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Abstract
Keloids  are  pathological  scars  characterized  by  abnormal  fibroblast  activation  and
excessive  extracellular  matrix  (ECM)  deposition  during  wound  healing,  resulting  in
persistent  fibrotic  remodeling.  Effective  in  vitro  models  with  both  biomimicry  and
reproducibility remain lacking. Here, we established a membrane-based microfluidic skin-
on-chip  (SoC)  platform  supporting  a  three-dimensional  full-thickness  skin  model.  By
integrating  patient-derived  keloid  fibroblasts,  tunable  ECM  stiffness,  and  transforming
growth factor-beta 1 (TGF-β1) stimulation, we developed a keloid-like fibrotic SoC model.
The  platform  incorporated  a  high-stiffness  hydrogel  matrix  to  mimic  the  pathological
mechanical properties associated with keloid fibrosis. The engineered model reproduced
several  key  keloid-associated  fibrotic  characteristics,  including  increased  collagen
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deposition,  enhanced  α-smooth  muscle  actin  expression,  elevated  type  I/III  collagen  ratio,  and  fibrosis-related
transcriptional  changes.  Drug  evaluation  further  demonstrated  that  nintedanib  and  5-fluorouracil  attenuated
fibrosis-related phenotypes and reduced profibrotic gene expression. In summary, we present an engineered keloid-
like fibrotic SoC platform that integrates pathological mechanical and biochemical cues, providing an engineered
platform for investigating keloid-associated fibrotic remodeling and evaluating potential antifibrotic interventions.

INTRODUCTION
Pathological scars represent aberrant tissue responses characterized by excessive proliferation or abnormal

repair during wound healing. Elucidating their formation mechanisms is of great significance for

understanding the regulatory principles of wound repair. Keloids, the most extreme form of pathological

scarring, are defined by persistent growth beyond the original wound boundary and exhibit tumor-like

invasive biological behavior. Within keloid tissue, fibroblasts display hyperproliferation and markedly

elevated collagen synthesis compared with normal dermal fibroblasts, leading to disorganized collagen fiber

deposition and the formation of hard nodular or plaque-like structures
[1]

. Such pathological alterations not

only cause severe cosmetic disfigurement but are often accompanied by pain, pruritus, and other local

discomforts, profoundly affecting patients’ quality of life and psychological well-being. The pathogenesis of

keloids is highly complex, involving aberrant fibroblast activation, dysregulation of cytokine networks [e.g.,

hyperactivation of the transforming growth factor-beta (TGF-β)/Smad signaling pathway], and disturbances

in the immune microenvironment
[2-4]

. Current therapeutic strategies remain inconsistent, are associated with

high recurrence rates, and lack effective interventions. Therefore, in-depth investigation of the cellular

composition and molecular mechanisms of keloids is urgently required to provide key theoretical support for

targeted regulation of impaired wound repair.

A major bottleneck in both fundamental research and drug development for wound healing lies in the lack of

effective pathological scar models. As shown in Supplementary Table 1, existing keloid research models

include patient-derived tissue samples, animal models, and in vitro cell-based systems of varying complexity.

In in vivo studies, histopathological sections and single-cell sequencing of patient samples can faithfully

reflect keloid characteristics, such as excessive collagen deposition, aberrant fibroblast activation, and altered

cytokine expression
[5,6]

. Animal models, including nude mice, rats, rabbits, and pigs, have been employed to

mimic keloid formation through surgical intervention, pharmacological induction, or pathological tissue

transplantation. However, interspecies differences in skin structure and physiology result in fundamental

discrepancies in wound healing and scar formation compared with humans, thereby limiting their

translational value
[7,8]

. In vitro models primarily rely on patient-derived cell cultures, including monocultures

of keloid fibroblasts or keratinocytes, as well as co-culture systems in both 2D and more sophisticated 3D

formats. For instance, fibroblast cultures derived from keloid tissue exhibit key pathological features such as

elevated collagen synthesis, enhanced extracellular matrix (ECM) deposition, an increased type I/III collagen

ratio, and reduced procollagen degradation
[9]

. Lim et al. employed a transwell co-culture system to

demonstrate that keratinocytes can promote keloid fibroblast proliferation via paracrine signaling
[10]

.

Moreover, 3D engineered dermal models have been constructed using fibroblasts embedded within scaffolds

composed of type I collagen, polyethylene glycol diacrylate, Matrigel, or Matriderm, recapitulating tissue-like

architecture. When keratinocytes are added to such dermal constructs, full-thickness 3D keloid models

comprising both dermis and epidermis can be established
[11,12]

. Alternatively, spheroid-based models

generated from homogenized keloid tissue preserve the cellular composition but lack organized tissue

structure
[13,14]

.

In recent years, the development of organ-on-chip technology has greatly advanced the fidelity of in vitro 3D

organotypic models. Microfluidic platforms allow simulation of tissue-specific fluidic dynamics, thereby

reproducing physiological and pathological features at the organ level with high fidelity
[15,16]

. Skin-on-chip

                                                                                               

https://file.oaecenter.com/published/pdf/8d568c94413894ef9794d0ce1dcbc595/1794474358/ss60155-SupplementaryMaterials.pdf


Si et al. Soft Sci. 2026, 6, 103 Page 3 of 24

(SoC) systems, as functional 3D microfluidic skin models, have been successfully applied to disease modeling

and drug testing
[17,18]

, such as atopic dermatitis
[19]

, herpes simplex virus (HSV) infection
[20]

, and others.

However, their application to keloid modeling remains considerably limited. Keloids represent an aberrant

fibroproliferative wound healing response strongly associated with skin fibrosis. While fibroblasts are the

primary effectors in this process, other cell types such as dermal endothelial cells, epidermal keratinocytes,

subcutaneous adipocytes, macrophages and so on also contribute to keloid pathogenesis. Furthermore, in the

construction strategy of fibrotic chip models, key fibrotic features such as ECM deposition and remodeling,

inflammatory microenvironment, mechanical stimulation, and dysregulated vascularization have also been

prioritized as essential design parameters
[21]

. Accordingly, attempts have been made to recapitulate skin

fibrotic phenotypes using microfluidic chip platforms. By seeding fibroblasts within chitosan–collagen

hydrogels and exposing them to TGF-β stimulation, the models exhibited characteristic fibrotic features and

enabled high-throughput screening of anti-scarring compounds
[22]

. With respect to cellular crosstalk, non-

contact fibroblast–macrophage coculture SoCs have been employed to study macrophage contributions to

wound healing
[23]

. More advanced models incorporating fibroblasts, endothelial cells, and macrophages

under tumor necrosis factor-alpha (TNF-α) stimulation have recapitulated the inflammatory wound

microenvironment for anti-inflammatory evaluation
[24]

. In another study, co-integration of fibroblasts,

endothelial cells, and keratinocytes under TGF-β stimulation with physiological perfusion pressure

successfully reproduced key pathological features of systemic sclerosis-associated fibrosis
[25]

. However, these

systems remain limited to multicellular coculture under fluidic conditions without recapitulating organized

3D tissue architecture. To overcome these constraints, a vascularized SoC model integrating organ-on-chip

and 3D printing technologies has been reported, featuring robust barrier function and enabling laser-

induced wound healing studies
[26]

. Separately, an edgeless SoC platform built around 3D-printed scaffolds

mimics the continuous geometry of human skin and recreates near-physiological mechanical equilibrium in

vitro
[27]

. Collectively, these studies underscore the promise of biomimetic SoC platforms for wound healing

and scar research. Nevertheless, to the best of our knowledge, no SoC simultaneously integrates pathological

matrix mechanics, organized full-thickness skin architecture, and patient-derived keloid cells within a

dynamically cultured platform, which remains a key challenge in developing more pathologically relevant

keloid models.

In this study, we developed a full-thickness SoC model using a membrane-based microfluidic device, which

recapitulates dermal and epidermal structures with epidermal stratification and differentiation. To mimic the

pathological microenvironment of keloids, we engineered a disease-specific SoC model by incorporating

stiffened hydrogel matrices to simulate the aberrant ECM mechanics and by applying TGF-β1 stimulation to

induce fibroblast differentiation. This platform also integrated patient keloid primary cells and dynamic

microfluidic culture, reproduced selected keloid-associated fibrotic features and was subsequently employed

for drug testing. As a proof of concept, we evaluated the effects of the antifibrotic agent nintedanib and the

clinically used keloid therapy 5-fluorouracil (5-FU) at both phenotypic and transcriptional levels. The results

demonstrate that our model provides a platform for studying keloid-associated fibrotic remodeling and

proof-of-concept therapeutic evaluation.

EXPERIMENTAL
Fabrication of soft and stiff cell-scaffold composite hydrogels

Sodium alginate  (SA,  Cat#  9005-38-3) ,  trehalose  (Cat#  90210) ,  and  l i thium phenyl-2,4 ,6-

trimethylbenzoylphosphinate (LAP, Cat# 900889) were purchased from Sigma-Aldrich. The synthesis of

gelatin methacryloyl (GelMA) is the same as reported before
[28]

. First, LAP (1 wt%) was dissolved in

phosphate buffer [1× phosphate-buffered saline (PBS), Solarbio, Cat# P1020] and stirred at 50 °C for 30 min.

For every 1 mL progenitor solution of soft hydrogel, 0.05 g GelMA (65% ± 0.4% substitution degree) and

0.005 g SA were added. For every 1 mL progenitor solution of hard hydrogel, 0.05 g GelMA, 0.005 g SA, and
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0.01 g trehalose were added. Then, the progenitor solution was filtered with a 0.22 μm pore size filter and

mixed with keloid fibroblast cells. Finally, the progenitor solution with keloid fibroblast cells was added into

the Transwell insert (Corning, Cat# 3470) and exposed to 365 nm ultraviolet (UV) light for 30 s before being

transferred into 24-well plates with Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Cat# 11965)

containing 200 mg·L
-1
 Calcium chloride medium to complete the dual-network gelation for 30 min and start

the co-culture process.

Microstructure characterization of hydrogel

The mechanically tunable hydrogels were first immersed in liquid nitrogen for 5 min before being subjected

to freeze-drying treatment at -80 °C for 72 h. Their microstructure was then characterized by scanning

electron microscopy (SEM; Quanta FEG 250, FEI, Netherlands) at an acceleration voltage of 5 kV.

Mechanical characterization of keloid tissue and hydrogel

For the nominal stress-stretch curves, all hydrogel specimens are made into 4 mm wide, 2 mm thick, and

25 mm long rectangular parallelepipeds. The ex vivo surgical samples were trimmed into dumbbell shapes

measuring 4 mm in width, 2 mm in thickness, and 25 mm in length. At least three independent

measurements were prepared for all test conditions. The tensile tests were performed to fracture using a test

machine (ZwickiLine, ZwickRoell, Germany) at a strain rate of 0.1 s
-1

 at room temperature (25 °C). The

nominal stress was evaluated by dividing the applied load by the initial cross-sectional area of the sample,

and the stretch was computed by dividing the deformed length by the initial length. For rheological tests,

specimens were made into 20 mm diameter and 5 mm thick cylinders. Rheological tests were performed on a

TA instrument with plate geometry sensor (DHR-2, TA, UK). Machine readings and corresponding time

points were recorded during deformation from 0% to 100% strain. Stress (Pa) vs. strain (%) scatter plots were

generated using GraphPad Prism, followed by simple linear regression. The slope of the fitted line was taken

as the elastic modulus.

Cell viability and live/dead assay

Fibroblast viability on days 1, 4, 8, and 27 was assessed using the Alamar Blue (Invitrogen, Cat# DAL1025)

and Live/Dead Cell Imaging Kit (Invitrogen, Cat# R37601).

Alamar Blue was added aseptically at 10% of the medium volume, and samples were incubated for 4 h in a

CO
2
 incubator (Thermo Fisher Scientific, Heracell 240i, USA). Absorbance was measured at 570 and 600 nm,

and cell viability (CV) was calculated using:

where E
1
 and E

2
 are the molar extinction coefficients of oxidized Alamar Blue at 570 nm and 600 nm, A

1
 and

A
2
 are the sample absorbance at 570 and 600 nm, and B

1
 and B

2
 are the absorbance of the control at the

respective wavelengths.

As  for  the  l ive/dead  assay,  samples  were  incubated  with  the  staining  solut ion  [Calcein

AM/iodide:DMEM/10% fetal bovine serum (FBS) = 1:1] for 15 min, followed by three washes with PBS.

Fluorescence imaging was performed using an inverted microscope (IX-83, Olympus, Japan) with

excitation/emission wavelengths of 488/515 nm for live (green) cells and 570/602 nm for dead (red) cells. At

least three technical replicates were prepared in accordance with the cell viability assay.

𝐶𝑉 (%) = (𝐸2 × 𝐴1) − (𝐸1 × 𝐴2)
(𝐸2 × 𝐵1) − (𝐸1 × 𝐵2)

× 100 (1)
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Tissue sample acquisition and skin primary cell culture

Written informed consent was obtained from all participants prior to surgical specimen collection. Human

skin tissue collection and primary cell isolation were approved by the Institutional Review Board of Plastic

Surgery Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College under Approval

No. 120 (2023). The subsequent keloid organ-on-a-chip study was approved under Approval No. 183 (2025).

All procedures were conducted in accordance with the Declaration of Helsinki.

Keloid tissue and normal control skin specimens were obtained from one donor per condition at the Plastic

Surgery Hospital. Detailed donor characteristics and tissue sources are provided in Supplementary Table 2.

Subcutaneous layers were mechanically removed, and primary skin cells were isolated as previously

described
[29,30]

. Keratinocytes were dissociated via 0.25% (w·v
-1

) trypsin (Gibco, Cat# 25200056) digestion at

4 °C overnight, centrifuged (200 × g, 5 min), and cultured in DMEM/F12 (3:1) (DMEM, Gibco, Cat# 11965;

Ham’s F-12, Gibco, Cat# 11765-054) medium containing 10% bovine pituitary extract (BPE, Gibco, Cat#

13028-014), 10 ng·mL
-1
 epidermal growth factor (EGF, Gibco, Cat# PHG0311), 0.4 μg·mL

-1
 hydrocortisone

(Sigma-Aldrich, Cat# H0888), 24.3 μg·mL
-1
 adenine (Sigma-Aldrich, Cat# A8626), 5 μg mL

-1
 insulin (Sigma-

Aldrich, Cat# I1882), 1.3 ng·mL
-1

 triiodothyronine (Sigma-Aldrich, Cat# T2752), 5 μg·mL
-1

 transferrin

(Sigma-Aldrich, Cat# T0665), and 1% penicillin-streptomycin (Gibco, Cat# 15140148). Residual dermal

tissue was minced into 1 mm
3
 fragments, transferred to 60 mm culture dishes pre-coated with FBS (Gibco,

Cat# 10437028), and cultured in complete DMEM medium (HyClone, Cat# SH30243.01). After 7 days, tissue

fragments were removed, and adherent cells were expanded until reaching 70%-80% confluence

(approximately 7 additional days). Primary keratinocytes and fibroblasts were maintained and expanded

(37 °C, 5% CO
2
). Cells between passages 4-6 were utilized for subsequent experiments.

Construction of full-thickness skin models and growth factor induction

In the SoC, full-thickness skin models were established using primary dermal cells derived from both normal

and keloid tissues. The dermal layer was constructed by embedding fibroblasts in a dual-network hydrogel

matrix. After 4 days of submerged culture, keratinocyte suspension was seeded onto the stabilized dermal

equivalent. The bilayer constructs were maintained in proliferation medium for 2 days before being raised to

the air-liquid interface (ALI) to initiate epidermal differentiation. The models were maintained at the ALI

until Day 17 to allow epidermal stratification and cornification.

For growth factor stimulation, mature full-thickness models were randomly allocated into four groups, each

receiving treatment as follows: (1) TGF-β1-treated group: 10 ng·mL
-1

 recombinant human TGF-β1 (R&D

Systems, Cat# 7754-BH); (2) Control group: Vehicle control; (3) Nintedanib treatment group: 10 ng·mL
-1

TGF-β + 5.4 μg·mL
-1

 nintedanib (Selleck, Cat# S1010); (4) 5-FU treatment group: 10 ng·mL
-1

 TGF-β +

6.5 μg·mL
-1
 5-FU (MCE, Cat# HY-90006). Nintedanib

[31]
 and 5-FU

[32]
 were selected based on concentrations

previously reported in relevant in vitro studies. Then, the models were subjected to 72 h of dynamic

induction in the shaking machine (Avatarget, Jiangsu, China) at 37 °C and 5% CO
2
 (rocking at 7° every

30 min).

Histological, immunohistochemical, and immunofluorescence analysis

The collected 3D skin equivalents, keloid, and normal skin tissue samples were fixed in 4% paraformaldehyde

(Biosharp, Cat# BL539A) and then embedded in paraffin for hematoxylin and eosin (H&E) staining,

Masson’s staining, immunohistochemistry (IHC), and immunofluorescence (IF) staining. At least three

technical replicates were prepared for each group. H&E (Beyotime, Cat# C0105S) and Masson’s staining

(Beyotime, Cat# C0189S) were performed according to standard histological protocols. The bright-field

images were captured for general analysis of morphological architecture, and histological features were

measured with Caseviewer software (2.4.0.119028).

https://file.oaecenter.com/published/pdf/8d568c94413894ef9794d0ce1dcbc595/1794474358/ss60155-SupplementaryMaterials.pdf
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For IHC and IF, samples were incubated overnight at 4 °C with primary antibodies, including anti-α-SMA

(anti-α-smooth muscle actin; 1:200, Abcam, Cat# ab7817), anti-pro-COL I (1:600, Sigma-Aldrich, Cat#

Mab1912), anti-COL III (1:200, Abcam, Cat# ab7778), anti-keratin 14 (CK14, 1:200, Abcam, Cat# ab7800),

anti-keratin 10 (CK10, 1:200, Abcam, Cat# ab76318), anti-vimentin (1:200, Invitrogen, Cat# 14-9897-82),

anti-filaggrin (1:200, Abcam, Cat# ab178435) and anti-Ki67 (1:200, Abcam, Cat# ab16667), followed by

incubation with the secondary antibody (Alexa Fluor 488 Goat Anti-Rabbit/Mouse IgG H&L Cat#

ab150077/ab150117 and Alexa Fluor 546 Goat Anti-Rabbit/Mouse IgG H&L, Abcam, Cat# ab6939/ab97035)

at room temperature for 1 h. IHC sections were visualized with 3,3'-diaminobenzidine (DAB) peroxidase

substrate (Servicebio, Cat# G1212) and counterstained with hematoxylin (Servicebio, Cat# G1004). Where

indicated, nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific,

Cat# D1306). Fluorescence images were captured using an Annoramic MIDI Digital Slide Scanner

(3DHISTECH, Hungary) and analyzed using ImageJ software (1.54d). Image acquisition and quantification

were performed under standardized conditions to minimize technical variability. All fluorescence images

were captured using identical exposure parameters. For quantitative analysis, ImageJ software was applied

with uniform threshold and background subtraction settings across all samples.

The pro-Col I/Col III ratio was calculated as the integrated density of pro-Col I divided by that of Col III

within the corresponding analyzed region and was used as a semiquantitative parameter rather than an

absolute molar or mass ratio.

Enzyme-linked immunosorbent assay

After stimulating the mature full-thickness skin model with TGF-β, the samples were further cultured for

72 h at 37 °C and 5% CO
2
. The culture medium was replaced on day 1 and day 3 post-TGF-β stimulation,

and the supernatants were collected. The collected supernatants were centrifuged at 3,000 × g for 10 min to

remove particulates, then the two batches of supernatants were combined and stored at -80 °C. Prior to

enzyme-linked immunosorbent assay (ELISA) analysis, the samples were thawed at room temperature.

According to the instructions provided by Jiangsu Jingmei Biotechnology Co., Ltd., ELISA kits were used to

quantify the following cytokines: interleukin-1 alpha (IL-1α, Cat# JM-03211H1), interleukin-1 beta (IL-1β,

Cat# JM-03336H1), interleukin-6 (IL-6, Cat# JM-03204H1), interleukin-8 (IL-8, Cat# JM-04713H2), TNF-α
(Cat# JM-03277H1) and vascular endothelial growth factor A (VEGF-A, Cat# JM-0820H1). At least three

technical replicates were prepared for all assays. The procedure involved adding 50 µL of standards or

samples into microplates pre-coated with specific antibodies, followed by incubation with horseradish

peroxidase (HRP)-conjugated detection antibodies provided in the kits. Color development was induced by

3,3′,5,5′-Tetramethylbenzidine (TMB) substrate (supplied in the kits), and absorbance was measured at

450 nm using a Multiskan FC microplate reader (Thermo Fisher Scientific, 51119100, Finland). Cytokine

concentrations were calculated by comparing sample optical density (OD) values against the standard curve

(X-axis: standard concentration; Y-axis: OD value).

Sequencing and analysis

Tissue constructs were snap-frozen in liquid nitrogen for RNA sequencing. Total RNA was extracted from

full-thickness skin models (three independent experiments were performed for each group) using the Quick-

RNA MicroPrep Kit (Zymo Research, Cat# R1050) according to the manufacturer’s protocol. For RNA-seq

analysis of the engineered models, control and keloid models were generated using cells from one normal

control donor and one keloid patient, respectively, with three independently prepared model samples

analyzed for each condition. RNA quantity and quality were evaluated using a Qubit 4.0 Fluorometer

(Invitrogen, USA) and an Agilent 2100 Bioanalyzer (Agilent Technologies, USA), respectively. RNA-seq

libraries were constructed with the VAHTS Stranded mRNA-seq Library Prep Kit for Illumina (Vazyme

Biotech, Cat# NR601) and sequenced on the NovaSeq 6000 platform (Illumina, USA), producing 150 base
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pair paired-end reads. Sequence reads from the full-thickness skin models underwent quality control and

trimming with Fastp (v0.23.2). The trimmed reads were aligned to the human reference genome GRCh38

(GENCODE Release 47, GRCh38.p14) using HISAT2 (v2.2.1). Gene expression levels were quantified by

counting reads per gene with StringTie (v2.2.1). Differential expression analysis was conducted using the

DEGseq (1.58.0) R package. For comparison with human keloid tissues, publicly available RNA-seq data

from normal skin and keloid tissues were retrieved from the Gene Expression Omnibus (GEO) database

under accession number GSE237752 and used as an external reference. Differential expression analysis of

RNA-seq data was performed using DESeq2 (1.44.0). Gene expression differences were modeled based on

the negative binomial distribution implemented in DESeq2 (1.44.0). Multiple testing correction was

performed using the Benjamini–Hochberg method to control the false discovery rate (FDR). Genes with an

adjusted P-value (padj) <​ 0.05 and an absolute log
2
 fold change (|log

2
FC|) ≥ 1 were considered significantly

differentially expressed genes (DEGs). Following the identification of DEGs, pathway enrichment analysis

was carried out using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database to pinpoint relevant

signaling pathways. Additionally, Gene Ontology (GO) enrichment analysis was performed to classify DEGs

into biological processes (BPs), cellular components (CCs), and molecular functions (MFs). All genes were

ranked based on their differential expression statistics, and Gene Set Enrichment Analysis (GSEA) was

conducted using gene sets from the Molecular Signatures Database (MSigDB).

Statistical analysis

Given the exploratory nature of this study and the practical constraints of fabricating full-thickness SoC

models, a sample size of at least three replicates was predetermined for each condition. Intergroup

differences were evaluated by Student’s t-test (two groups) or one-way analysis of variance (ANOVA; three

or more groups) with Tukey’s multiple comparisons test. All data are presented as mean ± standard deviation

(SD). All statistical analyses were performed using GraphPad Prism 9.5 software with a 95% confidence

interval. The specific type of replicate (technical replicate, biological replicate, or independent experiment)

for each dataset is indicated in the corresponding figure legend and Methods section. Statistical significance

was set at P <​ 0.05.

RESULTS AND DISCUSSION
Construction and dynamic culture of a full-thickness SoC platform for modeling keloid-like fibrotic
features

The experimental procedure is illustrated in Figure 1A. Primary skin samples were obtained from surgical

tissues with informed consent. After enzymatic digestion and processing, normal human keratinocytes and

dermal fibroblasts, as well as keratinocytes and fibroblasts derived from keloid tissues, were isolated and

cultured separately. After expansion in monolayer culture, these cells were incorporated into dermal gel

matrices to reconstruct the dermal equivalents. Notably, keloid-derived fibroblasts were mixed with a stiffer

hydrogel to mimic the fibrotic microenvironment of keloid tissue and reconstruct a pathological dermal

layer. Following 4 days of dermal layer formation and stabilization, keratinocytes were seeded on top to form

the epidermal layer. After 2 days of submerged culture to allow cell attachment and proliferation, the

constructs were exposed to the air–liquid interface to induce epidermal differentiation and stratification (as

shown in Figure 1B).

On Day 17, the full-thickness models were transferred to the shaking machine for dynamic cultivation.

Experimental groups were treated with specific reagents according to the study design. The constructs were

then cultured under rocking conditions (7° every 30 min) for 72 h to enable dynamic medium circulation

during treatment.
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Figure 1. Design of a full-thickness SoC platform and tissue construction. (A) Schematic of experimental design. Primary keratinocytes and
fibroblasts were isolated from normal and keloid donors. Fibroblasts were mixed with dermal hydrogels; stiffer gels were used for keloid-
like models. After dermal maturation, keratinocytes were seeded. TGF-β induction generated full-thickness normal and keloid-like models;
(B) Workflow of full-thickness model constructed in SoC. Keratinocytes were seeded on day 4. After 2 days of submerged culture, the
air–liquid interface culture was continued. On day 17, the inducing factor was added to the SoC, and dynamic cultivation was continued for
72 h. Created with B ​i ​o ​R ​e ​n ​d ​e ​r ​. ​c ​o ​m ​; (C) Exploded chip view. Box: single unit; arrows: 3D reconstruction of cultured model; (D) An actual
photograph of the assembled chip; (E) Chip under dynamic culture on a shaking machine. (D) and (E), author’s original photographs. SoC:
Skin-on-chip; TGF-β: transforming growth factor-beta.

The structure of the chip is shown in the exploded view of Figure 1C. It consists of four parts arranged from

top to bottom: the cover, insert, reservoir plate, and baseplate. Each chip contains six repeating units and can

cultivate six biological models. Each unit features a three-hole series structure. The middle hole holds the

insert, and the porous membrane of the insert separates the hole into upper and lower parts. The two side

holes serve as medium reservoirs that connect to the lower parts of the middle hole via microchannels.

Figure 1D presents the complete physical appearance of the chip. Figure 1E illustrates the process of dynamic

cultivation. The chip is placed on a shaking machine (Avatarget, Jiangsu, China) with culture medium added
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to the side holes. The fluid in the side holes can create a height difference, causing the medium to flow back

and forth under gravity, thereby enabling dynamic cultivation and nutrient exchange for the biological

models. The fluid parameters required for model construction can be obtained through the parameter

settings of the shaking machine.

Pathological morphology and gene expression differences between keloid and normal skin tissues

Histological and gene expression analyses were performed on keloid and normal skin tissues. H&E staining

showed that the normal skin exhibited an intact epidermal structure with orderly arranged cells. Fibroblasts

were evenly distributed within the dermis, and collagen fibers were loosely arranged in parallel bundles. In

contrast, the keloid tissue displayed a slightly thickened epidermis, a significantly increased number of

fibroblasts in the dermis, and a markedly elevated collagen content. The collagen fibers were disorganized,

forming numerous thick, interwoven bundles. Masson’s trichrome staining further demonstrated a

pronounced increase in dermal staining intensity in keloid tissue, indicating significantly elevated collagen

deposition and disordered fiber arrangement [Figure 2A].

To provide a human tissue reference for the transcriptomic characterization of the engineered model, we

further analyzed the publicly available RNA-seq dataset GSE237752 containing normal skin and keloid

tissues. Gene expression profiling was performed on both groups of samples. Comparative analysis revealed

a total of 17,989 genes detected in both keloid and normal skin tissues [Figure 2B]. KEGG pathway

enrichment indicated aberrant activation of pathways such as PI3K-Akt signaling and cytokine–cytokine

receptor interaction in keloid tissue compared with normal skin [Figure 2C]. GO enrichment analysis

showed significant clustering in terms associated with BPs, CCs, and MFs, including ECM organization,

collagen-containing ECM, and collagen binding [Figure 2D]. Differential expression analysis identified 2,745

DEGs, of which 1,466 genes were significantly upregulated and 1,279 were significantly downregulated in

keloid tissue [Figure 2E]. GSEA further demonstrated marked upregulation of ECM organization [Figure

2F(1)] and significant enrichment of the TGF-β signaling pathway and ECM–receptor interaction [Figure

2F(2) and (3)], indicating abnormal TGF-β signaling and ECM remodeling in keloid tissue.

Characterization of the mechanical properties of normal skin and keloid tissue for hydrogel design

To construct a 3D hydrogel–skin tissue culture model, a GelMA/SA dual-network hydrogel system was

employed [Figure 3A], which was prepared by UV light curing for 30 s followed by immersion in calcium

chloride solution [Figure 3B]. To mimic the increased stiffness characteristic of keloid tissue, trehalose was

further incorporated into the system as an entangling agent for hydrogel molecular chains. Rheological and

mechanical characterizations were performed to profile native skin tissues and validate the biomimetic

capacity of the engineered hydrogels. In logarithmic strain sweep tests [Figure 3C], distinct stress–strain

behaviors were observed across the groups. Specifically, the stiff hydrogel (5% GelMA + 0.5% SA + 1%

trehalose) exhibited an initial stress of approximately 2.1-2.2 × 10
3
 Pa, closely resembling the profile of keloid

tissue, which initially reached nearly 2.0 × 10
3
 Pa at the onset of shearing; both displayed pronounced strain-

dependent softening, with stress decreasing markedly as strain increased from 0.1% to 100%. Conversely, the

soft hydrogel (5% GelMA + 0.5% SA) maintained a stable stress plateau of roughly 1.1 × 10
3
 Pa, which

approximated the behavior of normal skin tissue, with a corresponding initial level of about 1.0 × 10
3
 Pa.

To quantitatively confirm these mechanical similarities, the elastic moduli were derived from the linear

regression slopes of the stress–strain curves. Mechanical testing of native tissues revealed elastic moduli of

1.72 kPa for normal skin and 33.77 kPa for keloid tissue [Figure 3D(1)]. In parallel, the optimized hydrogels

yielded moduli of 1.752 and 34.05 kPa for the soft and stiff formulations, respectively [Figure 3D(2)], which

were nearly identical to the corresponding native tissue values.
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Figure 2. Morphological and gene expression comparison between primary normal and keloid skin tissues. (A) H&E and Masson staining
of primary skin tissues. Outer panels: whole-tissue view at 2× magnification; center panels: localized region at 40× magnification. Scale
bar: 1 mm (black), 100 μm (white); (B-F) presents the RNA-seq analysis results from the GSE237752 dataset, comparing gene expression
profiles between keloid and normal skin samples. (B) A heatmap of DEGs, with red indicating high expression and blue indicating low
expression; (C) A bubble plot of KEGG pathway enrichment analysis for DEGs, where dot color represents the P-value and dot size
indicates the number of enriched genes; (D) GO enrichment analysis of DEGs, encompassing BPs, CCs, and MFs; (E) A volcano plot of
DEGs, with downregulated genes on the left and upregulated genes on the right; (F) GSEA showing enrichment of (1) the GO term “ECM
organization”, (2) the KEGG pathway “ECM‑receptor interaction”, and (3) the KEGG pathway “TGF‑β signaling pathway”. Analyses are
based on independent biological replicates (n = 3 per group). H&E: Hematoxylin and eosin; DEGs: differentially expressed genes; KEGG:
Kyoto Encyclopedia of Genes and Genomes; GO: Gene Ontology; BPs: biological processes; CCs: cellular components; MFs: molecular
functions; GSEA: Gene Set Enrichment Analysis; ECM: excessive extracellular matrix; TGF‑β: transforming growth factor-beta.

Cell viability assays [Figure 3E] and live/dead staining [Figure 3F] showed normal cell proliferation over 4

weeks, confirming the excellent biocompatibility of the hydrogel system. Morphological characterization

demonstrated a loose, porous microstructure favorable for cell growth and migration [Figure 3G]. While this

porosity is conducive to cell infiltration and nutrient diffusion, it should be noted that freeze-drying does not

accurately represent the native hydrated architecture present during cell culture. Moreover, the soft and stiff
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Figure 3. Characterization of the soft and stiff hydrogel. (A) Schematic illustration of the fabrication of the mechanically tunable
GelMA/SA dual-network hydrogel. Created with B ​i ​o ​R ​e ​n ​d ​e ​r ​. ​c ​o ​m ​; (B) Gelation process of keloid stiff hydrogel (author’s original
photograph); (C) Strain sweeps of keloid tissue and GelMA/SA hydrogels confirm their similar rheological characteristics; (D) Tensile test
of normal skin and keloid tissue demonstrates higher stiffness in skin fibrosis. Different GelMA/SA hydrogel systems were used to mimic
the distinctions of stiffness (in Young’s modulus); (E) Cell viability and (F) distribution of keloid cells within the hydrogel after 4 weeks
(live: green, dead: red); (G) Surface and inner structure of hydrogel. Statistical significance was determined by one-way ANOVA with
Tukey’s multiple comparisons test. Data are shown as mean ± SD. Analyses are based on technical replicates (n = 3 per group). ****P < ​
0.0001; ns, not significant. Scale bar: (F) 100 μm; (G) from left to right: (1) 500, 200 and 100 μm, (2) 200, 100 and 20 μm. GelMA:
Gelatin methacryloyl; SA: sodium alginate; ANOVA: analysis of variance; SD: standard deviation; LAP: lithium phenyl-2,4,6-
trimethylbenzoylphosphinate; UV: ultraviolet; BF: bright field.

hydrogels exhibited swelling ratios of approximately 9.706 and 8.603, respectively, providing additional

characterization of the swelling behavior of the two hydrogel formulations [Supplementary Figure 1].
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Meanwhile, the role of biomechanical regulation in keloid development has gained increasing attention in

recent years. Mechanical stimulation has been reported to promote fibroblast activation, abnormal ECM

deposition, and elevated secretion of profibrotic factors, contributing to a positive feedback loop between

matrix st i f fness and f ibrosis progression
[ 3 3 ]

. In the present SoC model , a mechanical ly tuned

microenvironment was incorporated to reproduce the increased matrix stiffness associated with keloid tissue

[Figure 3]. The pathological matrix stiffness was subsequently combined with keloid-derived cells and TGF-

β1 stimulation in the K-S-T model and therefore represents an integrated mechanical component of the

engineered fibrotic microenvironment rather than an independently resolved factor.

Isolation of primary skin cells and characterization of SoC model

Primary skin matrix cells, including keratinocytes and fibroblasts, were isolated from normal skin and keloid

tissues. In 2D culture, keratinocytes expressed the characteristic marker CK14, while fibroblasts expressed

vimentin. Notably, fibroblasts derived from keloid tissue showed increased expression of the myofibroblast

marker α-SMA compared with those from normal skin [Figure 4A]. Construct contraction analysis showed

greater area reduction in the K-N-N group than in the N-N-N group, while the K-S-T constructs largely

maintained their area [Supplementary Figure 2].

IF staining of native skin tissues further confirmed the expression of filaggrin, CK10, CK14, and vimentin in

both normal and keloid samples, with the stratum corneum appearing slightly thicker in keloid tissue [Figure

4B]. Consistently, 3D full-thickness skin equivalents constructed on-chip using primary cells exhibited

comparable structural organization. Filaggrin was localized in the differentiated epidermal layers, consistent

with epidermal maturation. CK10 was detected in terminally differentiated keratinocytes, and CK14 in basal

proliferative keratinocytes. In the dermal compartment, fibroblasts showed strong vimentin staining.

Collectively, these results demonstrate that the engineered skin equivalents faithfully reproduce the key

histological and molecular features of native skin.

Gene expression comparison of keloid-like fibrotic SoC models generated by different engineering
strategies

To evaluate which engineering strategy most effectively reproduced keloid-associated molecular changes,

gene expression differences between human keloid and normal skin tissues were used as a pathological

reference. These tissue-derived expression patterns were compared with the relative changes observed in

three engineered SoC models: N-N-N, constructed using normal skin-derived cells and a soft matrix; K-N-N,

constructed using keloid-derived cells and a soft matrix without TGF-β1 stimulation; and K-S-T, constructed

using keloid-derived cells, a stiff matrix, and TGF-β1 stimulation. Rather than directly comparing absolute

expression values across independent tissue and model datasets, we evaluated whether each model

reproduced the direction and relative pattern of keloid-associated gene expression changes.

Based on the cell source, hydrogel type, presence or absence of factor induction, and drug treatment,

different SoC construction strategies were established [Table 1]. Gene expression profiles were examined in

normal skin tissue, keloid tissue, and three SoC models: N-N-N (normal cells + soft matrix), K-N-N (patient-

derived cells + soft matrix), and K-S-T (patient-derived cells + stiff matrix + induction), to compare

differences in the expression patterns of keloid-associated signature genes.

Compared with normal skin, keloid tissue exhibited markedly elevated expression of TGF-β signaling–related

genes (TGFB1, TGFB3, TGFBI, ACTA2). Among the SoC models, the K-S-T model showed the highest

expression levels of these genes, significantly exceeding those in N-N-N, with the downstream effector

ACTA2 showing the most pronounced increase [Figure 5A].

https://file.oaecenter.com/published/pdf/8d568c94413894ef9794d0ce1dcbc595/1794474358/ss60155-SupplementaryMaterials.pdf
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Figure 4. Characterization of primary cells and comparison between native tissues and SoC models. (A) Each row contains three images:
the leftmost is the bright-field image, the middle is a fluorescence image captured at 10× magnification, and the rightmost is a

fluorescence image captured at 20× magnification. The first row shows bright-field images and CK14 IF staining of keratinocytes from
normal control donor and keloid patients. The second row shows bright-field images and Vimentin IF staining of fibroblasts from normal
control donor and keloid patients. The third row shows bright-field images and α-SMA IF staining of fibroblasts from normal control donor
and keloid patients. DAPI (blue), CK14 and Vimentin (green), α-SMA (red). Scale bar: 100 μm; (B) H&E staining and IF staining of filaggrin
(green), CK10 (red), CK14 (green), and Vimentin (red) with DAPI (blue) were performed on normal skin, keloid skin, and both normal and
keloid SoC models. Scale bar: 50 μm. Created with B ​i ​o ​R ​e ​n ​d ​e ​r ​. ​c ​o ​m ​. Analyses are based on technical replicates (n = 3 per group). SoC:
Skin-on-chip; IF: immunofluorescence; α-SMA: α-smooth muscle actin; DAPI: 4′,6-diamidino-2-phenylindole; H&E: hematoxylin and eosin.

Genes encoding ECM components (Col1A1, Col3A1, Col5A1, Col6A1, Col6A2) displayed a similar pattern:

their expression was significantly higher in keloid tissue than in normal skin; within the SoC models,

collagen gene expression was greater in K-S-T than in the other two models, with Col1A1 and Col6A1

exhibiting the most notable differences [Figure 5B].

For ECM remodeling–related genes (MMP2, MMP9, MMP14, TIMP1, TIMP2), the expression of MMP2,

MMP14 and TIMP1 was significantly higher in keloid tissue than in normal skin. In the SoC models, both K-

N-N and K-S-T showed expression patterns similar to those observed in tissue samples when compared with
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Figure 5. Evaluation of SoC construction strategies based on keloid-associated gene expression patterns. Tissue expression levels were
normalized to the Normal group, and keloid/normal ratios were calculated based on TPM values. Model TPM values were normalized to
the N-N-N group to calculate K-N-N/N-N-N and K-S-T/N-N-N ratios. Comparisons were performed between Keloid and Normal tissues,
and between N-N-N and K-N-N and between N-N-N and K-S-T. (A) TGF-β pathway–related genes: TGFB1, TGFB3, TGFBI, TGFBR2, ACTA2;
(B) ECM-related genes: COL1A1, COL3A1, COL5A1, COL6A1, COL6A2; (C) Protein degradation and excessive fibrosis–related genes: MMP2,
MMP9, MMP14, TIMP1, TIMP2; (D) EMT–related genes: CDH1, CTNNA1, and CTNND1; (E) Integrin signaling: ITGA5, ITGB1. For tissue
samples (Normal and Keloid), biological replicates were obtained from different donors (n = 3). Statistical significance was determined by
two-tailed Student’s t-test or Mann–Whitney U test following Shapiro–Wilk normality test. For model data (N-N-N, K-N-N, and K-S-T),
independent experiments were performed on separate occasions with the same donor-derived cells (n = 3). One-way ANOVA with
Tukey’s post-hoc test was used for multiple pairwise comparisons. Data are presented as mean ± SD. *P < ​ 0.05, **P < ​ 0.01, ***P < ​ 0.001, ****P

< ​ 0.0001; ns, not significant. SoC: Skin-on-chip; TPM: transcripts per million; TGF-β: transforming growth factor-beta; ECM: excessive
extracellular matrix; EMT: epithelial–mesenchymal transition; ANOVA: analysis of variance; SD: standard deviation.

Table 1. Group

Model N-N-N K-N-N K-S-T K-S-T-N K-S-T-F

Cell Normal Keloid Keloid Keloid Keloid

Hydrogel Normal Normal Stiff Stiff Stiff

TGF-β - - + + +

Nintedanib - - - + -

5-FU - - - - +

“+” indicates the presence of the corresponding component or treatment, whereas “-” indicates its absence. TGF-β: Transforming growth factor-
beta; 5-FU: 5-fluorouracil.
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N-N-N, with the K-S-T group displaying more marked differences for all genes except TIMP1 [Figure 5C].

Epithelial–mesenchymal transition (EMT)–related genes (CDH1, CTNNA1, CTNND1) were expressed at

lower levels in keloid tissue than in normal skin. The SoC models displayed a similar trend: EMT gene

expression decreased in K-S-T and K-N-N compared with N-N-N. Except for CTNNA1, the decrease was

significantly greater in K-S-T [Figure 5D].

In addition, integrin/receptor family genes (ITGA5, ITGB1) were expressed at significantly higher levels in

keloid tissue than in normal skin. In the SoC models, K-S-T exhibited significantly higher expression of these

genes compared with the other two models [Figure 5E].

These results indicate that the combined use of keloid-derived cells, a stiff matrix, and TGF-β1 stimulation

more effectively reproduced selected keloid-associated gene expression patterns than the other tested

construction strategies.

Keloid, as a prototypical fibroproliferative disorder, is characterized by the overactivation of fibroblasts and

aberrant deposition of ECM components, which represent well-established core pathological features
[1]

.

Among them, abnormal activation of the TGF-β signaling pathway is closely associated with keloid

fibrosis
[34]

. The increased expression of TGF-β signaling-related genes and ECM components observed in the

K-S-T model therefore supports its ability to reproduce selected molecular features associated with keloid

fibrosis.

ECM remodeling is another important feature of keloid pathology. MMPs and TIMPs participate in the

dynamic regulation of ECM turnover, and their dysregulation has been associated with abnormal scar

formation
[35]

. In the present study, the altered expression of MMP2, MMP14, and TIMP1 in the engineered

models showed patterns similar to those observed in keloid tissue, further supporting the pathological

relevance of the model at the level of ECM remodeling.

EMT-related processes have also been implicated in tissue repair and fibrosis
[36]

, and aberrant expression of

EMT-related genes has been reported in keratinocytes derived from keloid tissue
[33,37,38]

. In our SoC model,

altered expression of EMT-associated genes, including downregulation of CDH1, was observed [Figure 5D].

These findings suggest that the epidermal–dermal composite model captures selected molecular changes

associated with EMT-related processes in keloid pathology.

In addition, the K-S-T model also exhibited increased expression of the integrin-related genes ITGA5 and

ITGB1 [Figure 5E]. Integrin-mediated mechanotransduction pathways have been implicated in fibrotic

progression
[39]

. However, direct activation of downstream mechanotransduction pathways, such as the FAK-

YAP/TAZ axis, was not assessed in the current study. Therefore, these findings indicate altered integrin-

associated gene expression in the engineered fibrotic microenvironment but do not establish the activation of

a specific mechanotransduction mechanism.

Characterization and antifibrotic drug response of the keloid-like fibrotic SoC model

Histopathological analysis [Supplementary Figure 3] showed that, compared with normal skin, keloid tissue

exhibited increased thickness and enlarged collagen bundles in the dermis. IHC and IF further demonstrated

significantly elevated expression of type I and type III collagen in keloids, accompanied by reduced

expression of vimentin and markedly increased expression of α-SMA. To recapitulate these pathological

features, we established a keloid SoC model (K-S-T) by integrating stiff hydrogels with primary keloid-

derived skin cells and inducing fibrosis through TGF-β1 stimulation, followed by evaluation of drug

                                                                                           responses to nintedanib and 5-FU [Figure 6A].

https://file.oaecenter.com/published/pdf/8d568c94413894ef9794d0ce1dcbc595/1794474358/ss60155-SupplementaryMaterials.pdf
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Figure 6. Expression of specific proteins and inflammatory factors in the normal group, keloid SoC model group, and model groups treated
with nintedanib or 5-FU. (A) Induction and drug intervention process in keloid SoC. Created with B ​i ​o ​R ​e ​n ​d ​e ​r ​. ​c ​o ​m ​; (B) IHC for pro-Col I, and
IF staining for Col III (green), Vimentin (red), α-SMA (green), and DAPI (blue). Scale bar: 100 μm; (C) Quantification of pro-Col I/Col III
ratio and fluorescence intensities of pro-Col I, Col III, Vimentin, and α-SMA. Analyses are based on technical replicates (n = 3 wells); (D)
Changes in inflammatory factor levels: IL-6, TNFα, IL-8, VEGF-A, IL-1α, and IL-1β. Analyses are based on technical replicates (n = 3 wells).
Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test. *P < ​ 0.05, **P < ​ 0.01, ***P < ​ 0.001, ****P
< ​ 0.0001; ns, not significant. SoC: Skin-on-chip; 5-FU: 5-fluorouracil; IHC: immunohistochemistry; IF: immunofluorescence; α-SMA: α-
smooth muscle actin; DAPI: 4′,6-diamidino-2-phenylindole; IL-6: interleukin-6; TNFα: tumor necrosis factor-alpha; IL-8: interleukin-8;
VEGF-A: vascular endothelial growth factor A; IL-1α: interleukin-1 alpha; IL-1β: interleukin-1 beta; ANOVA: analysis of variance; TGF-β:
transforming growth factor-beta; NDNB: Nintedanib.
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Compared with the normal control SoC constructed using soft hydrogels and normal skin-derived cells (N-

N-N), the K-S-T model exhibited disorganized basal cell arrangement, which was restored to a more ordered

architecture after drug treatment. As shown in Figure 6B and C, IHC and IF analyses indicated increased

expression of type I collagen, type III collagen and α-SMA in the K-S-T model, all of which were reduced

following drug exposure. However, vimentin showed a non-significant decrease in the K-S-T model relative

to the N-N-N group. After drug treatment, vimentin expression was significantly increased in the nintedanib

group compared with the K-S-T group, whereas 5-FU induced a non-significant decrease. Furthermore, the

pro-Col I/Col III integrated-density ratio was markedly increased in the K-S-T model and significantly

reduced following drug treatment. Furthermore, inflammatory cytokine profiling [Figure 6D] revealed

significantly elevated secretion of IL-6, TNF-α, IL-8, VEGF-A, IL-1α and IL-1β in the K-S-T model, which

were substantially reduced upon drug intervention.

To distinguish antifibrotic effects from nonspecific cytotoxicity, we assessed cell proliferation status using

Ki67 IHC [Supplementary Figure 4]. Distinct Ki67-positive cells remained detectable in both epidermal and

dermal compartments after treatment, indicating that proliferative activity was not completely abolished

under the tested conditions.

Nintedanib is a multi-target receptor tyrosine kinase inhibitor targeting PDGFR, FGFR, and VEGFR, thereby

attenuating multiple profibrotic signaling processes. This inhibition can suppress abnormal fibroblast

proliferation and migration and reduce collagen synthesis and deposition. Using the keloid SoC, nintedanib

treatment resulted in clear reductions in fibrosis-related phenotypes.

In normal dermis, collagen I and III are maintained in a relatively balanced composition, whereas this

balance is altered in keloid tissue, with an increased type I/III collagen ratio
[9]

. In our disease SoC model, the

ratio of collagen I to collagen III IF integrated density was markedly increased in the K-S-T group and was

significantly reduced following nintedanib treatment [Figure 6C]. Although this image-derived ratio does

not represent the absolute molar or mass ratio of collagen I to collagen III, its increase is directionally

consistent with the elevated type I/III collagen ratio reported in keloid tissue, supporting the ability of the

model to reproduce this characteristic pattern of ECM dysregulation.

Phenotypically, nintedanib treatment was associated with reduced ECM-related features and decreased

inflammatory cytokine secretion [Figure 6B-D]. These findings are consistent with the known antifibrotic

actions of nintedanib; however, the present single-concentration experiment does not permit definitive

attribution of these changes to a specific mechanism.

The model was further used to preliminarily evaluate its responsiveness to the clinically used keloid therapy

5-FU. Treatment reduced the dermal type I/III collagen ratio, α-SMA expression, and secretion of

inflammatory cytokines such as IL-6 and TNF-α [Figure 6]. Given the well-established antiproliferative

activity of 5-FU, these phenotypic changes may reflect both suppression of cell proliferation and attenuation

of fibrosis-associated features. The present data therefore cannot fully distinguish fibrosis-specific effects

from general cytostatic or cytotoxic effects.

Transcriptome analysis of antifibrotic drug responses in the keloid-like fibrotic SoC model

On the established keloid SoC, the antifibrotic drug nintedanib and the clinically used keloid therapy 5-FU

were applied to compare their therapeutic effects. Bulk RNA-seq analysis revealed pronounced global

differences in gene expression patterns between the keloid SoC and the normal SoC. Upon treatment with

nintedanib, the gene expression profile of the keloid chip shifted toward that of the normal control, with 5-

FU showing a similar but less pronounced trend [Figure 7].

https://file.oaecenter.com/published/pdf/8d568c94413894ef9794d0ce1dcbc595/1794474358/ss60155-SupplementaryMaterials.pdf
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Figure 7. RNA-seq analysis of the N-N-N, K-S-T, K-S-T-N, and K-S-T-F groups. (A) GO enrichment analysis of upregulated (1) and
downregulated (2) genes, respectively, from the comparison between the K-S-T and K-S-T-N groups, and (3) GSEA of the “ECM



Si et al. Soft Sci. 2026, 6, 103 Page 19 of 24

organization” BP from the GO database for the same comparison; (B) GO enrichment analysis of upregulated (1) and downregulated (2)
genes, respectively, from the comparison between the K-S-T and K-S-T-F groups, and (3) GSEA of the “Nuclear division” BP from the GO
database for the same comparison; (C) A heatmap of TGF-β-related gene expression; (D) A heatmap of cell cycle-related gene
expression; (E) A heatmap of ECM-related gene expression; (F) A heatmap of RHO/ROCK pathway- and mechanics-related gene
expression; (G) Schematic illustration of fibrotic SoC model induction and pharmacological intervention. Created with B ​i ​o ​R ​e ​n ​d ​e ​r ​. ​c ​o ​m ​.
Data represent independent experiments performed on separate occasions using the cells from the same donor (n = 3). GO: Gene
Ontology; GSEA: Gene Set Enrichment Analysis; ECM: excessive extracellular matrix; BP: biological process; TGF-β: transforming growth
factor-beta; SoC: skin-on-chip; CC: cellular component; MF: molecular function; α-SMA: α-smooth muscle actin.

In the comparison between the K-S-T and K-S-T-N (K-S-T model + nintedanib treatment) groups, GO

enrichment analysis indicated that upregulated genes were mainly associated with calcium ion signaling,

synaptic transmission, and keratinization-related processes, while downregulated genes were significantly

enriched in ECM-related processes. Consistently, GSEA further showed significant negative enrichment of

the BP “ECM organization” in the K-S-T-N group [Figure 7A]. By contrast, in the comparison between the

K-S-T and K-S-T-F (K-S-T model + 5-FU treatment) groups, upregulated genes were predominantly

enriched in keratinization, calcium-mediated signaling, synaptic signaling, and related processes, whereas

downregulated genes were significantly associated with cell cycle, nuclear division, mitotic nuclear division,

chromosome segregation, and other proliferative processes. GSEA further showed significant negative

enrichment of the BP “nuclear division” in the K-S-T-F group [Figure 7B].

We further examined the expression of 68 key genes implicated in keloid pathophysiology, including the

TGF-β/SMAD pathway [Figure 7C], cell proliferation [Figure 7D], ECM remodeling [Figure 7E], and the

RHO/ROCK pathway [Figure 7F]. These differential transcriptional responses are broadly consistent with

the known pharmacological actions of nintedanib and 5-FU. Nintedanib is a multi-target receptor tyrosine

kinase inhibitor targeting VEGFR, FGFR, and PDGFR signaling, whereas 5-FU is an antimetabolite that

interferes with DNA/RNA synthesis
[40,41]

 [Figure 7G].

At the transcriptional level, nintedanib treatment was associated with changes in genes related to TGF-

β/SMAD signaling, cell proliferation, and ECM remodeling [Figure 7]. Together with the phenotypic changes

observed in Figure 6, these findings are consistent with the known antifibrotic actions of nintedanib.

However, the present single-concentration experiment does not permit definitive attribution of these

changes to a specific mechanism.

Transcriptomic analysis also showed substantial changes in proliferation- and ECM-related programs

following 5-FU treatment [Figure 7]. Given the well-established antiproliferative activity of 5-FU, these

transcriptional changes may reflect both suppression of cell proliferation and attenuation of fibrosis-

associated phenotypes. The present data therefore cannot fully distinguish fibrosis-specific effects from

general cytostatic or cytotoxic effects.

Collectively, these results support the potential application of the keloid SoC model for preliminary

therapeutic evaluation and characterization of treatment-associated molecular responses.

Study limitations

Although the keloid SoC model constructed in this study exhibits the characteristics of a full-thickness skin

model and fibrosis-related pathological phenotypes, it still lacks immune microenvironment components

involved in the progression of keloid disease, such as specific immune cells (e.g., T cells
[42]

) and skin-resident

immune cells such as macrophages
[43]

, which play critical roles in wound healing. The absence of

immune–stromal crosstalk means that the model cannot recapitulate immune-driven fibrotic feedback or

vascular-related drug delivery effects observed in patients. Consequently, the detected drug effects mainly
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reflect direct actions on dermal fibroblasts and keratinocytes and do not fully replicate in vivo therapeutic

outcomes. We propose that incorporating immune and vascular cell types will be a key direction for future

model optimization.

Functional barrier integrity was not directly quantified in the present model because the current device

configuration does not permit reliable TEER or FITC-dextran permeability measurements. Meanwhile, the

ELISA results reflect technical reproducibility rather than biological reproducibility; future studies should

validate these findings using multiple independent models from different donors or batches. In addition, the

current microfluidic system employed in this study is relatively simple and does not enable precise control of

flow rate and direction. In future work, the influence of multicellular co-culture under defined fluidic

conditions on disease model construction will be further investigated.

We also recognize that cell-mediated matrix remodeling may alter the in situ hydrogel modulus during long-

term culture. Future studies should therefore incorporate stress-relaxation, creep, degradation, and endpoint

mechanical measurements to better characterize the evolving mechanical properties of cell-laden hydrogels.

The human keloid transcriptomic data used in this study were obtained from the publicly available GEO

dataset, whereas the engineered-model RNA-seq data were generated from engineered skin models

established using clinical sample-derived cells in this study. Because these two datasets differ in experimental

origin and, importantly, in sample composition (human tissue vs. engineered skin models), a direct cross-

dataset comparison would be strongly influenced by dataset-specific effects and tissue heterogeneity and may

therefore not provide a biologically intuitive comparison.

In addition, the engineered models were generated using cells from one donor per condition. Although three

independently prepared model samples were analyzed, donor-to-donor variability, including potential

differences associated with anatomical site and disease duration, could not be evaluated and should be

further addressed using cells from multiple donors. Furthermore, while this disease system was preliminarily

explored for its potential in keloid research and therapeutic evaluation, it has not yet been directly compared

or validated against clinical outcomes, which will be a key focus in future translational applications.

CONCLUSION
In this study, organ-on-chip technology was applied to construct a dynamic keloid-like fibrotic SoC model

integrating full-thickness skin architecture, pathological matrix stiffness, and TGF-β1-mediated fibrotic

induction. This model enables multidimensional characterization of keloid-associated fibrotic features,

including abnormal collagen deposition, fibroblast activation, and fibrosis-related molecular changes. By

integrating these features within a controlled mechanical and biochemical microenvironment, the model

offers a physiologically relevant platform for investigating keloid-associated fibrotic remodeling and

preliminary antifibrotic drug responses.

Conventional 2D cell cultures fail to capture tissue-level pathological phenotypes due to the absence of

microenvironmental interactions; simple 3D structures cannot reproduce the cross-regulation between

mechanical and biochemical signals; and animal models are limited by species-specific differences in skin

structure and healing mechanisms, reducing translational relevance. The keloid SoC model developed here

partially addresses these limitations through the integration of multiple critical factors. Although the model

does not fully recapitulate the complexity of human keloid pathology, particularly regarding immune cell

involvement and long-term disease progression, it provides a controlled system for studying fibrosis-

associated responses and evaluating potential antifibrotic treatments.
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In summary, the keloid SoC model established in this study provides a platform for investigating keloid-

associated fibrotic remodeling and preliminary antifibrotic drug responses.
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