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Abstract  

This paper describes a method for fabricating perfusable vascular channels coated with endothelial 

cells within a cultured skin-equivalent by fixing it to a culture device connected to an external pump 

and tubes. A histological analysis showed that vascular channels were constructed in the skin-

equivalent, which showed a conventional dermal/epidermal morphology, and the endothelial cells 

formed tight junctions on the vascular channel wall. The barrier function of the skin-equivalent was 

also confirmed. Cell distribution analysis indicated that the vascular channels supplied nutrition to the 

skin-equivalent. Moreover, the feasibility of a skin-equivalent containing vascular channels as a model 

for studying vascular absorption was demonstrated by measuring test molecule permeation from the 

epidermal layer into the vascular channels. The results suggested that this skin-equivalent can be used 

for skin-on-a-chip applications including drug development, cosmetics testing, and studying skin 

biology. 
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1. Introduction 

The skin is the largest human organ and functions as a barrier between the internal and external 

environments. The functions of skin include temperature regulation, tactile sensing, and the prevention 

of water loss in association with its vascular network, nerve system, and appendages (e.g. sweat glands, 

sebaceous glands, and hair follicles) [1–3]. 

To assist studies on the medical treatment of the skin, a skin model consisting of dermal and 

epidermal layers, known as a skin-equivalent, was developed in the 1980s [4]. The skin-equivalent 

model has been used not only as a tool in clinical dermatology and for wound coverage, but also as an 

alternative to animal experiments in the development of drugs and cosmetics [5]. In addition, studies 

have integrated skin-equivalents with various cells, structures, and appendages to mimic human skin 

[3,6–10]. In particular, the construction of vascular channels within a skin-equivalent has attracted 

considerable attention because a skin-equivalent with vascular channels could be used in applications 

including angiogenesis studies [11], graft survival improvement [12], angiostatic drug evaluation [13], 

and cancer research [14]. Moreover, the construction of vascular channels would be an important step 

towards implementing hair, sweat glands, nervous system, and immune system components because 

vascular channels can deliver nutrition to these features. 

To construct vascular channels, skin-equivalents containing capillary networks have been 

developed by seeding stem cells or endothelial cells into the dermal layer and inducing vascularization. 

Such models have been used in studies of angiogenesis and skin grafting, and for drug testing [13,15–
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17]. However, the vascular channels formed in those studies, which were composed of capillary 

networks, could not be perfused using an external pump because they were inaccessible owing to their 

spontaneous and random formation in the dermal layer. Consequently, supplying nutrients or sampling 

media via the vascular channels remains difficult, limiting the applicability of those models. 

 Here, we fabricated perfusable vascular channels in a skin-equivalent model (Fig. 1a). The 

vascular channels were coated with endothelial cells and supplied nutrition to the skin-equivalent. Both 

edges of the vascular channels were fixed to the connectors of a culture device attached to a perfusion 

system composed of a peristaltic pump and silicone tubes. We cultured the skin-equivalent under 

perfusion conditions and confirmed that it had dermal/epidermal layers and a barrier function. 

Moreover, we investigated the influence of medium perfusion on the skin-equivalent by analyzing the 

cell distribution following perfusion and non-perfusion. Finally, to demonstrate the potential 

applications of the skin-equivalent in dermatological studies and for drug testing, we applied test drugs 

to the epidermis and measured the amounts absorbed into the vascular channels. 

 

2. Materials and methods 

2.1. Reagents 

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

medium-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, 
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hydrocortisone, adenine, caffeine, isosorbide dinitrate (ISDN), rhodamine B, fluorescein 

isothiocyanate-dextran (FITC-dextran, 20 kDa), and rhodamine B isothiocyanate-dextran (RITC-

dextran, 70 kDa) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum 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, vascular endothelial growth factor (VEGF), and 

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

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

Dimethyl sulfoxide was purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). The topical skin 

adhesive DERMABOND ADVANCED® was purchased from Ethicon LLC (Somerville, NJ, USA). 

Type IV collagen antibody, cytokeratin 10 (CK10) antibody, and cytokeratin 15 (CK15) antibody were 

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

(San Jose, CA, USA). ZO-1 antibody was purchased from Invitrogen (Carlsbad, CA, USA). 

 

2.2. Cell culture 

Normal human dermal fibroblasts (NHDFs) and normal human epidermal keratinocytes (NHEKs) 

were purchased from Lonza. Human umbilical vein endothelial cells (HUVECs) were purchased from 

PromoCell GmbH (Heidelberg, Germany). NHDFs, NHEKs, and HUVECs were maintained in FGM-
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2, keratinocyte growth medium-Gold™, and EGM-2, respectively, at 37 °C under a 5% CO2 

atmosphere. 

 

2.3. Fabrication of the culture device and skin-equivalent 

The culture device was composed of a main part and a bottom plate fabricated using a 3D printer 

(AGILISTA-3100, KEYENCE Corp., Osaka, Japan) (Fig. 1b-1). Anchoring structures on the 

connectors kept the skin-equivalent fixed to the device. The main part and the bottom plate were 

assembled and coated with parylene C (2–4 μm thick) to increase biocompatibility and seal the gap 

(Fig. 1b-2). Then, nylon wires (0.52 mm diameter) were strung across the connectors of the device. 

The device and nylon wires were sterilized using 70% ethanol and ultraviolet irradiation. Next, the 

parylene layer of the device was treated with O2 plasma using a plasma etcher (FA-1, Samco, Inc., 

Kyoto, Japan) to increase cell and collagen gel adhesion onto the device. Within 1 h after O2 plasma 

treatment, the device was filled with neutralized collagen solution composed of IAC-50, 10× PBS−, 

and FGM-2 containing 8 × 105 cells/mL of NHDFs and incubated at 37 °C for 30–60 min until the 

collagen gel formed a dermis-like layer (Fig. 1b-3). The ratio of IAC-50, 10× PBS−, and FGM-2 

containing NHDFs was 9:1:17 in the experiment evaluating the effectiveness of using anchoring 

structures and O2 plasma treatment to keep the skin-equivalent fixed to the device, and 9:1:5 in other 

experiments. The nylon wires were strung in a grid pattern to evaluate the effectiveness of anchoring 

structures and O2 plasma treatment, while they were straight in other experiments. The dermal layer 
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was removed from the side walls of the device using a pipette tip and incubated in DMEM containing 

10% fetal bovine serum, 1% penicillin-streptomycin, and 70 μg/mL ascorbic acid for 2–3 days to 

induce shrinkage. After shrinkage of the dermal layer, the medium was changed to EGM-2 (Fig. 1b-

4). Hollow channels were made by removing the nylon wires. Each hollow channel was filled with 

200 μL of EGM-2 containing 4 × 105 HUVECs using a syringe pump (KD Scientific, Holliston, MA, 

USA). After 20 min of incubation, the device was inverted to coat the upper half of the channels with 

HUVECs. After another 20 min of incubation, the device was inverted again and incubated for 2 days 

to form the vascular channels. Subsequently, the medium was changed to FAD culture medium 

(DMEM and Ham’s F-12 [3:1] supplemented with 10% fetal bovine serum, 1% penicillin-

streptomycin, 70 μg/mL ascorbic acid, 0.4 μg/mL hydrocortisone, 5 μg/mL insulin, and 25 μg/mL 

adenine) to form the epidermal layer (Fig. 1b-5). Next, 550 μL of FAD containing 1.1 × 106 NHEKs 

was poured into a square-shaped silicone rubber barrier enclosing a surface area of 1.44 cm2 and placed 

on the dermal layer. After 1 day of incubation and removal of the rubber barrier, the skin-equivalent 

(i.e., a dermal layer seeded with NHEKs) was lifted to the air-liquid interface to induce cornification 

of the epidermal layer. Perfusion of FAD was simultaneously conducted using a peristaltic pump (SJ-

1211II-L, ATTO Corp., Tokyo, Japan, or MINIPULS® 3, Gilson Inc., Middleton, WI, USA) at 2–3 

mL/h (Fig. 1c). Half of the medium was changed every 2 or 3 days. 

 

2.4. Histological analysis 

To analyze the morphology of the skin-equivalent and vascular channels, the samples were subjected 
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to hematoxylin and eosin (HE) staining and immunostaining. For HE staining, after 10 days of 

perfusion culture, the samples were fixed in PFA, cryosectioned, and stained with Mayer’s 

hematoxylin and 0.5% eosin Y ethanol solution. The HE-stained sections were observed using bright 

field microscopy (IX71, Olympus Corp., Tokyo, Japan). 

For the immunostaining of type IV collagen, CK10, and CK15, the samples were also fixed 

in PFA and cryosectioned after 10 days of perfusion culture. The sections were washed with PBS− and 

blocked with 1% bovine serum albumin (BSA). Subsequently, the primary antibody solution diluted 

1:200 in 1% BSA was applied and incubated for at least 8 h at 4 °C. The sections were washed with 

PBS− and incubated with secondary antibody solution diluted 1:200 in 1% BSA for 2 h at room 

temperature. The sections were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). For the 

immunostaining of CD31, the samples were snap-frozen without fixation and cryosectioned. The 

sections were washed with PBS− and blocked with 1% BSA. Subsequently, the primary antibody 

solution diluted 1:200 in 1% BSA was applied and incubated for at least 2 h at room temperature. The 

sections were washed with PBS− and incubated with a secondary antibody solution diluted 1:200 in 

1% BSA for 1 h at room temperature. The sections were fixed in PFA and counterstained with DAPI. 

The immunostained sections were observed by confocal microscopy (LSM 7 DUO, Carl Zeiss, 

Oberkochen, Germany). 

For the immunostaining of ZO-1, after 6 days of perfusion culture, the samples were fixed in 

PFA for 3–4 h. Next, the samples were washed with PBS− and the vascular channels were filled with 
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0.1% Triton™ X-100 in 1% BSA using a syringe pump. After 20 min of incubation, the vascular 

channels were washed with 1% BSA and incubated for 1 h at room temperature. The vascular channels 

were filled with primary antibody solution diluted 1:100 in 1% BSA and incubated for 8 h at 4 °C. The 

primary antibody solution was washed out with 1% BSA. The vascular channels were filled with 

secondary antibody solution diluted 1:100 in 1% BSA and incubated for at least 2 h at room 

temperature. The immunostained vascular channels were observed using two-photon excitation 

microscopy (LSM780 NLO, Carl Zeiss). 

 

2.5. Functional analysis 

To evaluate the barrier function of the epidermal layer, we added 100 μL of PBS− to the epidermis of 

the skin-equivalent and observed whether the liquid was repelled and formed droplets. Moreover, using 

an LCR meter (LCR700, Sanwa Electric Instrument Co., Ltd., Tokyo, Japan), we measured the 

capacitance of the epidermal layer to assess the performance of its barrier function [18,19]. The 

measurement was performed at 1 kHz by placing electrodes 5 mm apart on the surface of the epidermal 

layer. We also measured the capacitance of the dermal layer by placing electrodes on the surface near 

the edge of the skin-equivalent where the epidermal layer was not formed and the dermal layer was 

exposed to air. The unpaired Student’s t-test was used to compare the data. 

 To evaluate the function of the vascular channels as a nutrition supply pathway, we measured 

the cell distribution in the skin-equivalent after 10 days of perfusion culture. Images of the sections 

stained with DAPI were acquired by fluorescent microscopy (IX71, Olympus Corp.). The number of 
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cells was measured for each 100-μm interval from the upper and lower edges of the vascular channels 

using ImageJ software (NIH, Bethesda, MD, USA) (Fig. S1). To achieve this, the images were 

converted to binary by threshold and watershed processes, and particles larger than 79 μm2, which is 

equivalent to the area of a 10-μm diameter circle, were counted as cells in the sections using the 

‘analyze particles’ function of ImageJ. The epidermal layer was excluded from this analysis. The cell 

density of each region was calculated using the thickness value of 7 μm for the section. 

 

2.6. Measurement of percutaneous absorption 

To demonstrate the feasibility of using the skin-equivalent for drug development, we measured the 

percutaneous absorption of caffeine and ISDN as model drugs. We prepared two groups for the 

measurement: a group stimulated with 20 ng/mL of VEGF and a group not stimulated with VEGF. The 

addition of VEGF to FAD was performed 2 days before the measurement. On the day of measurement, 

we adhered a reservoir composed of silicone (8 mm in diameter and 0.5 mm in thickness) to the 

epidermal layer using DERMABOND ADVANCED®. The skin-equivalent was placed on DMEM in 

the chamber and infused with DMEM at a flow rate of 6 mL/h. We collected the drained DMEM from 

the channel at 15, 30, 45, 60, and 75 min after starting infusion. We also collected DMEM under the 

skin-equivalent and added the same amount of new DMEM. Next, 100 μL of caffeine and ISDN 

solution was added to the reservoir immediately after the first sampling at 15 min. The caffeine and 

ISDN solution was prepared by mixing 20 mg/mL caffeine in PBS− and 100 mg/mL ISDN in dimethyl 

sulfoxide at a ratio of 10:1. The samples were analyzed using HPLC (ACQUITY UPLC H-Class, 
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Waters Corp., Milford, MA, USA). Caffeine was detected at 220 nm in the mobile phase composed of 

water and acetonitrile (90:10) at a flow rate of 0.6 mL/min. ISDN was detected at 220 nm in the mobile 

phase composed of water and acetonitrile (50:50) at a flow rate of 0.6 mL/min. An external standard 

method was used for quantitative analysis. The unpaired Student’s t-test was performed to compare 

the data at each time point. The lag time was estimated by fitting lines to the data points at 45, 60, and 

75 min for samples from under the skin-equivalent and 30, 45, and 60 min for samples from the 

vascular channels. 

 

3. Results and discussion 

3.1. Evaluation of anchoring structure and O2 plasma treatment 

To demonstrate the effectiveness of the anchoring structures for keeping the skin-equivalent attached 

to the culture device for creating perfusable channels, we compared culture devices with and without 

anchoring structures. We found that the dermal layer was detached from the culture device without 

anchoring structures when the nylon wires were removed (Fig. 2a), while the dermal layer remained 

attached to the culture device when the anchoring structures were present (Fig. 2b). This result 

indicates that the anchoring structures effectively held the dermal layer in place. 

We also investigated the influence of O2 plasma treatment on the attachment of tissue to the 

culture device. The skin-equivalent was detached from the device without O2 plasma treatment during 

perfusion culture (Fig. 2c), whereas the skin-equivalent remained attached to the device with O2 

plasma treatment (Fig. 2d). We cultured the skin-equivalents under perfused condition up to 2 weeks; 
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some experimental replicates failed to perfuse due to the channel clogging after approximately 1 week 

of perfusion culture. The duration of perfusion (1–2 weeks) is enough for the permeation test 

performed in this paper, while the investigation of the clogging mechanism and the extension of the 

perfusion duration are challenges that will need to be considered in future work. When we infused blue 

ink into the device without O2 plasma treatment, the infused ink did not drain from the outlet, but 

leaked from the gap between the dermal layer and device, whereas the ink drained from the outlet of 

the device treated with O2 plasma (Fig. 2e). Therefore, O2 plasma treatment probably increased the 

adhesiveness of NHDFs and collagen on parylene as previously reported [20–22]. These results 

indicate that using the anchoring structures and O2 plasma treatment in combination is effective for 

maintaining the perfusability of the skin-equivalent by firmly fixing it to the culture device. 

 

3.2. Histological analysis 

To analyze the morphology of the fabricated skin-equivalent, we evaluated the cryosections of perfused 

and non-perfused samples by HE staining and immunostaining. As shown in Fig. 3a and b, the skin-

equivalent exhibited epidermal/dermal layers and vascular channels. The HE-stained sections revealed 

that an epidermal layer was formed in both perfused and non-perfused samples (Fig. 3c and d). The 

epidermal thickness of the perfused skin-equivalent was approximately 50 μm, which was comparable 

to that of a skin-equivalent fabricated by the conventional method (approximately 50 μm) [23] and a 

skin-equivalent sold on the market (28–43 μm; EpiDerm™, MatTek Corp., Ashland, MA, USA) [24]. 

In addition, CK15 and CK10 were localized to the basal layer and the upper layer (Fig. 3e and f), 
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respectively, indicating that normal differentiation was induced in the epidermal layers of both the 

perfused and non-perfused skin-equivalents [24,25].  

The perfusion condition influenced the morphology of the vascular channels. While there was 

no significant influence of the perfusion condition on the epidermal layer, the vascular channels were 

open in the perfused skin-equivalent, whereas they were nearly closed in the non-perfused condition 

(Fig. 3g and h). This influence was quantitatively evaluated by measuring the cross-sectional area of 

the vascular channels in the perfused and non-perfused skin-equivalents. The cross-sectional area of 

the perfused skin-equivalent was approximately 6-fold larger than that of the non-perfused one (Fig. 

S2). These results indicated that the vascular channels were open because of the pressure generated by 

perfusion. Immunostaining revealed the presence of a basement membrane protein (type IV collagen) 

and a marker of HUVECs (CD31) on the channel surface (Fig. 3i–l). We also observed the vascular 

channels before perfusion by immunostaining them for CD31 and using two-photon excitation 

microscopy. The results confirmed that the channels were coated by HUVECs (Fig. S3). Moreover, 

confocal images showed that ZO-1 coated the wall of the vascular channels (Fig. 3m), indicating that 

the HUVECs formed tight junctions within the channels. These results indicated that our skin-

equivalent had perfusable vascular channels with tight junction formation in addition to a conventional 

epidermal and dermal morphology. 

 

3.3. Functional analysis 

To demonstrate the barrier function of the epidermal layer, we investigated the water repellency and 
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capacitance of the epidermal layer on the perfused skin-equivalent. When 100 μL of PBS− was applied 

to the epidermis, it was repelled and formed a droplet (Fig. 3n). Typically, such PBS− droplets were 

not absorbed but maintained their shape on the epidermal layer for more than 1 h, while water generally 

spread and became absorbed into the dermal layer. Additionally, the capacitance of the epidermal layer 

was significantly lower than that of the dermal layer (Fig. 3o). The capacitance further decreased with 

an increasing concentration of NHEKs, eventually resulting in a value comparable to that of the skin-

equivalent fabricated by the conventional method [23] (Fig. S4). These results indicated that the barrier 

function of the epidermal layer was well organized even under the perfusion condition and could be 

controlled by changing the concentration of NHEKs. 

 Next, to evaluate material diffusion from the vascular channels, we infused 3 types of 

fluorescent dye molecules into the vascular channels: rhodamine B (479 Da), FITC-dextran (20 kDa), 

and RITC-dextran (70 kDa). We studied the vascular channels in the dermal layer without seeding 

NHEKs and performed the experiment after 4 or 5 days of perfusion culture. Fluorescent images were 

acquired by fluorescent microscopy (IX71, Olympus Corp.). The results showed that an increase in 

fluorescent intensity was detected on the outside of the channels for each fluorescent dye, indicating 

the diffusion of the fluorescent molecules (Fig. S5a-c). We also calculated the permeability of the 

fluorescent molecules by analyzing the acquired images using a previously reported method [26]. The 

permeability showed an inverse relationship with molecular weight and was on the same order as that 

previously reported for a 70-kDa molecule [27] (Fig. S5d). These findings indicated that a size-
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selective barrier was formed by the HUVECs lining the vascular channels. 

 To examine the biological effects of the nutrient supply from the vascular channels to the skin-

equivalent, we measured the cell distributions of the perfused and non-perfused skin-equivalents (Fig. 

4). The average cell density of the perfused skin-equivalent (6 × 107 cells/mL) was higher than that of 

the non-perfused skin-equivalent (2 × 107 cells/mL). The ratio of the upper and lower thicknesses 

differed between the perfused and non-perfused skin-equivalents, although the total thickness was the 

same in each condition. It is assumed that this difference was caused by the fabrication error of the 

nylon wire stringing. Regarding the cell distribution, the cell densities of both the perfused and non-

perfused skin-equivalents were high around the vascular channels and decreased with an increasing 

distance from the channels. The cell density was highest in the depth range of 0–100 μm of the perfused 

skin-equivalent, which was approximately 4-fold higher than that in the same depth range of the non-

perfused skin-equivalent. These results indicated that nutrition and oxygen were supplied to the cells 

from the vascular channels. Therefore, our perfusion system would be useful for fabricating thick and 

dense tissues. The cell density around the vascular channels was maintained on the order of 108 

cells/mL, which is generally difficult to achieve in the deep part of the tissue because of diffusion 

limitations [28]. 

 

3.4. Measurement of percutaneous absorption 

To investigate the influence of vascular perfusion on percutaneous absorption, we monitored the 

permeation of test molecules, caffeine and ISDN, through the skin-equivalent during the perfusion of 
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DMEM in the vascular channels (Fig. 5a and b). In the experiment, we measured the concentrations 

of permeated caffeine and ISDN in media collected either from beneath the skin-equivalent [medium 

A, designated by (A) in Fig. 5] or from the vascular channels [medium B, designated by (B) in Fig. 5]. 

As a result, permeated molecules were detected in both medium A and B as shown in Fig. 5c–f. The 

total number of permeated molecules, which was calculated from the measured concentration, was 

normalized to the initial amount of molecules applied to the skin-equivalent (9.4 μmol of caffeine and 

3.8 μmol of ISDN). The lag times of caffeine and ISDN, which were defined as the elapsed times from 

x = 15 min (i.e., the application time of the test molecules) to the x-intercepts of the dotted lines, were 

smaller in medium B (~ 5 min) than in medium A (~ 30 min). This result can be explained based on 

the morphology of the skin-equivalent and indicates that caffeine and ISDN first reached the vascular 

channel and then the bottom of the skin-equivalent. Moreover, the normalized permeated amount of 

ISDN was 3–4-fold higher than that of caffeine, indicating differences in permeability between 

caffeine and ISDN; these results are consistent with those of a previous report examining human skin 

and a conventional skin model [29]. 

To confirm whether the vascular channels showed endothelial functions, we measured the 

permeation of the test molecules in the presence and absence of VEGF (VEGF+ and VEGF−, 

respectively). In medium A, caffeine and ISDN permeation in the VEGF+ condition was lower or did 

not significantly differ compared to their permeation in the VEGF− condition (Fig. 5c and d). In 

contrast, in medium B, permeation in the VEGF+ condition was significantly higher than that in the 



15 

 

VEGF− condition after 45 min (Fig. 5e and f). These results indicated that vascular channel 

permeability is controlled by VEGF. Moreover, our skin-equivalent integrated with vascular channels 

can be used as a model of vascular absorption because the vascular channels showed an endothelial 

function (the increase of vascular permeability by VEGF) similar to that in vivo [30]. 

 

4. Conclusion 

We developed a skin-equivalent integrated with perfusable vascular channels. Because of the presence 

of anchoring structures and the O2 plasma treatment of parylene, the skin-equivalent was stably fixed 

to the device and was perfusable during the cultivation period. The vascular channels served as a 

nutrition delivery pathway; the cell density of the perfused skin-equivalent was higher than that of the 

non-perfused skin-equivalent. Moreover, the vascular channels in the skin-equivalent showed 

feasibility as a model of vascular absorption. Therefore, our skin-equivalent is useful for skin-on-a-

chip applications including drug development, cosmetics testing, and the reconstruction of skin 

appendages. 
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Figures 

 

Figure 1. Schematic of skin-equivalent integrated with perfusable vascular channels and the fabrication 

process. (a) Conceptual illustration of the skin-equivalent and culture device. (b) Fabrication of the 

culture device and skin-equivalent. (c) Perfusion system composed of a peristaltic pump, silicone tubes, 

and a culture device. 
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Figure 2. Evaluation of anchoring structures and O2 plasma treatment. (a, b) Dermal layers cultured in 

the device without and with anchoring structures. (c, d) Skin-equivalents cultured in the device without 

and with O2 plasma treatment. (e) Infusion of blue ink into the device without and with O2 plasma 

treatment. 
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Figure 3. Histological analysis and barrier function assessment. (a, b) Hematoxylin and eosin (HE)-

stained sections of perfused and non-perfused skin-equivalents. (c–f) Magnified images of the HE-

stained and immunostained epidermal layers. (g–l) Magnified images of HE-stained and 
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immunostained vascular channels. (m) Confocal image of the vascular channel immunostained with 

ZO-1 antibody (stitched by ImageJ). (n) Barrier function evaluation by observing the repellency of 

water by the epidermal layer. (o) Barrier function assessment by capacitance measurement. The results 

are shown as the mean ± standard deviation (s.d.) of three devices. ***p < 0.001, unpaired Student’s 

t-test. 

 

Figure 4. Cell distributions of the skin-equivalent cultured under perfused and non-perfused conditions. 

The results are shown as the mean ± s.d. of five sections from the same sample. 
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Figure 5. Percutaneous absorption measurement. (a, b) Schematic and photograph of the experimental 

setup. (c, d) Amounts of caffeine and ISDN permeating the medium beneath the skin-equivalents 

(medium A), normalized by the initial amounts of test molecules applied on the skin-equivalents. (e, 

f) Amounts of caffeine and ISDN permeating the medium taken from the vascular channels (medium 

B), normalized by the initial amounts of test molecules applied on the skin-equivalents. The results are 

shown as the mean ± s.d. of four devices. *p < 0.05, **p < 0.01, unpaired Student’s t-test of the 
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difference between VEGF− and VEGF+ at each time point. 

 



SUPPLEMENTARY INFORMATION 

 

Figures 

 

Figure S1. Measurement of cell distribution. The cell density within each yellow rectangle was measured. 

 

 

 

Figure S2. Cross-sectional area of the vascular channels after 7–10 days of perfusion culture. The results are shown 

as the mean ± standard deviation. ***p < 0.001, unpaired Student’s t-test. n = 5 (perfused) and 7 (non-perfused). 

 



 

Figure S3. Immunofluorescent image of the vascular channel acquired by two-photon excitation microscopy. (a) 

Orthogonal view. (b) Z-projected image using maximum intensity. 

 



 

Figure S4. Capacitance of the epidermis layer. The results are shown as the mean ± standard deviation. n.s.: not 

significant. ***p < 0.001, one-way analysis of variance followed by Tukey–Kramer multiple comparison. n = 6 

(conventional method), 8 (1 × NHEK) and 4 (2 × NHEK). 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S5. Diffusion of fluorescent molecules from the vascular channels. (a–c) Vascular channels infused with 3 

types of molecules: Rhodamine B (479 Da), FITC-Dextran (20 kDa) and RITC-Dextran (70 kDa). (d) Permeability 

of 3 types of molecules. The results are shown as the mean ± standard deviation. **p<0.01, ***p < 0.001, one-way 

analysis of variance followed by Tukey–Kramer multiple comparison. n = 17 (8 and 9 measuring windows of 2 

devices; Rhodamine B), 23 (7, 7 and 9 measuring windows of 3 devices; FITC-Dextran), and 18 (8 and 10 

measuring windows of 2 devices; RITC-Dextran). The number of measuring windows per device was different 

from each other because measuring windows containing bubbles that might affect the fluorescence measurement 

were omitted. (e) Schematic of permeability measurement. 

  



Calculation of permeability 

Permeability P is obtained by the following equation:  

𝑃 =
𝐼𝑡=𝑇 − 𝐼𝑡=0

𝑇 (𝐼𝑡=0 − 𝐼𝑏𝑔)
∙

𝑑

4
 , 

where d is the diameter of the channel, It is the fluorescent intensity in the measuring window at time t, T is the 

total elapsed time (6 min in this experiment) and Ibg is the background intensity of the measuring window (Fig. 

S5e). 
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