining. As shown in Figure 3a and b, the epidermal thickness of the stretched skin-

equivalent was approximately 2–3 times higher than that of the non-stretched one. The epidermal 

layer of the dynamically stretched skin-equivalent clearly had a typical morphology normally 

observed in the human skin: a spinous layer comprised of round-shaped cells, a granular layer 

comprised of flattened cells, and a cornified layer. Moreover, the epidermal layer was better 

differentiated in the dynamically stretched skin-equivalent than in the non-stretched one; CK15 and 

CK10, markers for the lower and upper parts of the epidermal layer, were explicitly observed in the 

dynamically stretched skin-equivalent (Figure 3c and d). These results indicated that the 

dynamically stretching stimuli promoted the stratification and differentiation of the epidermal layer. 

Next, to quantitatively verify the effect of the stretching stimuli and perfusion on the 

epidermal layer, we measured the epidermal thickness of the skin-equivalents cultured under five 

conditions: a non-stretched and non-perfused condition, and four combinations of two stretching 

conditions (statically-stretched [10% strain at 0 Hz] and dynamically-stretched [10% strain at 0.05 

Hz]) and two perfusion conditions (non-perfused and perfused). We used the stretching frequency 
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of 0.05 Hz according to the results of the preliminary experiment where the epidermal thickness 

was maximized at 0.05 Hz (Figure S2). The results are shown in Figure 3e. The epidermal 

thicknesses were normalized by the mean of the non-stretched samples. The epidermal layer was 

thickest when cultured under the dynamically stretched and perfused condition among the 5 

conditions, and was 2.3-fold thicker than that cultured under the non-stretched and non-perfused 

condition. According to the statistical analysis, the main effect of the stretching condition (static [0 

Hz] and dynamic [0.05 Hz]) was significant while that of the perfusion condition and the interaction 

between the stretching and perfusion conditions were not significant. It was assumed that the main 

effect of the batch of experiments was significant because the conditions of NHEKs, such as 

passage number, lot number, and preservation period in shelf, were slightly different in each 

experiment. For further characterization of the skin-equivalent, the cryosections were stained by 

immunostaining with collagen IV and Ki67 antibodies (Figure S3 and S4). The layer of collagen IV 

of the dynamically-stretched sample was more continuous than that of the statically-stretched one, 

indicating that our system also has a capability of enhancing the formation of the basement 

membrane by dynamic stretch as with a previous study [21]. The number of Ki67-positive nuclei in 

the perfused groups were approximately 2.5-fold higher than that of the non-stretched and non-

perfused group, while that of the dynamically-stretched and non-perfused group were as low as 1.3-

fold of the non-stretched and non-perfused group even though the thickness and the number of 

nuclei in this group were relatively high. This result suggests that the perfusion contributes to the 

proliferative state of the epidermal cells. In addition, the barrier function of the skin-equivalents 

cultured by the system was confirmed by capacitance measurement (Figure S5); the values were in 

the order of 10 nF and comparable to that of the previous report [14]. These results indicate that our 

proposed system comprised of the flexible culture device and the stretching apparatus can improve 

the epidermal layer via the dynamically stretching culture and perfusion. Furthermore, we observed 

an interesting side effect of the stretching stimuli: microsized grooves were observed on the surface 

of the skin-equivalent cultured under the dynamically stretched condition (10% strain, 0.2 Hz, non-



  

11 

 

perfused) (Figure S6). We assume that the grooves might be an early stage of wrinkles produced by 

buckling of the skin-equivalent during the dynamically stretching culture as predicted in silico [27], 

and thus the system can be used for the study of wrinkle formation and its treatment in the future, 

although further investigations are needed. 

 

3.3 Analysis of the dermal layer and the vascular channel 

We evaluated the cryosections stained by immunostaining with CD31, a marker for HUVECs, to 

investigate the influence of stretching and perfusion on the dermal layer and vascular channel. The 

skin-equivalents were cultured under five conditions as stated in the previous section: non-stretched 

and non-perfused condition, and four combinations of two stretching conditions and two perfusion 

conditions. As shown in Figure 4a–e, CD31 was observed in all samples, indicating that HUVECs 

were maintained regardless of the stretching and/or perfusion stimuli. However, the vascular 

channels were open only in the perfused conditions and almost closed in the non-perfused 

conditions. This result indicates that the pressure of the medium flow maintained the channel 

structure, and the vascular channels can be perfused even under the dynamically stretched condition. 

In addition, HUVECs in the dynamically-stretched and non-perfused skin-equivalents seemed to be 

migrating into the dermal layer more than in the statically-stretched and non-perfused one (Figure 

4b, d and Figure S7). In the perfused conditions, although such migration was not observed, Ki67-

positive cells on the channel were observed more frequently in the dynamically-stretched one than 

in the statically-stretched one (Figure S8). According to these results, it is assumed that dynamic 

stretch enhanced proliferation and/or migration of HUVECs. Regarding the dermal layer, the cell 

density around the vascular channel was estimated and statistically analyzed on the basis of the 

number of nuclei stained with DAPI. The cell densities of the skin-equivalents cultured under 

perfused conditions were higher than those of the others (Figure 4f and Figure S9). In particular, the 

cell densities of the regions below the vascular channels (lower regions) in the perfused conditions 

were kept high near the vascular channels and decreased with an increasing distance from the 
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channels. It indicated that the perfusion was effective for improving the dermal cell density via a 

nutrient and oxygen supply from the vascular channel. On the contrary, although the main effect of 

the stretch condition was not statically significant because of the big variance, the influence of the 

dynamically stretching culture on the cell density needs further study, since the cell density of the 

dynamically stretched and perfused condition was 1.5-fold higher than that of the statically 

stretched and perfused condition. Further studies would also be useful for the refinement of this 

system. The collagen density of the dermal layer was also measured by immunostaining of collagen 

I (Figure S10). The fluorescence intensities of the statically-stretched and perfused group and the 

dynamically-stretched and non-perfused group were approximately 1.3-fold higher, and that of the 

dynamically-stretched and perfused group was 1.7-fold higher than that of the non-stretched and 

non-perfused group. The result indicates that both perfusion and dynamic stretch improves the 

collagen density of the dermal layer. It is assumed that this effect is caused by the combination of 

collagen synthesis and shrinkage of the dermal layer since it is reported that the stretch stimulus 

upregulates gene expression of collagen I [23] and the shrinkage degree of the collagen gel is 

increased by the number of fibroblasts [28] that is improved by perfusion as stated above. This 

hypothesis should be examined by gene and protein expression analysis in future. 

 

4. Conclusions 

We developed a 3D culture system of the skin-equivalent capable of both perfusion and stretching 

cultures. The stretching conditions such as frequency and strain magnitude can be readily changed, 

since the system is based on rapid prototyping technologies. Using the system, we cultured the skin-

equivalents under stretching conditions combined with various frequencies and perfusion conditions, 

and successfully improved the whole skin-equivalent; the dynamic stretching and perfusion 

improved the epidermal and dermal layers, respectively. Therefore, our system would be useful for 

improvement of biological studies on skin-equivalents.  
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Figure 1. Schematic of the 3D culture system and the tissue construction process. (a) Flexible 

culture device and the cross section of the perfused and stretched skin-equivalent. (b) Stretching 

apparatus comprised of a stepper motor, a lid equipped with a motor holder and a device holder, a 

crank connected with a slider by a link, and a medium reservoir. (c) Construction process of the 

skin-equivalent using the system comprised of the culture device and the stretching apparatus. 
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Figure 2. Evaluation of the culture device and the stretching apparatus. (a) The culture device 

comprised of a silicone rubber frame and connections, and the constructed skin-equivalent. (b) 

Perfusability test using red ink. (c–d) Various types of deformation: squeezing (c), tilting (d), 

bending (e). (f) Stretching apparatus consisting of a stepper motor, a lid, a crank connected with a 

slider, and a medium reservoir. (g) Dynamically stretching culture of the skin-equivalent 

constructed in the culture device. (h) Variability of maximum strain adjusted by the design of the 

crank. (i) Strains of various stretching patterns modulated by a micro-controller. The results are 

shown as the mean ± SEM (n = 7 cycles of each stretching pattern). 
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Figure 3. Analysis of the epidermal layer. (a, b) Hematoxylin and eosin-stained cryosections near 

the epidermal layers of non-stretched and stretched skin-equivalents. Both were not perfused. (c, d) 

Immunostained cryosections corresponding to (a) and (b), respectively. (e) Epidermal thickness of 

the skin-equivalent cultured under various stretch and perfusion conditions. The epidermal 

thicknesses were normalized by the mean of the non-stretched and non-perfused condition. The 

results are shown as the mean ± SEM. The shapes of the points (circle, rectangle, and triangle) 

represent the same batch of experiments. The data except for the non-stretched and non-perfused 

condition were analyzed by multi-way ANOVA.  
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Figure 4. Analysis of the dermal layer. (a–e) Immunostained cryosections of the skin-equivalent 

cultured under various stretch and perfusion conditions. (f) Dermal cell densities near the vascular 

channels. The results are shown as the mean ± SEM. The shapes of the points (circle, rectangle, and 

triangle) represent the same batch of experiments. The data except for the non-stretched and non-

perfused condition was analyzed by multi-way ANOVA. 



  

21 

 

Supporting Information  

 

Perfusable and Stretchable 3D Culture System for Skin-equivalent 

 

Nobuhito Mori1,2, Yuya Morimoto1, Shoji Takeuchi1,3*  

 

 

 

Figure S1. Relationship between Young’s modulus and the percentage of Ecoflex in the mixture of 

polydimethylsiloxane and Ecoflex. Young’s modulus of the mixture was acquired by measuring the 

stress-strain relationship of the specimen using a tensile testing machine (TE-200N, Instron, High 

Wycombe, UK). The data are shown as mean±s.d. (n=3). 
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Figure S2. Epidermal thicknesses of the skin-equivalents cultured under various frequencies. The 

thicknesses were normalized by the mean thickness of the non-stretched condition. Perfusion was 

not performed for all conditions. The data are shown as mean ± SEM (n=11 from different parts of 

the epidermal layer). 

 

 

Figure S3. Immunofluorescence image of collagen IV near the basement membrane of the 

epidermal layer. (a) Skin-equivalent cultured by statically-stretched (10%, 0 Hz) and perfused 

condition. (b) Skin-equivalent cultured by dynamically-stretched (10%, 0.05 Hz) and perfused 

condition. 
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Figure S4. The number of nuclei in the epidermal layer. (a) All nuclei. (b) Ki67-positive nuclei. 

The data are shown as mean ± SEM (n=6; 3 regions × 2 experimental replicates). 

 

 

Figure S5. Capacitance value of the epidermal layer. The data are shown as mean ± SEM (n=18; 6 

regions × 3 experimental replicates). 
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Figure S6. Epidermal surface of the skin-equivalents. (a) Non-stretched and non-perfused condition. 

(b) Dynamically stretched (10% strain, 0.2 Hz) and non-perfused condition. Both images were 

processed with a bandpass filter using ImageJ software to emphasize the grooves that appeared on 

the stretched skin-equivalent. 

 

 

Figure S7. Immunofluorescence image of CD31 near the vascular channel. (a) Skin-equivalent 

cultured by statically-stretched (10%, 0 Hz) and non-perfused condition. (b) Skin-equivalent 

cultured by dynamically-stretched (10%, 0.05 Hz) and non-perfused condition. 
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Figure S8. Immunofluorescence image of Ki67 around the vascular channel. (a) Skin-equivalent 

cultured by statically-stretched (10%, 0 Hz) and perfused condition. (b) Skin-equivalent cultured by 

dynamically-stretched (10%, 0.05Hz) and perfused condition. 

 

 

Figure S9. Distribution of cells in the dermal layer. The data are shown as mean ± SEM (n=3 

experimental replicates). 
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Figure S10. Evaluation of collagen I density of the dermal layer. (a-e) Immunofluorescence images 

of collagen I in the dermal layer. (f) Fluorescence intensity of each image. The data are shown as 

mean ± SEM (n=3 from different parts of the dermal layer). 

 

Movie S1. Various deformations of the culture device and the skin-equivalent by hand.  

 

Movie S2. Stretching apparatus used for the dynamically stretching culture of the skin-equivalent. 

 

Movie S3. Various stretching patterns: constant motions at 0.02 Hz, 0.05 Hz, and 0.1 Hz, and an 

intermittent motion at 0.17 Hz. 

 

 


