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Abstract
Skin is a complex and vulnerable tissue that it is challenging to reconstitute once damaged. Here, we
describe a three-dimensional organoid culture system that can generate fully strati�ed skin with its
appendages from human pluripotent stem cells. This in vitro-based skin organoid culture system will
bene�t investigations into basic skin biology and disease modeling, as well as translational efforts to
reconstruct or regenerate skin tissue.

Introduction
Development of skin requires crosstalk between epidermal and dermal layers to mature and produce
appendages, such as hair follicles and glands. Over several decades, there have been studies modeling
human skin using epidermal and dermal cells in vitro; however, generating appendages together with the
skin remains an unmet challenge1-3. In our previously published human inner ear generation method, we
observed epithelial cyst formation as a byproduct of inner ear organoid induction4. Moreover, we were
able to generate hairy-skin organoids from similar epithelial cysts in mouse pluripotent stem cell 3D
cultures5. Here, we devised a new differentiation strategy using chemically-de�ned basal medium and
carefully timed TGF, BMP, and FGF signaling pathway modulation to co-induce epidermal and dermal
cells from human pluripotent stem cells6. The resulting organoids are composed of epidermal, dermal,
and neuro-glial cells and produce hair follicles after approximately 70 days in culture. In addition,
melanocytes, sebaceous glands, dermal adipocytes, Merkel cells, and sensory neurons are observed
within one skin organoid unit. Skin organoids can be maintained for up to 5 months in culture using this
protocol.

Reagents
Cells:

·      Human pluripotent stem cells

e.g. WA25 human embryonic stem cells (NIHhESC-12-0196), DSP-GFP human induced pluripotent stem
cells (Allen Institute WTC cell lines)

Reagents:

·      Essential 8 Flex Medium (Gibco, Cat# A2858501)

·      Essential 6 Medium (Gibco, Cat# A1516401)

·      Advanced DMEM/F12 (Gibco, Cat# 12634010)
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·      Neurobasal Medium (Gibco, Cat# 21103049)

·      Y27632 in Solution (Stemgent, Cat# 04-0012-02)

·      SB431542 (Stemgent, Cat# 04-0010-05)

·      Recombinant Human FGF-basic (PeproTech, Cat# 100-18B)

·      Recombinant Human BMP-4 (PeproTech, Cat# 120-05)

·      Matrigel (Corning, Cat# 354230)

·      GlutaMAX™ Supplement (Gibco, Cat# 35050061)

·      B-27 Supplement, Minus Vitamin A (Gibco, Cat# 12587010)

·      N2 Supplement (Gibco, Cat# 17502048)

·      2-Mercaptoethanol (Gibco, Cat# 21985023)

·      Normocin (Invivogen, Cat# Ant-nr-1)

·      Accutase (Gibco, Cat# A1110501)

·      1X DPBS (Gibco, Cat# 14190250)

Equipment
Equipment:

·      U-bottom low-attachment 96-well plates (Thermo Scienti�c, Cat# 174925)

·      Low-attachment 24-well plates (Thermo Scienti�c, Cat# 174930)

·      Invitrogen Countess II automated counter (Invitrogen, Cat# AMQAX1000)

·      Reagent reservoirs (VistaLab Technologies, Cat# 30542003)

·      Test tube with cell strainer snap cap (Corning, Cat# 352235)

·      Wide-ori�ce p200 tips (Rainin, Cat# 30389250)

·      Wide-ori�ce p1000 tip (Rainin, Cat# 30389221)

·      Petri-dish (Corning, Cat# 351029)

·      Biosafety cabinet
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·      CO2 incubator

Procedure
* Perform every step in the biosafety cabinet

* This protocol is standardized to a preparation of culture in 2 plates of 96-well plate

 

Day (-2): Cell aggregation

* Prior to starting the experiment, prepare 10 ml of E8-10Y and 22 ml of E8-20Y media (see Media
Preparation)

·      Cell dissociation:

1.    Aspirate spent medium of the cells in one well of a 6-well culture plate, where cells are at 75% of
con�uency

2.    Wash with 2.5 ml of 1X DPBS for twice, and aspirate the DPBS from the last wash

3.    Add 500 µl of Accutase and incubate for 3-4 mins in 37°C incubator with 5.0% CO2 (time varies
depending on cell lines and con�uency)

4.    Add 1 ml of E8-10Y medium and gently pipette up-and-down to break up the cell clusters into single
cells within the well where cells were detached by Accutase treatment

5.    Then, collect all cell suspension into a 15 ml tube and add additional 4 ml of E8-10Y, making a �nal
volume of 5.5 ml

6.    Centrifuge for 5 min 30 sec at 230 rcf to pellet cells

7.    Carefully and completely remove supernatant by aspiration, not disturbing the cell pellet

8.    Resuspend cells in 1 ml of E8-10Y medium by gently pipetting up-and-down

·      Cell aggregation:

9.    Equilibrate cell strainer by forcefully adding 1 ml of E8-10Y medium through the strainer mesh

10. Add resuspended cells prepared in step #8 onto the cell strainer in a drop-wise manner
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11. Add another 1 ml of E8-10Y medium onto the cell strainer in a drop-wise manner

12. Carefully remove and discard the cell strainer snap cap

13. Count the number of live cells in the cell suspension using Trypan blue at 1:1 dilution (we used
automated counter to count the live cell numbers, but hemocytometer can be used)

14. Calculate the volume of cell suspension needed for cell culture. The �nal cell concentration of 35,000
cells/ml is needed for a differentiation culture. Therefore, 7.7 x 105 cells are needed in 22 ml (preparation
for 2 plates)

15. After the calculation, remove the same volume as the cell suspension that is needed for culture from
22 ml of E8-20Y medium that was prepared earlier, and then, add the adequate volume of your cell
suspension to the E8-20Y medium

e.g.) If the cell suspension concentration in E8-10Y is 5 x 105 cells per ml, 1.54 ml of the cell suspension
is needed for culture in 22 ml of E8-20Y medium. Therefore, remove 1.54 ml from the 22 ml E8-20Y and
add 1.54 ml of cell suspension in E8-10Y into the 20.46 ml of E8-20Y medium, which brings the �nal cell
concentration to 7.7 x 105 cells in 22 ml.

16. Invert several times or swirl the tube to mix the cell suspension evenly

17. Pour the 22 ml cell suspension into a 25 ml reservoir

18. Using a multi-channel pipette, aliquot 100 µl of cell suspension into each well of 96-well U-bottom
plates (this makes 3500 cells per well)

19. Spin down the plates at 110 rcf for 6 min at room temperature

20. Incubate the plates in 37°C incubator with 5.0% CO2 for 24 hrs

Day (-1): Dilution of Y solution

1.    Prepare 22 ml of fresh E8 medium containing 44 µl of Normocin (100 µg/ml, WITHOUT Y)

2.    Pour 22 ml of fresh E8 medium into a 25 ml reservoir

3.    Using a multi-channel pipette, add 100 µl of E8 medium into each well, which brings total volume to
200 µl per well

4.    Incubate the plates in 37°C incubator with 5.0% CO2 for 24 hrs
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Differentiation Day 0: Transition to differentiation in E6 medium

* A day before, thaw 600 µl of Matrigel on ice overnight at 4°C

* Perform all procedures on ice

1.    Prepare 30 ml of E6-based differentiation medium containing 2% Matrigel, 10 µM SB, 4 ng/ml FGF,
and 2.5 ng/ml BMP4 - hereafter, E6SFB (see Media Preparation)

2.    Collect all aggregates from 96-well U-bottom plates to a 2 ml round-bottom tube

a.    Using wide-ori�ce p200 tips and a multi-channel pipette, collect all aggregates on a 100 mm petri-
dish (keep the aggregates intact)

b.    By gently swirling the petri-dish, concentrate all aggregates into the center of the dish

c.     Using a wide-ori�ce p1000 tip, collect all aggregates into a 2 ml round-bottom tube

3.    Carefully remove excessive E8 medium from the tube

4.    Wash with 1 ml of E6 medium for three times to completely remove traces of E8 medium

5.    Add 1 ml of E6SFB medium to the tube containing aggregates

6.    Place a new 100 mm petri-dish on ice and add ~15 ml of E6SFB medium prepared ahead

7.    Using a wide-ori�ce p1000 tip, transfer all aggregates to the petri-dish containing the medium on ice

8.    Using a wide-ori�ce p200 tip, transfer individual aggregate in a volume of 100 µl of E6SFB medium
into each well in a new 96-well U-bottom plate (pour in more medium into the petri-dish as it goes)

9.    Incubate in 37°C incubator with 5.0% CO2

10. Observe morphological changes every day

Differentiation Day 3: LDN193189 and basic-FGF treatment

1.    Prepare 5 ml of E6 medium containing 1 µM LDN and 250 ng/ml FGF - hereafter, E6LF (see Media
Preparation)

2.    Pour 5 ml of prepared E6LF medium into a 10 ml reservoir

3.    Using a multi-channel pipette, add 25 µl of the E6LF medium per well into the aggregate culture in 96-
well U-bottom plates (Exclude wells on each edge of the 96-well U-bottom plate during treatment; medium
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in the edge wells evaporates during the culture and alters the �nal volume)

4.    Gently tap the plates to mix the medium

5.    Incubate in 37°C incubator with 5.0% CO2

 

Differentiation Day 6: Providing nutrition

1.    Prepare 11 ml of fresh E6 medium containing 22 µl Normocin

2.    Pour the prepared E6 medium into a 10 ml reservoir

3.    Using a multi-channel pipette, add 75 µl per well into each well in 96-well U-bottom plates, making a
�nal volume of 200 µl per well

4.    Gently tap the plates to mix the medium

5.    Incubate in 37°C incubator with 5.0% CO2

Differentiation Days 8 and 10: Providing fresh medium by half-medium change

1.    Prepare 14 ml of fresh E6 medium containing 28 µl of Normocin

2.    Using wide-ori�ce p200 tips and a multi-channel pipette, at about 60˚ angle, very carefully remove
100 µl of spent medium from each well of 96-well U-bottom plate, remaining 100 µl of medium in each
well (remove the volume into a petri-dish and discard)

3.    Pour the E6 medium into a 25 ml reservoir

4.    Using a multi-channel pipette, add 100 µl of fresh E6 medium into each well, making a �nal volume
of 200 µl per well

5.    Gently tap the plates to mix the medium

6.    Incubate in 37°C incubator with 5.0% CO2

Differentiation Day 12: Transition to �oating culture in organoid maturation medium

* A day before, thaw 630 µl of Matrigel on ice overnight at 4°C

* Perform all procedures on ice
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1.    Prepare 63 ml of OMM (see Media Preparation) containing 1% Matrigel – hereafter, OMM1%M

2.    Using a p1000 tip with a wide mouth (cut with a razor blade; make sure the opening is wider than the
size of an aggregate), collect all aggregates in a 2 ml round bottom tube

3.    Carefully remove excessive medium

4.    Wash aggregates with 1 ml of Advanced DMEM/F12 medium for 3 times

5.    After removing all excessive washing medium, place the tube with aggregates on ice

6.    Add 1 ml of OMM1%M into the tube containing aggregates

7.    Pour medium (�rst pour about 15 ml of OMM1%M and keep adding as it goes) into cooled petri-dish
placed on ice

8.    Using a wide mouth p1000 tip, transfer all aggregates into the OMM1%M in the petri-dish on ice

9.    Using a wide mouth p1000 tip, transfer each aggregate in 500 µl of OM1%M into each well in 24-well
low-attachment plates (i.e. one aggregate per well in a total volume of 500 µl per well)

10. Gently swirl to make sure each well is completely covered by medium and aggregates are not �oating
on the surface of the medium

11. Incubate in 37°C incubator with 5.0% CO2 on a shaker at 65 rpm for consistent and gently agitation

 

Differentiation Day 15: Half medium change with OMM containing 1% Matrigel

* A day before, thaw 320 µl of Matrigel on ice overnight at 4°C

1.    Prepare 32 ml of OMM containing 1% Matrigel (OMM1%M)

2.    Remove 250 µl of spent medium from each well of the 24-well plates, leaving 250 µl per well

3.    Add 250 µl of freshly prepared OMM1%M into each well, making �nal volume of 500 µl per well

4.    Gently swirl the plates to evenly mix the medium

5.    Incubate in 37°C incubator with 5.0% CO2 on a shaker at 65 rpm

Differentiation Day 18: Half medium change for Matrigel dilution

1.    Prepare 32 ml fresh OMM (WITHOUT Matrigel)



Page 9/11

2.    Remove 250 µl of spent medium from each well of the 24-well low-attachment plates, leaving 250 µl
per well

3.    Add 250 µl of freshly prepared OM into each well, making �nal volume of 500 µl per well

4.    Gently swirl the plates to evenly mix the medium

5.    Incubate in 37°C incubator with 5.0% CO2 on a shaker at 65 rpm

Note: From differentiation day 18 to 45, perform half-medium changes every three days using OMM.
Afterwards, perform half-medium changes every other day, including full medium change once every
week by completely removing medium (500 µl) from each well and adding 500 µl of fresh OMM. As
organoids mature and grow older, increasing total volume of medium per well to 1 ml may at times
necessary from day-80. 

Troubleshooting
·      First thing to check whenever seeing any differentiation failures: Check reagent (small molecules and
proteins; very critical) expiration dates and prepare fresh medium

·      Failed formation of surface ectoderm: For e�cient surface ectoderm induction, increasing or
decreasing the concentration of BMP and/or delaying the treatment timing may be required, depending
on different cell lines. This is potentially due to different endogenous BMP levels and/or proliferation
rates between cell lines.

·      Failed formation of cranial neural crest cells (CNCCs): For e�cient CNCC induction, optimizing the
timing (earlier or later) of BMP inhibition with activation of FGF signaling may be required depending on
different cell lines.

Time Taken
·      Day -2. Cell aggregation: 50 min

·      Day -1. Dilution of Y solution: 15 min

·      Day 0. Transition to differentiation in E6 medium: 1 hr 20 min

·      Day 3. LDN193189 and basic-FGF treatment: 30 min

·      Day 6. Providing nutrition: 15 min

·      Day 8. Providing fresh medium by half-medium change: 30 min

·      Day 10. Providing fresh medium by half-medium change: 30 min
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·      Day 12. Transition to �oating culture in organoid maturation medium: 1 hr 20 min

·      Day 15. Half medium change with OMM containing 1% Matrigel: 40 min

·      Day 18 onward. Half/Full medium change with OMM: 30 min

·      Total time to observe hair germ formation: ~60 days

·      Total time to generate mature skin equipped with appendages: ~135 days onward

Anticipated Results
If performed correctly, a translucent epithelial cyst should form after ~8 days of differentiation. The
epithelial cyst will become covered by a layer of mesenchymal and neuro-glial cells over the next several
months of the protocol. After ~30 days of differentiation, the epithelial cyst should be composed of
strati�ed epidermis with basal, suprabasal, and peridermal cell layers. After ~70 days of differentiation,
hair follicle germs should form that are visible using low magni�cation bright�eld imaging (4x or 10x
magni�cation). From days ~70-150 of differentiation, hair follicles will elongate and become pigmented.
This skin organoid system should be a suitable model for studying the development of human skin and
its accessory tissues and skin-related diseases. Moreover, skin organoids could be a tissue source for use
in surgical transplantation for patients with burns or wounds.
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