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A B S T R A C T

Skin-on-a-chip models provide physiologically relevant platforms for studying diseases and drug evaluation, 
replicating the native skin structures and functions more accurately than traditional 2D or simple 3D cultures. 
However, challenges remain in creating models suitable for microneedling applications and monitoring, as well 
as developing skin cancer models for analysis and targeted therapy. Here, we developed a human skin/skin 
cancer-on-a-chip platform within a microfluidic device using bioprinting/bioengineering techniques. The 
fabricated skin models include vascular, dermal, and epidermal layers, demonstrating increased functionalities 
and maturation of dermal (Collagen I & Fibronectin for 7 days) as well as epidermal (Filaggrin & Keratin 10, 14, 
and 19 at the air-liquid interface (ALI) for 21 days) layers. Histological analysis confirmed the formation of a 
differentiated epidermis and ridges at the dermal-epidermal junction in our model, closely resembling native skin 
tissue. Melanoma cells were embedded approximately 400 μm beneath the epidermis to simulate tumor invasion 
into the dermis. The platform was further used to test doxorubicin (DOX)-loaded gelatin methacryloyl (GelMA) 
microneedles (MNs) for localized transdermal drug delivery targeting melanoma. The DOX-loaded MNs pene-
trated uniformly to a depth of approximately 600 μm, effectively reaching the melanoma cells. Drug delivery via 
MNs demonstrated significantly higher efficiency than diffusion through media flow, confirming the practicality 
and robustness of the proposed model for future therapeutic applications.

1. Introduction

Skin is the first defense barrier against environmental insults as well 
as a facile route for administering drugs [1–5]. The questionable bio-
logical relevance of animal models to humans, their high cost, and the 
ethical/regulatory requirements drive researchers to reduce/stop using 
animal tests, which has accelerated the race to develop human 
cell-based in vitro models [6–14]. To effectively mimic and predict in vivo 
events, essential skin functions must be replicated using appropriate in 
vitro models [15,16]. Previously, 2D cell cultures were used; however, 

these 2D models do not fully mimic in vivo skin physiology nor provide 
histological information, which is considered a gold standard for un-
derstanding skin function [15]. Alternatively, three-dimensional (3D) 
models such as reconstructed epidermis models integrating human cell 
lines or patient-derived cells have been proposed to replace animal 
testing [17–23]. However, these models have several limitations, 
including the absence of a dermal layer containing fibroblasts that affect 
the process of keratinocyte proliferation and terminal differentiation 
[16,24–26]; the absence of a vascular layer to increase the efficiency of 
nutrients and biomarkers transport and cell migration [27]; and the lack 
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of a dynamic interstitial fluid flow present in the tissue [28–30].
Recent advances in microfluidic systems have allowed the modeling 

of tissues and organs known as organs-on-a-chip [9,27,28,30,31]. 
Among these technologies, the development of skin-on-a-chip systems 
has the potential to offer relevant physiological models for studying 
diseases and drug evaluation [32–37]. For example, Abaci et al. devel-
oped a platform that could be used to maintain human skin equivalents 
for three weeks with proliferating keratinocytes (KCs) [32]. The small 
scale of the design allowed a 36-fold reduction in the quantity of 
required culture medium and cells compared to conventional Transwell 
cultures but also showed structures similar to those of in vivo skin. In 
another study, Ramaan et al. described a miniaturized in vitro 3D skin 
model with immune competence using immortalized human KCs and 
leukemic monocyte lymphoma cells [36]. This study demonstrated that 
the perfusion of culture media to cells notably enhanced the formation 
of tight junctions compared to static cultures. However, it is important to 
build a physiologically relevant skin model with a 3D cellular organi-
zation and natural tissue architectures since key in vitro functions and 
characteristics could vary with different tissue frameworks [21,38]. 
Thus, recapitulating native skin architectures in vitro would provide 
improved accuracy in therapeutic development [39,40]. For instance, a 
recent study by Sriram et al. developed a human skin equivalent by 
employing a fibrin-based dermal matrix combined with a fluidic system 
[41]. It was shown that perfusion and precise control of the microen-
vironment enabled enhanced epidermal morphogenesis, differentiation, 
and barrier function. Additionally, in a study by Lorthois et al., in-
flammatory cytokines like Tumor Necrosis Factor-alpha (TNF-α) and 
Interferon-gamma (IFN-γ) were applied to a three-dimensional skin 
model to develop a psoriasis skin model. This treatment resulted in 
epidermal thickening, abnormal epidermal differentiation, and inflam-
matory cell infiltration, effectively recapitulating an inflammatory 
environment by inducing T-cell chemotaxis [42].

The aforementioned skin-on-a-chip models are reported to be used 
for testing penetration and toxicity of chemicals, studying treatments, 
and modeling skin-related diseases [32,36,41–45]. However, studies on 
cosmetic and therapeutic agents, such as turmeric (Curcuma longa) and 
α-lipoic acid (ALA), often assess efficacy by delivering these compounds 
through microfluidic channels, rather than via direct epidermal ab-
sorption [46,47]. Moreover, testing a device applicable to the skin such 
as microneedles (MN), is still challenging because even 3D models of 
assembling multi-layer cells do not have enough mechanical strength as 
well as a thickness suitable for microneedling application and moni-
toring to withstand pressures to test MN patches [48]. Thus, a simple, 
time-efficient, robust, reliable, and scalable skin-on-a-chip platform is 
required for applications in physical therapies including physically 
exfoliating treatments that target localized skin problems.

In our previous work, we have employed biomaterial-based ap-
proaches and bioengineered techniques to develop a 3D skin model 
physiologically resembling in vivo skin structure [49]. Such was 
accomplished by constructing networks of bioprinted endothelium, a 3D 
dermis layer, and multilayered epidermis. Analysis of mechanical 
properties of gelatin methacryloyl (GelMA)-based bioinks mixed with 
different ratios of alginate revealed bioprinted endothelium could be 
better modeled to optimize endothelial cell viability with a mixture of 
7.5 % GelMA and 2 % alginate. It was observed that matrix stiffness 
plays a crucial role in modulating produced levels of pro-collagen I 
alpha-1 and matrix metalloproteinase-1 in human dermal fibroblasts 
and affecting their viability, proliferation, and spreading. Moreover, 
seeding human KCs with gelatin-coating multiple times proved to help 
reduce culture time to create multiple layers of KCs while maintaining 
their viability.

Combining our previous methods of 3D skin models and micro-
fluidics has shown that the design strategy allows building a skin model 
with a thickness suitable for microneedling application and monitoring 
in the presence of perfused media microchannels to supply nutrients and 
eliminate metabolic waste products, fibroblast-endothelial cells 

interactions to mimic the in vivo dermis niche, and air-liquid interface 
(ALI) generating a nutrient gradient from lower media microchannel to 
the epidermis layer. Here, we have developed a human skin/skin cancer- 
on-a-chip platform in a perfused microfluidic device and evaluated the 
use of this device in assessing the efficacy of chemotherapeutics-loaded 
MNs for transdermal drug delivery applications (e.g., doxorubicin hy-
drochloride (DOX)) to treat skin cancer.

2. Experimental section

2.1. Cells and materials

Human dermal fibroblast cells (HDFs, PCS-201-012™), human 
epidermal keratinocyte cells (HEKs, PCS-200-011™), mus musculus skin 
melanoma cells (MCs, CRL-6475™), and human umbilical vein endo-
thelial cells (HUVECs, PCS-100-010™) were purchased from ATCC. The 
three skin cells (HDFs, HEKs, and MCs) were cultured in their respective 
growth medium: keratinocyte growth medium 2 (KGM), melanocyte 
growth medium-M2 (MGM), and fibroblast growth medium (FGM), and 
HUVECs were cultured in endothelial cell growth medium 2 (EGM), all 
from PromoCell. HUVECs were used to model the vascular layer in our 
full-thickness skin model due to their proven ability to form capillary- 
like structures, which supports the vascularization process necessary 
for studying drug delivery and tissue interaction Although HUVECs were 
used in this study to form vascular networks, which are key for the 
functional integration of the skin model, we recognize that they are not 
typically found in the skin’s dermis. Future developments of this model 
may involve the use of dermal microvascular endothelial cells 
(HDMECs) to better replicate the native skin vasculature. To support the 
co-culture of HEK, HDF, MC, and HUVEC cells, the media was optimized 
using a balanced co-culture medium of KGM:MGM (3:1), at the ALI to 
support HEKs differentiation and stratification into a fully differentiated 
epidermis, supplemented with 10 % FBS, 1 % penicillin-streptomycin, 2 
mM L-glutamine, 0.4 μg/mL hydrocortisone, and 50 μg/mL ascorbic 
acid. This formulation was selected to meet the diverse requirements of 
the different cell types and maintain viability throughout the co-culture 
period. Type A porcine skin gelatin, methacrylic anhydride, photo-
initiator (PI) (2-hydroxy-4-(2-hydroxyethoxyethoxy)-2-methypropio-
phenone), low viscosity alginic acid, formaldehyde solution (4 % v/v), 
Triton X-100, and bovine serum albumin were purchased from Sigma- 
Aldrich. Live/Dead cell viability kit (calcein acetoxymethyl/ethidium 
homodimer-1 (Calcein-AM/EthD-1), Alexa Fluor® 568 phalloidin, DAPI 
(4′,6-diamidino-2-phenylindole), Ki-67 antibody, Dulbecco’s phosphate- 
buffered saline (DPBS; GIBCO), and stainless-steel catheter connectors 
(23G) were purchased from Thermo Fisher Scientific. Poly-
dimethylsiloxane (PDMS; Sylgard) and DOX•HCl were purchased from 
Dow Corning and Oakwood Chemical, respectively. Tubing (Cole- 
Parmer Microbore Tubing, 0.020" × 0.060″OD) was purchased from 
Cole-Parmer.

2.2. Preparation of GelMA

High methacrylated gelatin was synthesized as described previously 
[50]. Briefly, 10 % w/v type A porcine skin gelatin in DPBS at 50 ◦C and 
under continuous stirring is added with methacrylic anhydride at 0.5 
mL/min to reach the target volume. The resulting solution is allowed to 
react 1 h before 1:5 dilution with warm DPBS (40 ◦C) to stop the reac-
tion. Further, dialysis against distilled water (12–14 kDa cut-off dialysis 
tubing) at 40 ◦C is performed to remove salts and methacrylic acid 
before lyophilizing and storage at − 80 ◦C until further use. The GelMA 
hydrogels are prepared by diluting freeze-dried GelMA macromer in 
DPBS with 0.5 % w/v PI.

2.3. Preparation of vascular bioink and bioprinting procedure

Vascular bioink was prepared as described in our previous work 
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[43]. Briefly, GelMA macromer and alginate are dissolved in cell culture 
media with 0.5 % PI to a final concentration of 7.5 % GelMA and 2 % 
alginate. The resulting solution is filtration-sterilized with syringe filters 
(0.22 μm) and stored at 4 ◦C. The bioprinting was done using a BioX™ 
3D Bioprinter (Cellink). Before use, GelMA/alginate bioink is warmed at 
37 ◦C, and HUVEC cells are suspended at a final density of 8 × 106 

cells/mL. Sterile UV-protected cartridges are loaded with vascular bio-
ink and kept at 4 ◦C for 10 min for gelation before bioprinting. Bio-
printing of vascular bioink is carried out according to the following 
parameters: printhead at 15 ◦C, printbed at 12 ◦C, applied pressure of 
50–100 kPa, and linear printing speed of 2–6 mm/s. After the bio-
printing process, the 3D structures are photo-crosslinked at 25 mW/cm2 

for 30 s.

2.4. Dermal layer

The dermal layer, comprising of GelMA (7.5 %) and PI (0.5 %) dis-
solved in cell culture media, and HDFs suspended at a density of 8 × 106 

cells/mL is poured on the bioprinted vascular structures and crosslinked 
by UV exposure (25 mW/cm2 for 3 min).

2.5. Generation of multilayered keratinocyte layers and epidermis 
maturation

The in vitro multilayered epidermis was obtained by multiple seeding 
steps. HEKs at 1 × 106 cells/mL are seeded on the GelMA layer and 
allowed to attach to the surface for 2 h, the media is then replaced by 1 % 
(w/v) porcine skin gelatin in growth media and incubated for 30 min to 
obtain a thin gelatin-coated layer, thus preparing the surface for a new 
HEKs seeding. Further, the skin tissues are cultured in a balanced co- 
culture medium of KGM:MGM (3:1) at the ALI to support HEKs differ-
entiation and stratification into a fully differentiated epidermis.

2.6. Fabrication of microfluidic device and skin-on-a-chip model

The microfluidic device used to house the skin tissues is fabricated in 
PDMS through soft lithography. The aligned upper well and lower 
microchannel are separated by a TC-treated polyester membrane with 
0.4 μm pores size. The upper and lower PDMS layers are prepared by 
molding PDMS prepolymer (10:1 ratio of PDMS and curing agent) on a 
microfabricated mold made of PMMA and curing the polymer at 75 ◦C 
for 4 h. After peeling the PDMS layers from the PMMA molds, the surface 
of the PDMS layer is treated with oxygen plasma (at 300 W for 2 min, 
20 SCCM O2 flow, and 0.65 mbar pressure) (Plasma Etch, Inc. PE-25). 
The plasma-treated surfaces are then immediately bonded. To control 
the flow of the culture medium, tubes are connected from the fluid 
medium and pump sources to the lower microfluidic channel using 
stainless steel catheter connectors. After sterilization of the PDMS de-
vices by ethanol 70 % for 2 h and UV light exposure for 30 min, the 
endothelial layer is bioprinted on the polyester porous membrane at a 
density of 8 × 106 cells/mL and immediately photo-crosslinked at 25 
mW/cm2 for 30 s to prevent the GelMA hydrogels from mixing. The 
HDFs in GelMA at a density of 8 × 106 cells/mL are poured on the 
bioprinted structure and photo-crosslinked at the same conditions for 3 
min. The multilayered HEKs layer is obtained by multiple seeding steps 
as described above. After 24 h of incubation, to start an air-liquid 
interface, the media from the top chamber is removed and the media 
flow in the lower microchannel is activated (5 μL/min).

2.7. Preparation of drug-loaded GelMA MNs

DOX-loaded GelMA MNs were prepared as described previously by 
Luo et al. [48]. Briefly, for the preparation of DOX-loaded GelMA MNs, 
5.5 mg/mL of PI in DPBS and varying amounts of DOX in distilled water 
(1, 2, and 3 mg/mL) were mixed at 9:1 v/v ratio to make a final con-
centration of 5 mg/mL for PI and 100, 200, and 300 μg/mL for DOX. 

Then 200 mg of a commercially available GelMA (X-Pure GelMA 160P80 
RG, Rousselot, France) was dissolved in 1 mL of the PI/DOX mixture. We 
chose to use X-Pure GelMA for fabricating our MNs to enhance their 
mechanical properties. The GelMA-DOX solution was added onto the 
PDMS MN molds (10 × 10H800 B200 P500, Micropoint Technologies, 
Singapore), followed by centrifugation at 3000 rpm (Centrifuge 5810, 
Eppendorf, Germany) for 2 min. The GelMA-DOX solution with the 
PDMS mold was irradiated with 365 nm UV light at 500 mW/cm2 

(SW0365A-25D, Orca Science, South Korea) for 30, 60, and 180 s. The 
resulting MNs with PDMS molds were protected from light, dried in a 
fume hood overnight at room temperature, and manually removed from 
the molds.

2.8. Fluorescence microscopy of DOX-loaded GelMA MNs

The DOX loading and shape of the DOX-loaded GelMA MNs were 
analyzed with a fluorescence microscope (Axio Observer, Zeiss, 
Germany).

2.9. Mechanical strength test of MNs

Mechanical testing of the MNs was performed using a 5943 Micro-
tester Instron with a stress-strain gauge. The MNs were fixed on a 
stainless-steel plate with the needles pointing upward. The maximum 
loading force was set to 55 N and the stainless-steel plate was moved 
downward at a constant speed of 0.5 mm min− 1. The load (N) according 
to the displacement (mm) was plotted and the compressive load at the 
breakage point was measured.

2.10. In vitro release of DOX

The in vitro release of DOX from the MNs was evaluated by 
immersing MNs patches in 3 mL of DPBS containing 2 U mL− 1 type II 
collagenase (Fisher Scientific, USA) at 37 ◦C. At predetermined time-
points, 100 μL of the sample was withdrawn for fluorescence (excitation: 
480 nm, emission: 560 nm) measurement with a microplate reader 
(Varioskan LUX Microplate Reader, Thermo Fisher Scientific, USA) and 
returned to the whole sample.

2.11. Immunofluorescence assay

A Live/Dead Cell Viability Kit was employed to obtain cell viability. 
For 568 phalloidin (F-actin stain), DAPI (DNA stain), Ki-67 (antigen KI- 
67 stain), a-SMA (Alpha Smooth Muscle Actin stain), PCK (pan Cyto-
keratin stain), Filaggrin, Keratin 10, 14, and 19, Collagen I, and Fibro-
nectin staining, in vitro skin tissues were fixed on days 1, 4, and 7. Cells 
were stained with 568 phalloidin at 1:200 dilution for 45 min, DAPI at 
1:1000 dilution for 10 min, and for Ki-67, a-SMA, PCK, Filaggrin, Ker-
atin 10, 14, and 19, Collagen I, and Fibronectin at 1:250 dilution in DPBS 
for 60 min in a humidity chamber, followed by washing three times with 
DPBS. Immunofluorescence microscopy was performed using an inver-
ted fluorescence microscope (Zeiss Axio Observer 5 microscope) or a 
confocal microscope (BC LSM880).

2.12. Microscopy data analysis

ImageJ software was used for analysis of immunofluorescence im-
ages. The total number of cells or fluorescence intensity, according to 
experiment setup, were assessed for at least 3 replicates of each condi-
tion by using ImageJ. Similarly, the % of positive cells (at least 3 rep-
licates) was obtained by counting cell nuclei stained by DAPI (total cell 
number) in the presence of specific protein stain with thresholds after 
subtracting backgrounds by using ImageJ.
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2.13. Statistical analysis

In all experiments, a minimum of 3–5 chips per condition for both the 
skin model fabrication and the DOX dose experiment via MN application 
were evaluated. This sample size was chosen to ensure reliable and 
reproducible data across all conditions. At least three different samples 
were imaged to obtain the average values and standard deviation (s.d.) 
unless otherwise specified. One-way ANOVA comparisons tests were 
achieved in all statistical analyses. Statistics with a value of P < 0.05 
were considered significant.

3. Results and discussions

Microneedling, a minimally invasive therapeutic technique, is a 
relatively new treatment option in dermatology [51,52]. This technique 
has been employed for many applications such as skin rejuvenation, 
scars, and drug delivery [45–47]. With the growing interest of MNs in 
precision medicine applications, a physiologically relevant skin model 
mimicking the in vivo structures and size is required to predict response 
to MNs while minimizing the use of animals. To demonstrate the 
developed skin-on-a-chip model and confirm its usefulness in skin dis-
ease modeling and physical therapy applications including micro-
needling, it was proposed to apply MNs for drug delivery against skin 
melanoma cells. Unlike previous skin models based on 2D and simple 3D 
cultures which have difficulties in testing transdermal drug delivery 
using MNs, the developed skin-on-a-chip model in this study can be an 
excellent substitution for real skin tissue with a thickness suitable for 
microneedling application and monitoring. To demonstrate this, a skin 
cancer model was established using the platform of skin-on-a-chip, and 
drug-loaded MNs were applied to target the melanoma cells.

3.1. Skin-on-a-chip setup and strategy to treat skin cancer

The skin provides a unique microenvironment where cells in 
different layers can interact, and gradients of nutrients from internal 
vascular networks with perfusion contribute to the functional specifi-
cation of each skin layer. To explore the development and progression of 
skin-related diseases and assess the efficacy of drug treatments, a simple, 
time-efficient, robust, reliable, and scalable skin-on-a-chip platform of 
physiologically relevant skin structures was developed (Fig. 1A). The 
skin model was designed to work in an on-chip device fabricated with a 
PDMS microchannel for perfusion of media, a porous polyester mem-
brane (0.4 μm pores), and a PDMS skin chamber; all components were 
assembled via oxygen plasma bonding (Fig. 1B and C). The porous 
membrane separated the upper chamber containing skin layers and the 
lower media microchannel. The physiologically relevant skin model was 
fabricated by a combination of: (1) bioprinted endothelial cells (ECs) in 
GelMA-alginate bioink on the porous membrane, allowing HDFs-ECs 
interactions and facilitating the diffusion of media, (2) a 3D dermis 
equivalent constructed by encapsulating HDFs in GelMA hydrogels, and 
(3) a stratified, fully differentiated epidermis obtained on the dermis 
layer by seeding HEKs multiple times with gelatin coating to shorten the 
incubation time and maturating the in vitro tissue. After a certain period, 
the media in the upper skin chamber is removed, and the media flow in 
the lower microchannel is activated to create an ALI (Fig. 1D), which 
generates a nutrient gradient from the lower media microchannel to the 
epidermis layer, aiding HEKs differentiation and maturation into a 
stratified epidermis. Furthermore, this multifunctional platform was 
used to create a human skin cancer model and to test targeting the 
cancer cells through transdermal drug delivery using MNs loaded with 
chemotherapy drugs (i.e., DOX) (Fig. 1E).

Fig. 1. Skin-on-a-chip setup and strategy with a thickness suitable for microneedling application and monitoring. (A) Schematic diagram of the 3D Skin-on- 
a-chip model set-up. (B) Photograph of a PDMS chip and porous membrane between skin and media chambers. (C) Schematic representation of the assembled skin- 
on-a-chip system. (D) Schematic showing the cross-sectional structure of the proposed skin model-on-a-chip platform. (E) Schematic showing the application of MNs 
for transdermal drug delivery to cancer cells in the skin cancer model-on-a-chip.
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3.2. Air-liquid interface culture for epidermal layers and cellular 
morphology characteristics

In this study, we biofabricated a 3D in vitro skin model to recapitulate 
the epidermal and dermal layers, crucial for mimicking the structure and 
function of native skin. HDFs were encapsulated within GelMA to 
compose the dermis layer on day 0, followed by the seeding of HEKs on 

the surface of the dermis layer on day 7. The transition from submerged 
culture to ALI on day 14 was intended to induce keratinocyte differen-
tiation, fostering the formation of a stratified epidermal layer (Fig. 2A 
and B).

Confocal microscopy coupled with immunofluorescence staining was 
utilized to assess cellular organization and marker expression over time. 
We observed a significant increase in cell density between days 10 and 

Fig. 2. Air-liquid interface culture for epidermal layers and cellular morphology characteristics. (A) Schematic diagram of ALI culture method for cultivating 
and differentiating keratinocytes to form a stratified epidermis. Representative confocal images of (B) the 3D dermal layer and (C) the epidermal layers on days 10 
and 14. Blue: Nucleus; Red: Actin; Green: α-SMA; Yellow: Pan-cytokeratin.
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14, as indicated by the increase in nuclear and actin staining across the 
matrix (Fig. 2C). The proliferation suggests an active cellular environ-
ment within the epidermal and dermal compartments of the model.

The differentiation and identity of fibroblasts and keratinocytes were 
specifically monitored using alpha-smooth muscle actin (a-SMA) and 
pan-cytokeratin (PCK) markers, respectively. a-SMA is a well- 
established marker for fibroblasts, particularly those transitioning to-
wards a myofibroblast phenotype, which plays a pivotal role in extra-
cellular matrix remodeling and wound healing. The consistent 
expression of a-SMA across the dermal layer indicates the maintenance 

of a fibroblast-rich environment within the model. PCK, a pan- 
cytokeratin marker, was employed to identify keratinocytes, the pri-
mary cell type of the epidermis. The increase in PCK signal from day 10 
to day 14 highlights the differentiation and proliferation of keratino-
cytes, critical steps in epidermal layer formation. The observed data 
suggest that the ALI culture effectively promotes the development of a 
stratified epidermis, akin to native skin architecture.

While the initial characterization using a-SMA and PCK provided 
valuable insights into fibroblast and keratinocyte dynamics within the 
model, further marker analysis would enhance the characterization of 

Fig. 3. Characteristics of dermal and epidermal layers with representative marker expression. (A) Timepoint of multi-layered skin model-on-a-chip formation 
based on dermal layer and epidermal layer fabrication: two different timepoints. (B) Characteristics of marker expression at different depths of epidermal and dermal 
layers. Representative confocal images and fluorescence intensities of (C and D) Filaggrin and Keratin 14 (epidermis markers), (E and F) Keratin 19 and 10 (epidermis 
markers), and (G and H) Collagen I and Fibronectin (dermis markers). I) Hematoxylin and eosin (H&E) staining of native human skin with stratified, cornified 
epidermis and papillary and reticular dermis and in vitro skin tissue biofabricated in hydrogel. Scale bars: 100 μm. (J) Relative ratio of marker expression changes 
across different layers of the epidermis (FLG: Filaggrin_Stratum corneum marker, K14: Keratin 14_Stratum basale marker, K10: Keratin 10_Stratum lucidum to 
spinosum marker).
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the in vitro skin model. Markers such as Filaggrin, Keratin 14, Keratin 19, 
and Keratin 10 would offer deeper insights into keratinocyte differen-
tiation states and stratification. Additionally, evaluating extracellular 
matrix components like Collagen I and Fibronectin would elucidate the 
structural integrity and matrix remodeling within the dermal layer. 
While a-SMA was used in this study to identify fibroblasts within the co- 
cultures and assess fibroblast activation, we acknowledge the impor-
tance of vimentin as a general marker for fibroblasts. Future studies will 
consider incorporating vimentin to provide a more comprehensive 
characterization of fibroblast phenotypes in our full-thickness skin 
model, ensuring a clearer distinction between activated fibroblasts and 
myofibroblasts.

3.3. Characteristics of dermal and epidermal layers with representative 
marker expression

Our model was fabricated according to the following timeline. First, 
a dermal layer with fibroblasts was printed and cultured for 7 days. On 
day 7 of the dermal layer, an epidermal layer with keratinocytes was 
fabricated and cultured for 21 days (28 days of total culture for fibro-
blasts). Dermal layer samples on days 1, 4, and 7, were stained for 
collagen I and fibronectin. Epidermal layer samples on days 7, 14, and 
21, were stained for filaggrin (FLG), keratin 10 (K10), keratin 14 (K14), 
and keratin 19 (K19) (Fig. 3A). The epidermis of the skin is composed of 
several distinct layers, each with specific functions and characteristics: 
the stratum basale, stratum spinosum, stratum granulosum, stratum 
lucidum, and stratum corneum (from bottom to top) (Fig. 3B). The 
stratum basale, located at the deepest layer, can indicate the activation 
and differentiation of basal layer cells through the expression of K14 and 
K19. The intermediate layers (stratum spinosum, stratum granulosum, 
and stratum lucidum) contribute to forming the skin’s protective barrier 
through cell maturation and functional changes, which can be 
confirmed through the expression of K10. The outermost layer, the 
stratum corneum, is a cornified layer composed of dead keratinocytes 
that have undergone terminal differentiation, which can be confirmed 
by the expression of FLG [50,53,54].

To evaluate the maturation and cornification of the epidermal layer, 
we conducted immunofluorescence staining of K10, K14, K19, and FLG 
for keratinocytes cultured on days 7, 14, and 21. Expression levels of 
K14 and K19 for cells in the basal layer of the epidermis increased over 
time (~2.17 and ~5.4-fold changes between day 1 and day 7, respec-
tively) (Fig. 3C and D). Similarly, keratinocytes showed increased levels 
of FLG in the terminal stratum corneum and K10 expression in the 
stratum granulosum increased over time (~1.18 and ~3.6-fold changes 
between day 1 and day 7, respectively) (Fig. 3E and F). The elevated 
expression of FLG indicates that the cornification process is progressing 
effectively [55]. It is well known that collagen I, primarily produced by 
fibroblasts, is a key component of the extracellular matrix (ECM) that 
provides the dermis with its physical strength and elasticity [56]. In 
addition, fibronectin binds to integrins on the cell surface to facilitate 
cell adhesion and interacts with collagen, elastin, and proteoglycans, 
forming a complex network in ECM [57–59].

To determine whether our dermal model is functioning properly in 
terms of physiological similarity and the ability to maintain cellular 
function compared to the native tissue, immunofluorescence staining of 
collagen I and fibronectin was performed. The expression levels of 
collagen I and fibronectin increased in the dermal layers from day 1 to 
day 7, although it was not significantly increased (~1.18 and ~1.11-fold 
changes between day 1 and day 7, respectively) (Fig. 3G and H). These 
results indicate that the synthesized ECM components effectively mimic 
the function of native dermal tissues, suggesting that ECM formation and 
tissue maturation have progressed over time [60,61]. Additionally, the 
increased levels of fibronectin expression could induce collagen 
contraction and contribute to ECM remodeling and wound closure [62].

To simultaneously evaluate the differentiation and activation of 
cells, we analyzed the expression ratios of specific markers (K14/FLG, 

K10/FLG, K10/K14) at the different epidermis layers. On day 21, the 
K14/FLG and K10/FLG ratios were 1.10 and 1.74, respectively, showing 
that the increase in FLG marker expression levels was much less 
compared to the increase in K10. This suggests that hyperplastic 
epidermis might not occur. Additionally, the increase in the K14/FLG 
and K10/FLG ratios on day 21 indicates that the activation of basal and 
granular layer cells may be more prominent compared to the degree of 
cornification on day 7 (Fig. 3J). We acknowledge that it may not visually 
appear as a fully stratified epidermis layer in the current fluorescence 
images. Nevertheless, our data, including markers for KC differentiation, 
indicate that the cells undergo the necessary processes to form a 
multilayered structure over time, mimicking the natural stratification of 
the epidermis and contributing to the formation of the epidermal layer.

The hematoxylin and Eosin (H&E) staining results demonstrate that 
the in vitro skin tissue closely resembles the structure and organization of 
native skin (Fig. 3I). The histological images reveal distinct epidermal 
and dermal layers, with organized keratinocyte layers in the epidermis 
and a densely populated dermal region containing fibroblast cells. 
Similar to findings reported in previous studies, our model replicates 
essential structural elements of native skin, supporting a layered, strat-
ified epidermis with differentiated basal, spinous, and granular cell 
layers that mirror native tissue architecture [63–65]. This formation is 
indicative of a functional skin barrier, which is a crucial aspect of 
effective in vitro models and their application in drug testing and skin 
research.

Moreover, the dermal layer’s composition, with fibroblasts dispersed 
within a matrix that mimics the extracellular environment, aligns with 
observations from other advanced skin models, which emphasize the 
importance of fibroblast-seeded dermal layers for producing collagen 
and promoting tissue stability [66–68]. This similarity to native skin 
tissue suggests that our in vitro model effectively mimics the physio-
logical conditions of native ECMs in the skin, offering a robust platform 
for simulating skin physiology and demonstrating high levels of 
epidermal maturation and differentiation. Such features enhance the 
relevance of our skin model for applications in drug delivery, biomate-
rial testing, and cosmetics.

3.4. Skin cancer-on-a-chip setup and highly metastatic melanoma

The development of in vitro skin cancer models is crucial for 
advancing our understanding of cancer biology and improving thera-
peutic strategies. These models provide a controlled environment to 
study tumor behavior, interactions with surrounding tissues, and the 
effectiveness of potential treatments. Specifically, melanoma is one of 
the deadliest forms of skin cancer, and creating accurate models that 
mimic its tumorigenic and metastatic properties is vital for preclinical 
research.

B16F10 murine melanoma cells (MCs) are extensively used as a skin 
cancer model due to their high tumorigenic and metastatic capabilities 
[69]. In this study, a layer of MCs was embedded approximately 400 μm 
below the epidermis surface, within the dermis layer (Fig. 4A). Before 
assessing the effectiveness of localized drug delivery using DOX-loaded 
GelMA MNs, the viability of cells within the skin cancer model was 
evaluated (Fig. 4B). Notably, it was observed that the nutrient gradient 
from the internal vascular networks, enhanced by perfusion, signifi-
cantly promoted the invasion of MCs (labeled with a blue cell tracker 
CellTracker™ Blue CMAC) toward the media flow in the lower micro-
channel (Fig. 4C). Additionally, under the ALI, a considerable number of 
both live and dead HEKs were present in the epidermis layer, while the 
viability of HDFs and MCs in the dermis layer remained largely 
unaffected.

3.5. Characteristics of DOX-loaded MNs and transdermal microneedling 
test targeting melanoma region

For delivering anti-cancer drugs to the skin cancer model, a GelMA 
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MN patch was prepared as previously reported by Luo et al. [70]. Briefly, 
GelMA prepolymer solutions containing DOX were filled into a MN mold 
and crosslinked by UV radiation before solidification by drying at room 
temperature. The MNs with sharp tips (200 × 200 μm base, 500 μm 
spacing, and 800 μm height) were uniform in shape and size and 
homogenously loaded with DOX as shown with fluorescence imaging of 
DOX (Fig. 5A).

To optimize the crosslinking time for MN fabrication, the mechanical 
strength against compression was measured for each MN of different 
crosslinking times (30, 60, and 180 s) (Fig. 5B). The slope of the 
displacement-load curve (compressive modulus/cross-sectional area) 
increased as the crosslinking time increased (Fig. 5C). The release pro-
files of DOX-loaded GelMA MNs displayed a similar tendency in time- 
dependent release and MNs with higher drug amounts showed a 
higher amount of DOX release (Fig. 5D).

To prove that MNs could penetrate the proposed skin model and 
reach the embedded skin cancer cell layer, the insertion of drug-free 
GelMA MNs was monitored with blue tracker-labeled MCs (Fig. 5E). 
Microindentation including uneven surfaces, and a puncture caused by 
MNs in the cancer layer were observed (Fig. 5F). Then, DOX-loaded MNs 
were patched to the skin cancer model. Uniform penetration of MNs into 
the model at ~600 μm depth was observed, indicating that the MNs can 
reach the MC layer for localized drug delivery (Fig. 5G). We employed 
the MN technique because there is no in vitro skin model to demonstrate 
the possibility of drug delivery to localized cancer cells using MNs. We 
embedded the MCs in the dermis layer (in a depth of ~0.5 mm from the 
surface) because in general epidermis layer thickness of human skin 
ranges from ~0.5 mm (thinnest, like eyelids) to ~1.5 mm (thickest). 
Since MCs located in epidermis layers are known to invade through the 
papillary dermis, we tried to target invading MCs using drug-loaded 
MNs in this study.

3.6. Transdermal drug delivery via MNs to localized cancer cells

To evaluate the efficacy of microneedling for skin cancer treatment, 
three conditions were tested in our melanoma skin model (Fig. 6). In 
condition (A), DOX was introduced through the media channel at a 
concentration of 3.33 μg/mL (in a total of 3 mL) for 24 h to mimic 
systemic administration levels. This concentration aligns with a 

localized treatment approach while remaining lower than typical blood 
concentrations seen after intravenous infusion (approximately 22.95 
μg/mL) [71]. Cell death induced by DOX was visualized with EthD-1 
staining, revealing a gradient of cell death from the lower micro-
channel to the upper skin layers. This resulted in minimal MC death, 
indicating that systemic-like delivery through media channels has 
limited efficacy in targeting the MCs directly.

Next, MNs were tested under two conditions: (B) as a control (DOX- 
free MNs) and (C) with DOX-loaded MNs at a loading of 300 μg/mL 
GelMA, equivalent to a controlled release of approximately 10 μg of DOX 
(or 3.33 μg/mL in the system containing 3 mL of media). The MNs were 
inserted for 24 h before removal, and EthD-1 staining showed significant 
cell death localized to MCs in the epidermal layer when DOX-loaded 
MNs were used. In contrast, DOX-free MNs caused minimal cell death, 
highlighting the advantage of DOX delivery via MNs. The localized ef-
fect of DOX-loaded MNs produced a clear radial pattern of cell death 
emanating from each needle site, effectively concentrating cytotoxic 
effects on MCs. Consequently, this targeting approach with MNs offers 
more efficient tumor cell death than traditional systemic-like delivery 
through the media channel. This reinforces the potential of MNs as a 
precise, localized delivery system for skin cancer treatment, as shown in 
Fig. 6A–C.

These results using the proposed reliable and scalable skin-on-a-chip 
platform are comparable to outcomes from in vivo animal studies using 
MN techniques [72,73]. Furthermore, the skin-on-a-chip platform in this 
study may apply to in vitro skin models (with/without diseases) for 
various therapeutic or cosmetic developments and may eventually 
replace an animal model. To further expand and validate the current 
model compared to animal model, future investigations incorporating 
important components in native skin tissues, such as hypodermis, ap-
pendages, pigmentation, sweat glands, immune cells, and various me-
chanical signals that control tumor development and function may be 
required. With these more complicated functionalities and structures of 
the skin, a better model recapitulating the native behaviors of skin tis-
sues for realizing personalized medicine could be achieved. To demon-
strate the multifunctionality of our proposed model, we developed a skin 
cancer model that shows how MNs can deliver drugs directly to localized 
cancer cells.

This study focuses on the development and validation of a full- 

Fig. 4. Skin cancer-on-a-chip setup and highly metastatic melanoma. (A) Schematic diagram of skin cancer model-on-a-chip fabrication: addition of a skin 
cancer layer in the dermal layer. (B) Representative cross-sectional live/dead images of the 3D skin cancer model-on-a-chip after 24 h of ALI culturing. Invasion of 
melanoma cells (blue) directed to the media microchannel direction was observed. Scale bars: 200 μm. C) Representative 3D image from MCs within the 3D in vitro 
skin model.
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thickness skin-on-a-chip platform, designed to simulate human skin for 
therapeutic testing. The application of DOX-loaded MNs is included as a 
proof-of-concept to showcase the model’s versatility in evaluating drug 
delivery systems. While exploring microneedle-mediated dermal effects 
is beyond the scope of this manuscript, the microneedle experiments 
highlight the potential of this platform for future investigations. How-
ever, MN-mediated drug delivery has been extensively studied in prior 
research, which reports minimal dermal damage under optimized con-
ditions. For instance, a previous review demonstrated that MNs achieve 
localized drug delivery with negligible disruption to surrounding cells 
[74]. Similarly, careful control of MN depth and spacing minimizes 
dermal cell death while ensuring therapeutic efficacy [48,75]. These 
findings provide a strong basis for the assumption that microneedle 
application in our system would cause minimal disruption to dermal 
tissues under optimized conditions. Nevertheless, future studies should 
include quantitative assessments of dermal cell viability, such as live/-
dead assays and apoptosis marker evaluations, to further elucidate the 
safety of microneedle-mediated drug delivery. These evaluations would 
provide additional insights into the potential side effects and optimize 
the design of microneedles for broader therapeutic applications.

4. Conclusion

Our study successfully developed and applied a skin/skin cancer 
model-on-a-chip platform that closely mimics in vivo skin structures and 
functions through advanced bioprinting and bioengineering techniques. 
This platform enabled the creation of vascular, dermal, and epidermal 
layers, and the establishment of a melanoma model within the dermal 
layer. Our findings demonstrated that drug delivery using 
chemotherapeutic-loaded MNs significantly enhances targeting preci-
sion and treatment efficacy for skin cancer compared to traditional 
bloodstream-based methods. This innovative model offers a robust and 
scalable alternative to animal models, providing a reliable tool for 
studying disease mechanisms and evaluating therapeutic interventions, 
with potential applications in both medical and cosmetic fields. Future 
research should focus on integrating additional native skin components 
and mechanical signals to improve the model’s relevance and func-
tionality, ultimately advancing personalized medicine.
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