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Abstract

Skin models play critical roles in understanding disease mechanisms and advancing therapeutic development. However,
conventional systems based on 2D cell cultures, in vivo animal models, and ex vivo tissue explants are limited by insufficient
physiological complexity, interspecies differences, and restricted accessibility, respectively. Advances in biofabrication
technologies have enabled the engineering of 3D skin equivalents that better balance biological complexity and experimental
scalability. Here, we present a biofabrication protocol inspired by the regenerative processes of wound healing to construct
vascularized 3D organotypic skin models in a stepwise manner. The approach integrates bioprinting for precise spatial
organization of cellular compartments with guided cell self-organization to achieve native-like tissue complexity and
heterogeneity. Through a programmable culture strategy, tissue maturation proceeds sequentially through keratinocyte
proliferation and collective migration, microchannel endothelialization, basal-to-suprabasal differentiation, and progressive
extracellular matrix remodeling within a fibrin-based scaffold. The resulting tissue constructs comprise stratified epidermal
layers positioned atop a vascularized, fibroblast-remodeled dermal matrix. Beyond reproducing key structural features of
human skin, this protocol recapitulates cellular processes associated with tissue regeneration, providing a dynamic platform
for investigating disease pathogenesis, progression, and therapeutic responses.

Key features

e This protocol provides detailed procedures for preparing cells and biomaterials used in bioink formulation.

e This protocol outlines a stepwise biofabrication process for integrating keratinocytes, fibroblasts, and endothelial cells
into a multicellular skin model.

e This protocol employs PolyJet 3D printing for tissue culture chamber fabrication and extrusion-based 3D bioprinting
for spatial placement of cell-laden compartments.

e This protocol leverages a dynamic, wound healing—inspired cell self-organization process under a programmable
culture strategy to promote tissue maturation and architectural development.

Keywords: Organotypic skin models, Bioprinting, Stratified epidermis, ECM remodeling, Vascularization, Programmable
culture
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Background

Skin serves as the body’s primary protective barrier and interface with the external environment [1]. Dysfunction of this
barrier is associated with numerous diseases, including cancer, autoimmune disorders, and chronic wounds, and increases
susceptibility to both acute and chronic microbial infections [2]. Experimental models that faithfully recapitulate the
architecture and function of human skin are therefore essential for understanding disease mechanisms and for developing
safe and effective therapeutics [3-5]. However, currently available model systems each present significant limitations. 2D
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monolayer cultures fail to capture the structural complexity, multicellular interactions, and microenvironmental cues present
in native tissues [6-8]. Although animal models provide the physiological context, ethical concerns and interspecies
differences limit their translational relevance to human disease [9-11]. Human ex vivo skin explants retain native tissue
architecture and function, but their use is constrained by limited tissue availability and the lack of robust methods to maintain
long-term viability and functionality. Furthermore, repeated biopsy collection can negatively affect patients' quality of life
and well-being [12-15].

Advances in tissue engineering have expanded the ability to reconstruct human skin equivalents in vitro using human-
derived cells [16,17]. Conventional skin equivalents commonly employ Transwell-based coculture systems, in which
keratinocytes and fibroblasts are cultured to mimic epidermal and dermal compartments. However, these models generally
lack perfusable vasculature and provide limited spatial control over cellular organization [18,19]. Microfluidic skin-on-a-
chip platforms have enabled the integration of epidermal, stromal, and vascular compartments in more physiologically
relevant configurations, yet many rely on porous membranes to separate cell populations and create artificial tissue interfaces
[20,21]. More recently, 3D bioprinting has emerged as a powerful tool for spatially organizing multiple cell types within
continuous hydrogel matrices without introducing synthetic barriers. By depositing cell-laden bioinks with high spatial
precision, bioprinting can generate vascularized, fibroblast-populated dermal compartments together with overlying
keratinocyte layers [22—25]. Nevertheless, the limited resolution of current bioprinting technologies makes it challenging to
reproduce the highly organized, multilayered epidermis characterized by progressive basal-to-suprabasal differentiation. In
parallel, skin organoids derived through stem cell self-organization can recapitulate aspects of epidermal stratification and
cellular heterogeneity [26—28]. However, organoid formation often depends on poorly defined animal-derived matrices such
as Matrigel and provides limited control over the biochemical and biomechanical properties of the microenvironment,
particularly the fibroblast-regulated extracellular matrix (ECM) within the dermis. Consequently, faithfully reproducing
both the structural and functional complexity of stratified epidermis and dynamically remodeled dermis remains a major
challenge.

Physiological wound healing provides a blueprint for skin regeneration, encompassing coordinated processes of re-
epithelialization, ECM remodeling, and angiogenesis. This protocol describes a dynamic biofabrication strategy that
integrates 3D bioprinting with guided cell self-organization to recapitulate these regenerative processes and stepwise
reconstruct vascularized, multilayered human skin tissues in vitro. From an engineering perspective, 3D printing is used to
fabricate customized culture chambers that support integration of multiple cellular compartments, while bioprinting
precisely positions cell populations according to native skin anatomy within a fibrin-based scaffold. From a biological
perspective, a stagewise culture strategy with media optimized for distinct phases of tissue maturation promotes sequential
development of tissue barriers through keratinocyte proliferation and collective migration, microchannel endothelialization,
epidermal stratification, and fibroblast-driven ECM remodeling. This coordinated approach supports both long-term tissue
viability and physiological function. It is worth noting that this protocol focuses on the epithelialization phases of basal layer
formation and basal-to-suprabasal transition under submerged culture. However, its modular architecture and programmable
culture workflow can be readily extended to generate full-thickness skin models by introducing an air-liquid interface (ALI)
to promote terminal cornification and epidermal maturation.

As proof of concept, the resulting organotypic skin models have been applied to recapture skin disease pathogenesis and
evaluate therapeutic candidates in our recent studies [29,30]. More broadly, this protocol illustrates an alternative paradigm
for tissue biofabrication. Rather than relying solely on direct physical placement of cells and biomaterials to recreate tissue
architecture, it combines engineering-guided assembly with physiological self-organization to restore structural and
functional complexity beyond the capabilities of current fabrication technologies alone.

Materials and reagents

Biological materials

1. HaCaT cells, a widely used human keratinocyte line (kindly provided by Prof. Animesh A. Sinha); HaCaT cells tagged
with green fluorescent protein on E-cadherin (GFP-E-cad—HaCaT cells) (generated in-house with the help of Prof. James
K. Wahl 111 [29])

2. Normal adult human dermal fibroblasts (NHDF-Ad) (Lonza, catalog number: CC-2511) (passages <12)

3. Human umbilical vein endothelial cells (HUVEC) from pooled donors (Lonza, catalog number: C2519A) (passages <9)
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Reagents

1. DMEM, high glucose, no glutamine, no calcium (Ca?*-free DMEM) (Thermo Fisher Scientific, Gibco, catalog number:
21068028)

2. Fetal bovine serum (FBS) (Thermo Fisher Scientific, Gibco, catalog number; A3160501)

3. GlutaMAX supplement (100x) (Thermo Fisher Scientific, Gibco, catalog number: 35050061)

4. Penicillin-streptomycin (Pen-Strep), 10,000 U/mL (Thermo Fisher Scientific, Gibco, catalog number: 15140122)
5. EGM-2 Endothelial Cell Growth Medium-2 BulletKit (Lonza, catalog number: CC3162)

6. FGM-2 Fibroblast Growth Medium-2 BulletKit (Lonza, catalog number: CC-3132)

7. Fibrinogen, human plasma (MilliporeSigma, catalog number: 341576-M)

8. Aprotinin (MilliporeSigma, catalog number: A4529)

9. Thrombin, human plasma (>1,000 NIH units/mg protein) (MilliporeSigma, catalog number: T7009)

10. Glycerol, >99% (GC) (MilliporeSigma, catalog number: G2025)

11. Trypsin neutralizing solution (ATCC, catalog number: PCS-999-004)

12. Trypsin-EDTA for primary cells (ATCC, catalog number: PCS-999-003)

13. DPBS, no calcium, no magnesium (Thermo Fisher Scientific, Gibco, catalog number: 14190250)

14. Isopropanol (MilliporeSigma, catalog number: 19516)

15. Distilled water (sterilized)

Solutions

1. Ca?*-free DMEM medium (see Recipes)

2. FGM-2 medium (see Recipes)

3. EGM-2 medium (see Recipes)

4. Fibrinogen solution (see Recipes)

5. Thrombin stock solution (100x) (see Recipes)

6. Glycerol solution (50% v/v solution) (see Recipes)
7. Aprotinin stock solution (40x) (see Recipes)

8. DMEM-A medium (see Recipes)

Recipes

1. Ca**-free DMEM medium

Reagent Final concentration Quantity or volume
Ca?*-free DMEM 88% 44 mL

FBS 10% 5mL

GlutaMax supplement (100x) 1% 0.5mL

Pen-Strep (10,000 U/mL) 1% 0.5mL

Total 100% 50 mL

Thaw the pre-aliquoted frozen FBS and Pen-Strep stock solutions at room temperature for approximately 1 h or at 2-8 °C
overnight. Supplement Ca?*-free DMEM with GlutaMax, FBS, and Pen-Strep. Store the complete medium at 2—8 °C for up
to 1 week.

2. FGM-2 medium

Reagent Final concentration Quantity or volume
FBM basal medium 98% 500 mL
FGM-2 SingleQuots supplement pack 2% 11.5mL

Thaw the frozen FGM-2 SingleQuots supplement pack, containing FBS (10 mL), insulin (0.5 mL), hFGF-B (0.50 mL), and
GA-1000 (0.50 mL), at room temperature for approximately 1 h or at 2-8 °C overnight. Add the thawed supplements to
FBM basal medium and gently swirl to mix. Store the complete medium at 2-8 °C for up to 1 week or at -20 °C forup to 1
month.
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3. EGM-2 medium

Reagent Final concentration Quantity or volume
EBM-2 basal medium 97% 500 mL
EGM-2 SingleQuots supplement pack 3% 15.2mL

Thaw the frozen EGM-2 SingleQuots supplement pack (10 mL of FBS, 0.20 mL of hydrocortisone, 2 mL of hFGF-B, 0.50
mL of VEGF, 0.50 mL of R3-IGF-1, 0.50 mL of ascorbic acid, 0.50 mL of hEGF, 0.50 mL of GA-1000, and 0.50 mL of
heparin) at room temperature for ~1 h or at 2-8 °C overnight. Transfer the thawed supplements to EBM-2 basal medium
and gently swirl to mix. Store the complete medium at 2-8 °C for up to 1 week or at -20 °C for up to 1 month.

4. Fibrinogen solution

Reagent Final concentration Quantity or volume
Ca?*-free DMEM medium (Recipe 1) 100% 2mL
Fibrinogen 25 mg/mL 50 mg

Dissolve 50 mg of fibrinogen powder in 2 mL of Ca?*-free DMEM medium. Swirl to dissolve completely and place on ice.
Freshly prepare the fibrinogen solution immediately before use to minimize enzyme-independent aggregation, non-fibrous
gelation, and precipitation. Because fibrinogen powder can be difficult to weigh accurately, adjust the volume of Ca**-free
DMEM as needed to achieve a final fibrinogen concentration of 25 mg/mL.

5. Thrombin stock solution (100x)

Reagent Final concentration Quantity or volume
DPBS 100% 25 mL
Thrombin 100 U/mL 250 U

Dilute 250 U of thrombin powder in 2.5 mL of DPBS to prepare a stock solution. Mix thoroughly until the powder is
completely dissolved. Dispense the solution into 100 uL aliquots and store at -80 °C. Thaw aliquots before use and avoid
repeated freeze—thaw cycles to preserve enzyme activity.

6. Glycerol solution (50% v/v)

Reagent Final concentration Quantity or volume
Ca?*-free DMEM medium (Recipe 1) 50% 1mL
Glycerol 50% 1mL

Mix glycerol and Ca?*-free DMEM medium at a 1:1 (v/v) ratio. Filter-sterilize the solution and store at 2-8 °C.

7. Aprotinin stock solution (40x)

Reagent Final concentration Quantity or volume
DPBS 100% 5mL
Aprotinin 1 mg/mL 5mg

Dissolve 5 mg of aprotinin powder in 5 mL of DPBS and mix until completely dissolved. Dispense the solution into 250 pL
aliquots and store at -80 °C. Thaw aliquots before use and avoid repeated freeze—thaw cycles to preserve enzyme activity.

8. DMEM-A medium

Reagent Final concentration Quantity or volume
Ca?*-free DMEM medium (Recipe 1) 97.5% 9.75 mL

Aprotinin (40x solution) 0.025 mg/mL 0.25 mL

Total 100% 10 mL

Thaw a frozen aliquot of 40x aprotinin solution at room temperature for ~1 h or at 2-8 °C overnight. Add the thawed solution
to the complete Ca?*-free DMEM medium and gently swirl to mix. Store the supplemented medium at 2-8 °C for up to 1
week.

Laboratory supplies

1. Tissue culture flasks (25 and 75 cm? growth areas)

2. Tissue culture dishes (35 and 100 mm diameters)

3. Centrifuge tubes (0.2, 1.5, 15, and 50 mL)

4. Micropipettes (10, 20, 100, 200, and 1,000 uL) and compatible tips
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5. Syringe filters (28 mm diameter, 0.2 um pore size)

6. Vacuum tube-top filter (50 mL capacity, 0.2 um pore size)

7. Sylgard™ 184 silicone elastomer kit (Krayden, catalog number: DC4019862)

8. RTV silicone sealant (Henkel, model: Loctite® SI 595)

9. Needles, 30 gauge (1.5in, 1 in, and 0.5 in lengths) (Fisnar, catalog numbers: 8001114, 8001104, and 8001094)
10. Coverslips (170 pm thickness, 22 x 22 mm)

11. Clear silicone sheet (250 um thickness)

12. Dispensing tips, 32 gauge (Nordson EFD, catalog number: 7018462)

13. Dispensing syringe barrels, 3 cc (Fisnar, catalog number: 8001001)

14. Hemocytometer (Bulldog Bio, catalog number: DHC-N420)

15. Other general lab supplies: single-use spatula, disposable glass Pasteur pipets, syringes (3 and 10 mL), razor blades, and
double-sided tape

Equipment

1. Cell culture and maintenance: Class Il, Type A2 biosafety cabinet, CO, incubator, autoclave, liquid nitrogen storage
system, and inverted microscope

2. General lab equipment: water bath, centrifuge, refrigerator (2-8 °C), freezer (-20 and -80 °C), vacuum desiccator, oven,
and vortex mixer

3. 3-axis inline gantry robot (Fisnar, model: F5200N.2)

4. Fluid dispenser (Nordson EFD, model: UltimusPlus I1)

5. PolyJet 3D printer (Stratasys, model: Objet500 Connex 3)

6. Thinky mixer (Thinky, model: AR-100)

7. Plasma cleaner (Harrick Plasma, model: PDC-001)

8. Inverted fluorescence microscope for 3D cell culture assays (Leica, model: THUNDER Imager)

9. TEER (WPI, model: EVOM Manual)

10. Nanoindentor (KLA, model: iNano)

11. Peristaltic pump (Ismatec, model: Reglo ICC 4-Channel)

Software and datasets

1. GrabCAD Print associated with the PolyJet printer (Stratasys)
2. Robot Edit associated with the dispensing robot (Fisnar)

Procedure

A. Fabrication of tissue culture chambers

Note: To accommodate the three cell types according to their native spatial organization, custom tissue culture chambers
are fabricated from polydimethylsiloxane (PDMS), one of the most widely used materials for microphysiological systems. A
unique feature of the chamber design is the incorporation of predefined microchannels within the chamber walls, which
precisely position a removable needle template for subsequent generation of a perfusable microvessel within the engineered
skin construct (see Figure S1 in [30] for the workflow).

1. 3D-print a customized rigid polymer mold (3D design provided in File S1) using a suitable 3D printer.

Notes:

1. In this protocol, the culture chambers are designed to house 3D tissue models consisting of a ~2-mm thick dermal matrix
with a surface area of approximately 177 mm? (diameter: 15 mm) that supports epidermal formation (comparable to a
commercial Transwell insert for a 24-well plate). A microvessel is positioned approximately 1 mm above the chamber bottom.
The chamber dimensions are optimized to fit standard 35 mm tissue culture dishes and 6-well plates. Adjust dimensional
parameters as needed based on the desired model size and culture conditions.
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2. Any 3D printing technology capable of producing molds containing ~300 um microchannel features can be used. High-
resolution printers are recommended to obtain smooth mold surfaces. In this protocol, molds are fabricated using a PolyJet
printer (controlled by GrabCAD Print) with VeroClear material under the glossy print setting.

a. After printing, remove the bulk support material. Further clean the printed molds by immersing them in 1 M NaOH and
stirring on a hotplate (40 °C) inside a fume hood overnight.

b. Remove the molds from the NaOH solution, rinse thoroughly with distilled water to eliminate dissolved support material,
and air dry.

c. Bake the cleaned molds at 75 °C overnight to eliminate surface tackiness and improve surface finish, facilitating
subsequent PDMS casting and demolding.

d. After the molds have cooled to room temperature, assemble the mold for PDMS casting by inserting a 1.5-inch-long, 30-
gauge needle longitudinally through the predefined alignment microchannels.

Note: The inserted needle serves as a template for generating alignment microchannels within the chamber walls. These
microchannels are subsequently used to position a second needle template during dermal matrix casting, enabling the
formation of a perfusable microchannel within the dermal matrix in section F.

2. Prepare the PDMS prepolymer mixture for casting.
Note: No specific PDMS mechanical properties are required for this protocol. Alternative flexible and biocompatible
materials may also be used. In this protocol, the Sylgard™ 184 Silicone Elastomer kit is used.

a. Mix the PDMS base and curing agent at a 10:1 (w/w) ratio (e.g., 40 g of PDMS base and 4 g of curing agent) until
homogeneous (e.g., using a THINKY mixer for 5 min).
b. Transfer the PDMS prepolymer mixture into 10 mL syringes.

3. Inject the PDMS mixture into the molds and place them in a vacuum desiccator to remove trapped air bubbles (typically
30 min).

4. Cure the PDMS by baking in an oven at 100 °C for 30 min and allow the molds to cool to room temperature.

5. Carefully remove the template needle from each mold.

6. Demold the PDMS chambers and trim excess material as needed. Wash the chambers thoroughly with isopropanol (IPA)
and dry using compressed air or N.

7. Treat the PDMS chambers and transparent substrates (either coverslips or silicone sheets) with O, plasma (45 W, O, flow
rate: 14.1-18.3 mL/min, 5 min). Immediately bond the treated surfaces by applying gentle, uniform pressure.

8. Sterilize the assembled chambers by autoclaving using a wet cycle (121 °C, 30 min), followed by a 1-h drying cycle.

B. Cell culture for bioink preparation

Note: The organotypic skin model consists of stratified epidermal layers positioned atop a vascularized, fibroblast-laden
dermal matrix and incorporates three cell types: keratinocytes, endothelial cells, and dermal fibroblasts (see Biological
materials for the cell sources used in this protocol).

1. Culture HaCaT cells (a widely used keratinocyte cell line) in Ca%*-free DMEM medium (Recipe 1) until reaching 2-2.5
x108 cells (typically 70%-100% confluency in a T-25 flask).
Note: This culture condition is compatible with both wild-type and fluorescence-tagged HaCaT cells.

2. Culture human dermal fibroblasts (HDFs; primary NHDF-Ad cells) in FGM-2 medium (Recipe 2) until reaching 1.5-1.8
x108 cells (typically 90%—-100% confluency in a T-75 flask).

3. Harvest HDFs, resuspend the cell pellet in 1 mL of Ca2*-free DMEM medium, count the cells, and dilute the suspension
to 2.5 x 10° cells/mL. Keep the suspension on ice until use.

Note: HDFs typically detach after 2-3 min of trypsinization.

Critical: The HDF suspension is prepared for fabrication of the dermal matrix bioink (section C), which supports subsequent
coculture with HaCaT cells. Therefore, HDFs should be resuspended in Ca?*-free DMEM (Recipe 1) rather than FGM-2
medium (Recipe 2), as the former is optimized to promote HaCaT proliferation and collective migration during Stage |
culture (section E).
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4. Harvest HaCaT cells for the preparation of the keratinocyte source droplet bioink (section D). Resuspend the cell pellet
in 5 mL of Ca?*-free DMEM medium, determine the cell concentration, and prepare a suspension at 5 x 106 cells/mL. Keep
the suspension on ice until use.

Note: HaCaT cells typically detach after 3-5 min of trypsinization.

5. Culture HUVECs (primary endothelial cells) in EGM-2 medium (Recipe 3). HUVEC expansion is typically initiated
approximately 5 days after model fabrication during Stage | culture to obtain 2-3 x10° cells (typically 70%-100%
confluency in a T-75 flask).

6. Harvest HUVECs for the endothelialization of the microchannel within each model (section F), typically performed 10-
14 days after model fabrication, following completion of Stage I culture. After cell counting, resuspend the cells in EGM-2
medium at a concentration of 1 x 107 cells/mL and keep on ice.

Notes:

1. HUVEC viability is sensitive to prolonged trypsinization. Limit trypsin treatment to <1 min and neutralize promptly.

2. HDFs and HaCaT cells are incorporated into the models on the day of fabrication. HDFs are first embedded within the
fibrin-based dermal matrix, followed by bioprinting of HaCaT-laden source droplets. HUVECs are introduced after
completion of Stage I culture. The timing of HUVEC expansion and endothelialization may require adjustment depending
on the rate of HaCaT proliferation and collective migration observed during Stage | (section E).

3. The cell numbers listed above are recommended for the fabrication of approximately 10-12 skin models and include a
sufficient margin to account for cell consumption during fabrication. Calculate the required number of each cell type based
on the number of models to be fabricated.

C. Preparation of the dermal matrix

Note: The 3D skin model is constructed in a bottom-up manner, assembling from the dermal matrix to the stratified
epidermal layers. HDF-laden fibrin gels are first formed within the tissue culture chambers (fabricated in section A) to
recapitulate the dermal compartment.

1. Thoroughly clean and rinse the tissue culture chambers with distilled water.

Critical: Ensure that capillary action is observed within the microchannels, indicating the absence of residual material and
debris.

2. Insert a 1-inch-long, 30-gauge needle (outer diameter: ~310 wm) through the microchannels so that it spans each chamber
(see Figure S1, step 7 in [30]).

Note: This needle serves as a template for creating a perfusable microvessel within the dermal matrix during section F.

3. Place the chambers in culture dishes (one chamber per 35 mm dish or four chambers per 100 mm dish). Fill the chambers
with distilled water and soak for at least 30 min. Repeat the soaking process at least twice.

Critical: This hydration step is essential for subsequent needle removal, enabling the formation of a smooth microchannel
within the dermal matrix for endothelialization (section F).

4. Aspirate the water from the chambers and rinse with Ca?*-free DMEM medium (Recipe 1). The treated chambers are
ready for dermal matrix casting.

Note: Leave a trace amount of residual medium in the chambers to facilitate adhesion between the culture chamber and the
hydrogel that forms the dermal matrix.

5. While the chambers are being hydrated, thaw an aliquot of 100x thrombin stock solution (100 U/mL; Recipe 5) on ice.
Dilute 10-fold with cold DPBS to obtain a 10 U/mL thrombin solution and keep on ice.

6. Thaw an aliquot of 40x aprotinin stock solution (1 mg/mL; Recipe 7) on ice. Dilute 4-fold with cold DPBS to obtain a
0.25 mg/mL aprotinin solution and keep on ice.

Note: Both thrombin and aprotinin solutions are used in sections C and D. Each aliquot is sufficient for preparing
approximately 15 models. Calculate the required number of aliquots carefully.

7. Prepare a fibrinogen solution (25 mg/mL; Recipe 4) and keep it on ice.

Note: Calculate the required volume based on the number of models to be fabricated (200 uL of fibrinogen solution per
model). To minimize enzyme-independent gelation, prepare sufficient fibrinogen solution for no more than four models at a
time. Repeat steps C7-10 as needed for additional models.
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8. Prepare the dermal matrix bioink (Table 1) by sequentially combining fibrinogen solution, HDF suspension (section B),
aprotinin solution, and thrombin solution in a centrifuge tube (1.5 mL tube for up to two models; 15 mL for larger batches).
Note: The dermal matrix contains HDFs at a density of 1.0 x 10° cells/mL. This seeding density was selected to limit
fibroblast overgrowth and preserve fibrin gel stability, thereby supporting keratinocyte proliferation and collective
migration during Stage | while allowing controlled matrix remodeling and minimizing excessive fibroblast-mediated
contraction that could disrupt epidermal stratification following fibroblast activation in Stage II.

Critical: Mix the cell suspension thoroughly immediately before addition to ensure a homogeneous cell distribution and
prevent cell settling. After adding thrombin, mix rapidly but thoroughly. The bioink remains processable for approximately
2 min before gelation begins.

Table 1. Formulation of dermal matrix bioink (per model)

Reagent Final concentration Quantity or volume
Fibrinogen solution (25 mg/mL) 10 mg/mL 200 pL

HDF suspension (2.5x 10° cells/mL) 1.0 x 10° cells/mL 200 pL

Aprotinin solution (0.25 mg/mL) 0.025 mg/mL 50 puL

Thrombin solution (10 U/mL) 1U/mL 50 puL

Total — 500 pL

9. Deposit approximately 500 uL of dermal matrix ink into each chamber to completely fill the chamber volume.

Critical: Dispense the bioink gently at the center of the chamber and allow it to spread evenly. Minimize the introduction
of air bubbles during casting.

See Troubleshooting 1 if the dermal matrix bioink cannot be prepared or cast properly (steps C7-9).

10. Allow the dermal matrix to crosslink. When freshly thawed thrombin is used, gelation typically occurs within 2-5 min,
resulting in the formation of an HDF-laden fibrin gel within each chamber. Transfer the culture dishes to a CO; incubator
immediately after casting.

D. Bioprinting of the keratinocyte source droplet array

Note: Supported by the dermal matrix prepared in section C, epidermal regeneration is initiated through the self-
organization of keratinocytes from bioprinted cell source droplets.

1. Warm the glycerol solution (50% v/v; Recipe 6) to room temperature.
Note: Warming reduces the viscosity of the glycerol solution, facilitating bioink preparation and mixing.

2. Prepare a fibrinogen solution (25 mg/mL; Recipe 4) for HaCaT encapsulation and keep it on ice.

Note: Calculate the required volume based on the number of models to be fabricated. A minimum of 40 L of fibrinogen
solution is required per model when using a 3-cc syringe barrel; adjust the volume as needed for alternative printing
configurations. As described in section C, prepare sufficient fibrinogen solution for no more than four models at a time.
Repeat steps D2-10 as needed for additional models.

3. Use the 10 U/mL thrombin solution and 0.25 mg/mL aprotinin solution prepared in section C.

Critical: Discard any unused solution after completing section D to avoid activity loss associated with repeated freeze—thaw
cycles.

4. Set the dispensing pressure of the 3D bioprinter to 0.8 psi and load the printing program (Code S1, generated using Robot
Edit).

Note: In this protocol, bioprinting is performed using a custom-built 3D bioprinter consisting of a benchtop gantry robot
integrated with a digital fluid dispenser for precise pressure regulation. The printer is operated inside a biosafety cabinet.

5. Transfer a culture chamber from the incubator to the bioprinter stage.
6. Prepare the keratinocyte source droplet bioink (Table 2) by sequentially combining fibrinogen solution, HaCaT
suspension (Procedure B), glycerol solution, aprotinin solution, and thrombin solution in a 0.2 mL centrifuge tube.
Critical: Mix the cell suspension thoroughly immediately before addition to ensure a homogeneous cell distribution and
prevent cell settling. After adding thrombin, mix rapidly but thoroughly. Immediately transfer the bioink into a pre-cooled
3-cc syringe barrel fitted with a 32-gauge dispensing tip.
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Table 2. Formulation of keratinocyte source droplet bioink

Reagent Final concentration Quantity or volume
Fibrinogen solution (25 mg/mL) 10 mg/mL 40 L

HaCaT suspension (5 x 106 cells/mL) 1 x 108 cells/mL 20 uL

Glycerol solution (50% v/v) 10% 20 uL

Apraotinin solution (0.25 mg/mL) 0.025 mg/mL 10 puL

Thrombin solution (10 U/mL) 1U/mL 10 uL

Total — 100 puL

7. Begin bioprinting immediately after mounting the loaded syringe onto the 3D bioprinter. In this protocol, a proof-of-
concept 2 x 2 droplet array is printed (Figure 1A, B; Video S1).

Notes:

1. Nitrogen gas is recommended as the driving pressure source instead of compressed air or CO, to reduce contamination
risk. Installing a sterile syringe filter between the pressure source and syringe barrel is also recommended.

2. In this protocol, each droplet has a target volume of ~1.5 uL and is printed with a center-to-center spacing of 2 mm. The
resulting droplet diameter typically ranges from 1.4 to 1.6 mm. Minor variations in droplet size may arise from
nonuniformities in the surface properties and roughness of the native fibrin gel used as the dermal matrix.

i

Fixation

Figure 1. Representative photographs of 3D skin models throughout the biofabrication and maturation process. (A,
B) During and after bioprinting of the keratinocyte source droplets. (C) During Stage | tissue culture. (D) During Stage Il
tissue culture. (E) Following tissue fixation.

8. Print the droplet arrays one model at a time by repeating steps D5-7. See Troubleshooting 1 if droplets cannot be printed
properly or if nozzle clogging occurs.

9. Allow the HaCaT-laden droplets to crosslink for approximately 5 min after deposition onto the dermal matrix (Figure
1B). Subsequently, add 200 pL of Ca?*-free DMEM medium (Recipe 1) per model.

Note: Add the medium gently along the chamber wall to avoid disturbing the printed droplets and to minimize hydraulic
forces on the newly formed structures.

10. Add distilled water to the culture dishes surrounding the chambers to maintain humidity and minimize medium
evaporation. Transfer the culture dishes to the incubator and culture for two days, allowing the cells to adapt to the 3D
microenvironment.

Note: Add water carefully and maintain the water level below the inserted needle.

Critical: Cell viability gradually decreases during prolonged suspension. Therefore, sections C and D should ideally be
completed within 2 h, and no more than 12 models are recommended per fabrication batch.

E. Stage | tissue culture

Note: Following model fabrication, the culture strategy is shifted toward optimizing tissue maturation. During Stage I, the
culture medium is formulated to promote basal layer formation in the epidermal compartment while preserving the integrity
of the fibrin-based dermal matrix. A compact basal layer is expected to form through the proliferation and collective
migration of keratinocytes originating from the bioprinted source droplets.

1. After the two-day adaptation period, replace the Ca?*-free DMEM medium with DMEM-A medium (Recipe 8). Change
the medium with fresh, prewarmed DMEM-A every other day throughout Stage | (Figure 1C).
Critical: HaCaT cells and HDFs are expected to distribute homogeneously within the bioprinted fibrin droplets and dermal
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matrix, respectively.

See Troubleshooting 2 if nonuniformity is observed during microscopic examination.

Note: DMEM-A is also Ca?*-free to maintain HaCaT cells in a highly proliferative and migratory basal state. Aprotinin is
supplemented to slow fibrin degradation associated with the expanding HaCaT population.

2. Monitor keratinocyte activities and distribution daily using an inverted microscope (see Figure S2 in [30]).

Note: While this protocol can be applied to both wild-type and fluorescence-tagged HaCaT cells, GFP-E-cad—HaCaT cells
and other fluorescence-expressing keratinocytes are recommended during protocol establishment because the fluorescent
labels facilitate cell tracking and visualization (see Figure 2 in [29]).

a. HaCaT cells typically begin proliferating and forming aggregates within the source droplets between days 3 and 5.

b. HaCaT cells continue to proliferate while migrating out of the source droplets and into the inter-droplet regions on the
dermal matrix surface, typically between days 5 and 7.

c. Collective migration continues, and keratinocyte populations originating from adjacent droplets begin to merge around
day 10.

Note: Between days 7 and 10, the culture medium often turns yellow before medium replacement, indicating a high cell
density and active metabolism.

d. A compact basal layer forms within the inter-droplet regions, typically between days 10 and 14. See Troubleshooting 3
if HaCaT cells fail to proliferate or migrate actively.

3. In parallel, measure transepithelial electrical resistance (TEER) to monitor basal layer formation (see Figure S3 in [30]).
Note: TEER values are expected to increase gradually before day 10, corresponding to keratinocyte proliferation and
collective migration. A more rapid increase is typically observed between days 10 and 14, indicating the formation of a
compact basal layer. Calculate the net resistance by subtracting the resistance measured from a cell-free fibrin gel cultured
under the same conditions.

F. Vascularization

Note: Once keratinocyte proliferation, collective migration, and compact basal layer formation have been observed
according to the timeline described in section E and confirmed by TEER measurements, the 3D skin model is ready for
vascularization through the introduction of a perfusable microvessel lined with endothelial cells.

1. Prepare and sterilize 0.5-inch-long, 30-gauge blunt-end needles (outer diameter: ~310 um; two needles per model) and
double-sided tapes for HUVEC seeding and subsequent microchannel endothelialization.

2. Carefully remove the embedded template 1-inch-long needle from each model to create a microchannel (~310 um
diameter) within the fibrin-based dermal matrix (see Figure S1, step 8 in [30]).

Critical: Remove the needle slowly and steadily to avoid disrupting the adhesion between the fibrin gel and the culture
chamber walls. Extensive practice using culture chambers containing cell-free fibrin gels (10 mg/mL) is highly
recommended.

3. Gently flush the newly formed microchannel with EGM-2 medium (Recipe 3) using a 10 or 20 uL pipette.
Critical: Avoid introducing air bubbles. Confirm microchannel patency by observing capillary-driven flow through the
channel.

4. Mix the HUVEC suspension (1 x 107 cells/mL; prepared in section B) thoroughly to ensure a homogeneous cell
distribution.

5. Inject approximately 10 uL of HUVEC suspension into the microchannel using a 10 or 20 uL pipette. Seal both ends of
the microchannel with 0.5-inch-long blunt-end needles.

Critical: Pipette slowly and gently to minimize air bubble formation, which can result in defects in the endothelial lining.

6. Assess HUVEC loading using an inverted microscope (10x magnification).

Note: The microchannel should appear fully occupied by HUVECs (Figure 2A). The seeding conditions described here (1
x 107 cells/mL, 10 uL) were optimized for the current chamber design and overnight endothelialization protocol.
Appropriate seeding density is critical for establishing a confluent endothelial monolayer along the microchannel wall.
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See Troubleshooting 2 if cell leakage is observed after HUVEC injection into the microchannel.

7. Transfer successfully seeded models to 100-mm culture dishes (one chamber per dish) and secure the culture chambers
to the dish bottom using double-sided tape. Invert the dishes and place them in the incubator for approximately 2 h.
Critical: Apply no more than 100 puL of EGM-2 medium to each model to maintain hydration of the newly formed basal
layer. Excess medium may leak from the model when cultured in the inverted orientation.

Note: Practice the inversion procedure using empty chambers before handling experimental samples to minimize the risk of
sample loss.

8. After approximately 2 h, return the dishes to the upright position and incubate for another 2 h. Repeat this inversion cycle
at least two additional times.

Critical: Alternating culture orientations promotes uniform HUVEC attachment around the entire circumference of the
microchannel.

9. After the final inversion cycle, add 100 pL of fresh EGM-2 medium to each model. Add distilled water around the
chambers (as described in step D10) to maintain humidity and minimize evaporation-induced volume loss.
Note: The added water also moistens the double-sided tape, facilitating the removal of the culture chambers from the dishes.

10. Following overnight culture, carefully detach the chambers from the dishes and gently remove the sealing needles from
both ends of the microchannel.

11. Flush the endothelialized microchannel gently but thoroughly with prewarmed EGM-2 medium.

Critical: Ensure that all unattached HUVECs are removed from the microchannel (Figure 2B). Examine the model using
an inverted microscope. A uniform, confluent endothelial monolayer should line the microchannel, with no visible floating
cells. Thorough flushing is essential for maintaining microvessel viability and ensuring reliable performance during
subsequent culture and functional assays.

500 um
After Injection After Flushing

Figure 2. Representative microscopic images of an embedded microchannel. (A) Immediately after HUVEC injection.
(B) Immediately after flushing, following overnight culture. To improve visualization of the microchannel, these images
were acquired using a matrix without keratinocytes or fibroblasts.

G. Stage I tissue culture

Note: Following microchannel endothelialization, all three cellular compartments have been integrated into the 3D skin
model. During Stage Il, the culture strategy shifts toward promoting epidermal stratification and dermal matrix remodeling
while maintaining the viability and function of the engineered microvessel. Upon completion of this stage, the organotypic
tissue constructs are expected to be suitable for disease modeling and therapeutic evaluation.

1. Transfer the tissue culture chambers to 35 mm culture dishes or 6-well plates (Figure 1D).
Note: The customized culture chambers used in this protocol are designed to fit these commonly used culture vessels. The
chamber dimensions can be modified during section A to accommodate alternative culture formats.

2. Add 200 pL of EGM-2 medium (Recipe 3) onto the epidermal surface and 200 pL to each space between the culture
chamber and the dish or well wall adjacent to the microvessel openings to enable vascular perfusion of the model (total: 600
uL of EGM-2 medium per model) (see Figure S4 [30]).

Critical: Supply medium both topically and through the microvessel to ensure adequate nutrient delivery to all developing
tissue compartments.
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Note: The culture chambers are compatible with dynamic culture and vascular perfusion experiments. Using the 0.5-inch-
long, 30-gauge needles described in section F, the chamber can be connected to a peristaltic pump for controlled flow
regulation (see Figure S9 in [30]).

3. Replace the EGM-2 medium daily throughout Stage 11, typically for 7 days.
Note: Gently flush the microvessel during medium changes to remove detached HUVECs.

4. Monitor the development and maturation of the epithelial, stromal, and endothelial barriers over time.

Note: The densely packed basal keratinocytes self-initiate differentiation and basal-to-suprabasal transition. Ca?* (1.6 mM)
in EGM-2 medium further promotes epidermal stratification. More importantly, Ca?* is essential for the assembly of
cadherin-mediated junctions in both epithelium and endothelium, which are critical for barrier formation and function.
Growth factor supplements in the Stage Il medium also activate fibroblasts to remodel the dermal matrix through deposition
of ECM components, including collagen fibers (see Figure 3 in [30]).

See Troubleshooting 3 if cell activity does not match expected behavior during follow-up observations.

a. Monitor epidermal layer development using an inverted microscope and TEER measurements.

Notes:

1. Without fixation, basal-to-suprabasal differentiation can be difficult to visualize directly. However, progressive thickening
of the epidermal compartment is expected. Following Stage I, TEER values continue to increase and typically reach
approximately sevenfold the value of the early day 2 measurement (step E3) by the end of Stage Il culture (see Figure S3 in
[30]), indicating barrier maturation and epidermal stratification.

2. Because an air-liquid interface is not introduced in this protocol, terminal epidermal cornification is not expected.

b. Measure tissue viscoelasticity using nanoindentation.
Note: Progressive matrix stiffening is expected during Stage Il, reflecting fibroblast-mediated extracellular matrix
remodeling. Deposited ECM components can be further characterized by immunostaining following tissue fixation.

c. Evaluate vascular function by perfusing fluorescent tracers and monitoring molecular transport.

Note: In the associated study, fluorescein isothiocyanate (FITC)-conjugated dextran (150 kDa) was used as a model
macromolecule to mimic antibody transport. A slow, progressive, and spatially uniform spread of fluorescence throughout
the tissue is expected, whereas near-instantaneous diffusion is typically observed in an acellular microchannel (see Figure
3in [30]).

Data analysis

In addition to dynamic characterization of the 3D tissue constructs throughout the two-stage culture process—including
time-lapse microscopy (an environmental incubation chamber is recommended for long-term imaging), TEER
measurements, viscoelasticity assessment by nanoindentation, and molecular transport analysis—comprehensive end-point
characterization is performed after fixation of the biofabricated tissues (Figure 1E), as described in the original publications
[29,30]. Whole-mount immunostaining can be used to visualize the spatial organization of the three cellular compartments,
whereas microsectioned tissue slices provide a higher-resolution assessment of the multilayered tissue architecture.
Recommended markers include:

a. Overall cell distribution: 4',6-diamidino-2-phenylindole (DAPI)

b. Epithelium: E-cadherin (E-cad)

c. Epidermal stratification: Keratin 5 (K5; basal layer), Keratin 10 (K10; suprabasal layers), and involucrin (INV; upper
spinous and granular layers)

d. Endothelium: Platelet endothelial cell adhesion molecule-1 (PECAM-1/CD31)

e. Fibroblast activation: a-smooth muscle actin (a-SMA)

f. Extracellular matrix remodeling: Type I collagen (COL-I).

Image processing and quantitative analysis are performed using the Fiji distribution of ImageJ, including maximum-intensity
projection generation, fluorescence intensity quantification, and cell migration tracking. Tile stitching and Z-stack
reconstruction are performed using the microscope-associated imaging software.
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Replicates and statistical analysis: A minimum of three independent biological replicates is recommended for all quantitative
measurements. For each biological replicate, technical duplicates or triplicates should be included whenever feasible.
Comparisons between two groups may be performed using a two-tailed Student’s t-test when data meet assumptions of
normality or a Mann-Whitney U test when normality assumptions are not satisfied.

Validation of protocol

This protocol has been used and validated in the following research article(s):

e Haiwei Zhai et al. [30] 3D organotypic skin models recapitulate autoantibody-driven pemphigus pathomechanisms and
targeted therapeutic response. Science Advances (Figures 1-3 and Supplemental Figures 1-9).

The epithelialization protocol is an optimized version of our previous in vitro epidermal reconstruction protocol, which was

used and validated in the following research article:

e  Haiwei Zhai et al. [29] Spatially guided construction of multilayered epidermal models recapturing structural hierarchy
and cell—cell junctions. Small Sciences (Scheme 1, Figures 1-3, and Supplemental Figures 1-7).

General notes and troubleshooting

General notes

1. Freshly prepare all bioinks immediately prior to bioprinting.

2. Prepare all solutions and bioinks in a biosafety cabinet. Autoclave all culture chambers before use. Only use sterilized
tools and supplies for the biofabrication processes. Perform bioprinting under sterile conditions.

3. Clean the chamber walls and microchannels after each fabrication step to remove any residual material and debris.

Troubleshooting

Problem 1: Fibrinogen-formulated bioinks are difficult to transfer or print.

Possible cause: Fibrinogen solutions can undergo enzyme-independent aggregation and non-fibrous gelation prior to
thrombin addition, particularly when stored for extended periods or exposed to elevated temperatures. These processes may
lead to the formation of amorphous gel networks and precipitates that increase viscosity and reduce printability. After
thrombin is added, clotting may occur too rapidly to allow sufficient time for bioink transfer, casting, or printing.

Solution: Always prepare fibrinogen solutions fresh immediately before casting or printing. Keep fibrinogen solutions, cell
suspensions, other bioink components, and all supplies used for bioink preparation, transfer, and printing on ice until use.
Minimize the time between bioink preparation and casting or printing. Confirm that Ca?*-free media are used during solution
and bioink preparation, as calcium ions accelerate fibrin gelation and may further reduce the available processing window.

Problem 2: Cells do not distribute properly within their designated compartments.

Possible cause: For fibrin-encapsulated HaCaT cells and HDFs, incomplete or slow enzymatic crosslinking may result in
cell sedimentation, aggregation, or uneven distribution within the hydrogel. The addition of culture medium before sufficient
gelation can disrupt the fragile fibrin constructs and alter cell positioning. For microchannel-lining HUVECs, the
concentrated cell suspension may leak into gaps between the dermal matrix and chamber walls due to compromised gel-
chamber adhesion during removal of the template or sealing needles. During Stage | culture, insufficient supplementation
of aprotinin may accelerate fibrin degradation, leading to loss of structural integrity and subsequent mislocalization of all
three cell types during later culture stages.

Solution: Accurately calculate thrombin usage and minimize repeated freeze—thaw cycles to maintain consistent enzymatic
activity. Prior to model fabrication, use acellular fibrin formulations to determine the optimal gelation time under the
intended experimental conditions. If enzyme-independent gelation, aggregation, or precipitation described in
Troubleshooting 1 is observed, discard the affected solutions or bioinks and prepare fresh reagents. To minimize HUVEC
leakage, remove template and sealing needles slowly and carefully, and avoid reusing needles once removed. During Stage
I culture, supplement the medium with an antifibrinolytic agent such as aprotinin to preserve the integrity of the fibrin-based
dermal matrix and keratinocyte source droplets until fibroblasts have sufficiently remodeled the matrix and deposited
structural extracellular matrix proteins, including type | collagen.
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Problem 3: Cells lose viability or function during model maturation or post-biofabrication evaluation.

Possible cause: Insufficient cell seeding density may reduce intercellular communication, prolong adaptation and growth
phases, and increase apoptosis. Low densities of HaCaT cells, HDFs, or HUVECSs can impair collective migration, dermal
matrix remodeling, and vascular barrier formation. The use of high-passage primary cells or cells with poor viability
following recovery from cryopreservation may also compromise long-term cell survival and function during the extended
culture period required for 3D skin model maturation. In addition, dehydration of fibrin-encapsulated cells can result in
substantial cell loss, particularly in the microliter-scale keratinocyte source droplets.

Solution: Ensure accurate cell counting and cell suspension concentrations for all cell types. Thoroughly redisperse cells
before mixing, transfer, seeding, casting, or printing to promote uniform cell distribution. During routine cell expansion,
discard cultures exhibiting excessive numbers of floating or unattached cells and re-establish cultures from a fresh
cryopreserved stock. Minimize the use of high-passage primary cells for model fabrication and long-term experiments. For
vascularization, HUVECs should ideally be used at passages <9. For dermal matrix remodeling, HDFs should ideally be
used at passages <12. To prevent dehydration-associated cell loss, provide culture medium immediately after complete fibrin
gelation. Although sufficient time must be allowed for gel formation under Ca*'-free culture conditions, the bioprinted
keratinocyte-laden droplets remain sensitive to environmental factors such as humidity and temperature. As described in
Troubleshooting 2, optimization of gelation time under local laboratory conditions is critical before routine model fabrication.
In addition, incorporation of biocompatible humectants, such as plant-derived glycerol, can improve the resistance of the
printed keratinocyte source droplets to dehydration during the fabrication process.

Supplementary information

The following supporting information can be downloaded here:

1. File S1. Tissue culture chamber design.

2. Code S1. Cell droplet array bioprinting program for the Fisnar F5200N.2 gantry robot.
3. Video S1. Cell droplet bioprinting
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