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Introduction

Human skin equivalents (HSEs) are tissue engineered constructs that model
epidermal and dermal components of human skin. These models have been used to
study skin development, wound healing, and grafting techniques. Many HSEs continue
to lack vasculature and are additionally analyzed through post-culture histological
sectioning which limits volumetric assessment of the structure. Presented here is a
straightforward protocol utilizing accessible materials to generate vascularized human
skin equivalents (VHSE); further described are volumetric imaging and quantification
techniques of these constructs. Briefly, VHSEs are constructed in 12 well culture
inserts in which dermal and epidermal cells are seeded into rat tail collagen type |
gel. The dermal compartment is made up of fibroblast and endothelial cells dispersed
throughout collagen gel. The epidermal compartment is made up of keratinocytes (skin
epithelial cells) that differentiate at the air-liquid interface. Importantly, these methods
are customizable based on needs of the researcher, with results demonstrating
VHSE generation with two different fibroblast cell types: human dermal fibroblasts
(hDF) and human lung fibroblasts (IMR90s). VHSEs were developed, imaged through
confocal microscopy, and volumetrically analyzed using computational software at
4- and 8-week timepoints. An optimized process to fix, stain, image, and clear
VHSEs for volumetric examination is described. This comprehensive model, imaging,
and analysis techniques are readily customizable to the specific research needs of

individual labs with or without prior HSE experience.

Human skin performs many essential biological functions
including acting as an immune/mechanical barrier, regulating
body temperature, participating in water retention and

sensory roles':2:3:4. Anatomically, skin is the largest organ

in the human body and is made up of three main layers
(epidermis, dermis, and hypodermis) and possesses a
complex system of stromal, vascular, glandular, and immune/

nervous system components in addition to epidermal cells.
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The epidermis itself is composed of four layers of cells that are
continuously renewed to maintain barrier function and other
structures of native skin (i.e., sweat and sebaceous glands,
nails)3. Skin physiology is important in immune function,
wound healing, cancer biology, and other fields, leading
researchers to use a wide range of models, from in vitro
monocultures to in vivo animal models. Animal models offer
the ability to study the full complexity of skin physiology,
however, commonly used animal models such as mice
have significant physiological differences when compared to
humans®. These limitations, and the increased cost of animal
models, have led many researchers to focus on developing
in vitro models that more closely reflect the physiology of
human skin'-8. Of these, one of the simpler model types
is the human epidermal equivalent (HEE; also referred
to as half-thickness skin models) which are composed of
only epidermal keratinocytes on an acellular dermal matrix,
but capture epidermal differentiation and stratification seen
in vivo. Building on this, models containing dermal and
epidermal components (keratinocytes and fibroblasts) are
often referred to as human skin equivalents (HSE), full-
thickness skin models, or organotypic skin constructs (OSC).
Briefly, these models are generated by encapsulating dermal
cells within gel matrices and seeding epidermal cells on
top. Epidermal differentiation and stratification can then be
achieved via specialized media and air exposure’. Skin
equivalents have most often been generated through self-
assembly techniques using dermal gels made of collagen
type | (either of rat tail or bovine skin origin)'-8, but
similar models have incorporated other matrix components
such as fibrin® 10, fibroblast derived'"-12, cadaveric de-

epidermized membranes'3-14.15.16

1,12,13,17,18,19

, commercially available

gels and others Currently, there are
skin equivalents commercially available (as previously

reviewed''2). However, these are primarily developed for

therapeutic purposes and cannot be readily customized to

specific research questions.

HSEs have been applied in studies of wound
healing, grafting, toxicology, and skin disease/
developement11 ,12,13,16,8,20,21,22,23 Although 3D

culture more comprehensively models functions of human

tissue compared to 2D cultures?®, the inclusion of

diverse cell types that more accurately reflect the in

vivo population enables studies of cell-cell coordination

24,25,26

in complex tissues Most HSEs only include

dermal fibroblasts and epidermal keratinocyte327, although

the in vivo skin environment includes many other

cell types. Recent studies have started including

more cell populations; these include endothelial cells

10,28,29,30,31,32,33,34

in vasculature , adipocytes in sub-

35,36 19,21

cutaneous tissue , stem

27,37,38

nerve components

10,39,40,41,42

cells immune cells and other

disease/cancer specific models'6. 40, 43,44,45,46,47
Particularly important among these is vasculature; while
some HSEs include vascular cells, overall they still lack
comprehensive capillary elements with connectivity across

10,29 " extended in vitro stability28, and

the entire dermis
appropriate vessel density. Further, HSE models are typically
assessed through post-culture histological sectioning which
limits analysis of the three-dimensional structure of HSEs.
Three dimensional analysis allows for volumetric assessment

48,49

of vascular density as well as regional variation of

epidermal thickness and differentiation.

Although HSEs are one of the most common organotypic
models, there are many technical challenges in generating
these constructs

including identification of appropriate

extracellular matrix and cell densities, media recipes,

proper air liquid interface procedures, and post-culture
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analysis. Further, while HEE and HSE models have

published protocols, a detailed protocol incorporating
dermal vasculature and volumetric imaging rather than
histological analysis does not exist. This work presents
an accessible protocol for the culture of vascularized
human skin equivalents (VHSE) from mainly commercial cell
lines. This protocol is written to be readily customizable,
allowing for straight-forward adaptation to different cell
types and research needs. In the interest of accessibility,
availability, and cost, the use of simple products and
generation techniques was prioritized over the use of
commercially available products. Further, straightforward
volumetric imaging and quantification methods are described
that allow for assessment of the three-dimensional structure
of the VHSE. Translating this procedure into a robust and
accessible protocol enables non-specialist researchers to
apply these important models in personalized medicine,

vascularized tissue engineering, graft development, and drug

evaluation.

Protocol

1. Preparation for 3D culture

1. Prepare rat tail collagen stock at 8 mg/mL, using

50,51,52 rat tail

established protocols Alternatively,
collagen can be purchased from vendors (see materials
list) at appropriate concentrations.

NOTE: Collagen can be prepared or purchased at

different concentrations in the range of 3-10 mg/mL, or
higher50'51 52 The calculations in the protocol assume

an 8 mg/mL concentration but can be adjusted based on

the needs of the researcher.

2. Expand cell lines: Endothelial and fibroblast cells need to

be ready for seeding at the start of 3D collagen dermal

component generation (step 2). Keratinocytes need to

be ready on day 7 of 3D culture. One complete VHSE
construct requires 7.5 x 105 endothelial cells; 7.5 x 10%

fibroblasts; and 1.7 x 10° keratinocytes for generation
(Table 1).

NOTE: These densities are appropriate for 12-well size
permeable tissue culture inserts or equivalent. Cell
density and format can be scaled up or down based
on the needs of the researcher. To clarify, this amount
of endothelial and fibroblast cells will seed 1-3 dermal

components, while each epidermal component requires

1.7 x 10° keratinocytes.

3. Perform all cell centrifugation in this protocol for 5 min at
300 x g, but this may be decreased for more fragile cell

types.

2. Generation of 3D collagen dermal component

NOTE: Step 2 is a time sensitive procedure and must be
completed in one setting. It is advised to complete a quality
check of the collagen stock to ensure proper gelation and
homogeneity before beginning dermal component seeding,

see troubleshooting in discussion.

1. Acellular collagen layer preparation and seeding

1. Prepare two 1.7 mL capped microcentrifuge tubes,
one for the acellular support and one for the cellular
dermis. Amounts given in this step will prepare 1 mL
of 3 mg/mL collagen (target collagen concentration),
sufficient for (3) 12-well size VHSEs. Equations are
listed if adjustment is necessary. Both volume and
density can be scaled based on the needs of the
researcher (common reference numbers are given

in Table 2).
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To each tube, add 100 pyL of culture grade 10x
Phosphate-buffered saline (PBS) (one tube will yield
3 VHSEs) and add 8.6 puL of 1 N NaOH. Place
capped tubes on wet ice to chill for at least 10 min.

Cs = Collagen Stock Concentration

V¥ = Final Volume of Collagen Needed

Ct = Target Collagen Concentration

Vs = Volume of stock collagen necessary for desired
amount (Vy)

Vpbs = Volume of 10X PBS needed for target
collagen concentration (C¢)

VNaoOH = Volume of 1N NaOH needed for Ct

Vmedia = Volume of media, call suspension, or

ddH20 needed for Ct
V
.
Vors = 10

VNG.OH = VS * (0.023 THL)

Vmedia = Vf _ V:.s - (Vpbs) _ (VNaOH)

Prepare 1000 and 250 uL positive displacement
pipettes for use and set aside. As later steps are
time sensitive, it is convenient to load pipette tips
and set volumes (375 uL and 125 pL, respectively).
Additionally, setup a normal 1000 pL pipette for 516
ML.

NOTE: Positive displacement pipettes can be
substituted with normal pipettes if necessary, but
because of the high viscosity of collagen and
the time/temperature sensitivity of this procedure,

positive displacement pipettes are recommended to

help produce consistent seeding results. If using

normal pipettes, use slow movements.

Prepare culture insert well plates: Use sterile forceps
to place three 12-well size culture inserts into a
sterile 12-well tissue culture plate, place into the

center columns.

Set out cold media appropriate for fibroblast and

endothelial cell types.

After cooling of capped tubes, place one tube (for the
acellular support) on a rack with the contents visible.

Leave the other tube (for the cellular dermis) on ice.

Remove 8 mg/mL collagen stock from refrigeration
and place on wet ice.
NOTE: Do not use freezer ice or -20 °C benchtop

coolers, as this will freeze the collagen.

To the cold capped tube, add 516 pL of media and
immediately add 375 uL of cold collagen using the
1000 pL positive displacement pipette. Dispense
collagen into the solution (not to side of the tube).
Immediately remove the empty pipette tip and switch
to the prepared 250 L positive displacement pipette

to mix.

1. Mix quickly but gently to prevent bubble
formation, do not remove tip from the solution,
if possible. Mix until the solution is of
homogenous color, which typically takes about
5 pipette cycles or 10 s (if using media with
phenol red, the color will become lighter and
uniform). When mixing, be sure to draw from
different positions of the tube (bottom and top)
for uniform mixing.

NOTE: This can be performed with 516 pL of

cell culture grade water or other cell culture
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10.

grade liquid, however, phenol red of most media
is a good indicator of the mixing. Use either
fibroblast or endothelial media that was used for

2D expansions.

Immediately disperse 125 pL of acellular collagen
onto the membrane of each of the three 12-well
culture inserts. To ensure uniform coverage of the
acellular collagen gel, rock the dish; if that does
not create uniform membrane coverage then use
the pipette tip to essentially paint the membrane by
gently spreading collagen around; avoid applying
pressure to the membrane. Gelation begins almost
immediately; perform this step quickly to ensure
even coverage.

NOTE: There will be excess acellular collagen.
The volume can be reduced, however, preparing
less than 1 mL of collagen suspension can result
in difficulties mixing the solution and insufficient

gelation.

Immediately move the 12-well plate to a 37 °C cell
culture incubator to let it gel for at least 20 min
(acellular collagen can gel for longer if needed;
during this gelation time, proceed to step 2.2).
Remove the collagen suspension from ice and place
back into refrigeration (collagen is most stable at 4

°C).

Cell suspension & seeding preparation

NOTE: For the culture timeline of this protocol, this

1.

corresponds to Submersion Day 1 (SD1)

During gelation of the acellular collagen support,
trypsinize and count the endothelial and fibroblast

cell lines.

Suspend 7.5 x 105 endothelial cells and 7.5 x 104
fibroblasts in 258 pL of their respective medias and
combine cell suspensions to create a 516 pL aliquot.

Maintain the cell suspensions on wet ice until use.

Prepare 1000 and 250 pL positive displacement
pipettes for use and set aside. As later steps are
time sensitive, it is convenient to load pipette tips
and set volumes (375 pL and 250 pL, respectively).
Additionally, setup a normal 1000 uL pipette for 516
uL.

3. Cell laden collagen seeding of dermal compartment

1.

After the gelation period, remove the 12 well plate of
acellular collagen from the incubator.

NOTE: If this collagen is not gelled after 30 min,
do not continue the procedure as there was likely a
mistake during seeding or the collagen stock may

have a problem (see troubleshooting in discussion).

Remove the 1.7 mL capped tube from wet ice
(contains 10x PBS and NaOH). Place the tube in a
rack so that the contents are visible. Loosen/open all

caps (cell suspension, cold capped tube).

Remove the stock collagen (8 mg/mL) from 4 °C
refrigeration and place it on wet ice. Leave the cap

open.

Add the 516 pL of cooled cell suspension to
the cold capped tube. Use the 1000 uL positive
displacement pipette to immediately pipette 375 pL
of cold collagen solution directly into the solution of

the capped tube.

Expel all collagen from pipette into the tube

and discard the positive displacement pipette
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tip. Immediately switch to the 250 pL positive

displacement pipette and mix the collagen solution.

Mix the collagen solution as completed previously
(quickly but gently to prevent bubble formation), do
not remove tip from gel if possible. Mix until solution
is homogenous (about 5 pipette cycles or 10 s).
When mixing be sure to draw from different positions

of the tube (bottom and top) for uniform mixing.

Once mixed, immediately transfer 250 pL of
cellular collagen solution onto the acellular collagen
supports in each of the three 12-well culture inserts.
To ensure uniform coverage of the acellular collagen
support, rock the dish and/or use the positive
displacement pipette to gently move the freshly

seeded cellular collagen around without disturbing

the acellular layer.

Immediately move the 12-well plate to 37 °C cell
culture incubator to let it gel for at least 30 min. Place

collagen back into 4 °C refrigeration after use.

After the 30-minute gel time, gently tilt the plate to

assess the gelation. Ensure the collagen is solidified.

Add 500 pL and 1000 pL of blend media (half
endothelial and half fibroblast maintenance media)
to the upper chamber and lower chamber of the
insert, respectively (top first, then bottom to prevent
hydrostatic pressure from pushing collagen up). Add
media slowly to the side of the well, not directly onto

collagen gel, to minimize disruption of the collagen.

1. Ensure that the collagen gel is submerged, add
more media if necessary. Place the well plate
in the cell incubator for overnight incubation. At

this stage, media contains 10% FBS; the normal

maintenance media for each cell line (timeline
and schematic given in Figure 1, A).

NOTE: Media throughout VHSE culture can
be adapted for custom cell types; some

optimization may be necessary.

4. Submersion Day 2 (SD2) media change

1.

Change 10% FBS media in VHSE wells to 5% FBS
half fibroblast, half endothelial media supplemented
with 100 pg/mL L-Ascorbic Acid. Add 500 pL to
upper chamber of the culture insert at the side of the
well (again, add carefully to the sidewall to minimize
disruption of the collagen) and add 1000 L to lower

chamber.

Renew media every 2 days (SD4 and SD6) until
Submersion Day 7 (SD7).

Use a manual pipette to remove media from the
wells. Using an aspirator is possible but can result in
damage or destruction of the construct.

NOTE: L-ascorbic acid must be made up fresh
every 2-3 days (it oxidizes in solution to produce

hydrogen peroxide thus, inducing oxidative stress

and eventually cellular damage53). Thus, media
must be changed every 2-3 days from SD2 until the
end of the VHSE culture since L-ascorbic acid is
present. It is easiest to make a stock of media and
add a freshly prepared amount of L-ascorbic acid
to a media aliquot every feeding day. Use culture
grade water or media as a solvent and prepare
fresh L-ascorbic acid at 100 mg/mL. L-ascorbic
acid stimulates collagen synthesis by fibroblasts

at an appropriate rate and promotes collagen

54,55,56.

stability ; it also decreases endothelial

permeability and maintains vessel wall integrity56’57
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and additionally contributes to epidermal barrier

formation®:98 .

3. Seeding of epidermal component and
stratification induction

Submersion Day 7 (SD7): seed keratinocytes

NOTE: Seed keratinocytes to establish the epidermis on

SD7. This time point can be shifted based on the needs

of the researcher. Duration of submersion culture without

keratinocytes should not exceed 9 days, as a longer

submersion often leads to increased dermal contraction.

If contraction occurs before SD7, it is recommended

to shorten the submersion period to 5 days and seed

epidermis on SD5. Optimize the submersion period as

required for specific experiments (see troubleshooting in

discussion).

1.

Culture keratinocytes (N/TERT-120'59 or other
appropriate cells) to their confluency limit before
trypsinization and seeding onto VHSEs. For N/
TERT-1 cells, confluency should not significantly

exceed 30% to prevent un-wanted differentiation of

keratinocytes in 2D culture®®. For other appropriate
cell lines, such as primary human epidermal

keratinocytes, a confluency limit of 75-80% is

generally used®.

After trypsinization, count and suspend 510,000
cells in 600 pyL of Human Skin Equivalent (HSE)
Differentiation media supplemented with 5% FBS
(Table 1).

NOTE: 510,000 cells in 600 pL allows 170,000 cells/
construct when seeding 200 pL per construct (3

VHSEs).

Using a manual pipette, collect and discard media
currently in the bottom and top chamber for each
construct well. Be sure to collect as much media as
possible. Collect media that may be stuck directly
under the permeable membrane by gently placing
the pipette tip under the culture insert membrane
and knocking the insert out of place temporarily.
Media may have been stuck due to surface tension.
Be sure that the inserts sit flat in their wells before
proceeding. Using an aspirator is possible but can

result in damage or destruction of the construct.

Add 1 mL of HSE media supplemented with 5% FBS
to the lower chamber of each well. Then add 200 pyL
of cell suspension to the top chamber of each well.
Seed directly onto the dermal construct surface. Let

keratinocytes settle for 2 h in the incubator.

Two h after seeding the keratinocytes, carefully add
300 pL of HSE media supplemented with 5% FBS
to the top chamber of each construct well; slowly
pipette media onto side of culture insert. Load media
into the top chamber very carefully as to not disturb
settled keratinocytes that may not have adhered

tightly to the underlying collagen gel yet.

After loading the media, place construct back into

the incubator.

2. Submersion Day 8/9 (SD8 or SD9)

1.

Make up HSE media supplemented with 1% FBS
and 100 ug/mL L-ascorbic acid.

Remove media from both the upper and the lower

chambers with a manual pipettor.
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3. Add 500 pL media into the top chamber first and then
1 mL into the bottom chamber. (This step can be

done on SD8 or SD9)

3. Submersion Day 9/10 (SD9 or SD10, this should be the
day after step 3.2)

1. Make up serum free HSE differentiation media with

100 pg/mL L-ascorbic acid.

2. Remove media from both the upper and the lower

chambers with a manual pipettor.

3. Load 500 L into the upper chamber and 1 mL in the

lower chamber.

4. Air-Liquid Interface Day 1 (ALI1)
NOTE: ALl is performed the day after step 3.3.

1. Lift each construct to air-liquid interface (ALI) by
removing media waste from the upper chamber only.
Use a manual pipette to get as close to the epidermal

layer as possible without touching or damaging it.

2. Tilt the plate slightly at different angles to collect the
media. Remove as much media as possible in this
step. Add approximately 2 mL of sterile water to the
surrounding wells in the plate to maintain consistent
humidity; keep the wells filled with water throughout

culture.

3. Check the plate a few h later to make sure the
keratinocytes are still at the air-liquid interface. If
there is media in the upper chamber remove it.
Keep track of how much media is removed for each
VHSE well, (The initial volume of upper and lower
chambers (1500 yL) - media removed = a good
starting point for ALI feeding).

NOTE: VHSEs do not necessarily require the same

media level for air lift; usually if the VHSEs are

seeded together then they need about the same
level of media for air lift, but this is not always the
case. Adjust the volumes as needed to maintain ALl
but ensure that the media levels are not so low that
the VHSEs dry out. It is safer to be cautious and
remove small media amounts daily until a balance

between air lift and hydration has been met.

5. ALl Day 2 (ALI2)

1.

From this point on, only use serum free HSE
media supplemented with 100 ug/mL L-ascorbic
acid. Change media on ALI Day 2 (ALI2). If there is
media in the top chamber, remove it and add it to
the amount of removed media recorded previously.
Calculate the volume of media needed using the
equation in the previous step. For example: If 200
pL of media was removed from the upper chamber
then add 1300 pL to establish ALI (as 1500 pL - 200
pL = 1300 pL)

Use the volume calculated to load into the bottom
chamber of each well, then place the plate back into
the cell incubator. Keep track of the volume used
per day. When using the recommended collagen
amounts in 12-well culture inserts, the usual range
of ALl values falls between 750 upL and 1300
pL. Typically, the volume decreases over culture
maturation and becomes consistent around week
2/3 of ALI. Depending on the culture specifics, this
number may change and must be optimized (as

described in 3.4.2 - 4.1).

4. Routine maintenance of vascular human skin
equivalent

1. From ALI Day 3 (ALI3) through culture endpoint: Renew

media of the lower chamber every 2-3 days using
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serum free HSE media with 100 pg/mL L-ascorbic acid.
Continue to adjust and track the media level needed in

the bottom chamber for ALI as described in Step 3.5.2.

2. As the epidermal surface must remain in contact with the
air, check and adjust the media level daily until consistent
ALl levels are established. The epidermal layer should
look hydrated, not dry, but there should not be media
pooled on top of the construct. Cultures with 8 weeks
of ALI have provided the most consistent morphology
and expression; however, depending on the application,
cultures of 4 to 12 weeks may be appropriate. Culture
duration for different cell and culture conditions may need
to be optimized.

NOTE: Changing media Monday, Wednesday, Friday
is a good practice. The VHSEs are healthy over the
weekend, but media should be changed early on Monday
and late on Friday. After entirely completing steps 1-4,
the generation of a VHSE is complete. Steps 5-end of the
protocol are optional processing and imaging techniques

that have been optimized for this type of 3D construct.

5. Fixation and permeabilization of 3D constructs

NOTE: Step 5 has been optimized for imaging techniques
specific to this 3D construct that are outlined in the remainder
of the protocol. The following steps are not necessary for

generating a VHSE.

1. Fixation/permeabilization

1. Carefully remove all media from upper and lower
chambers of each well at the end point of the culture
period.

NOTE: The epidermal layer is possibly fragile,
handle with care and do not agitate the epidermis

with aggressive pipetting.

2. Add 4% paraformaldehyde (PFA) in PBS (pH 6.9)
to the upper chamber wall (not directly on the
construct) and then to the lower chamber, to pre-fix
each construct. Add 1 mL per chamber and expose
for 5 min at room temperature.

CAUTION: PFA is dangerous and should be handled
with care and appropriate personal protection

equipment (PPE), including eye protection.

3. Remove 4% PFA solution after 5 min and add the
0.5% Triton X 100 in 4% PFA solution to the upper
and lower chambers as described in the previous
step. Expose for 1 hour at room temperature; VHSE
construct does not require a sterile environment from

now on.

4. After 1 hour, carefully remove the permeabilization/
fixation solution from both the chambers and wash

the sample 3 times with 1x PBS.

5. Store samples in PBS in 4 °C refrigeration or
immediately stain. To store the samples, wrap the
dish in a plastic wrap and then foil to minimize
evaporation and light exposure
NOTE: Pause point - After fixation and
permeabilization, this procedure can be paused
since the samples are stable for several weeks if
prepared as outlined in step 5.1.5. Alternatively,
staining (as described in step 6) can be completed

immediately following step 5.

6. Immunofluorescent staining of 3D constructs

Construct Preparation
NOTE: VHSEs stain well when separated from porous

membrane of the culture insert; separation from the
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2.

membrane is also necessary for un-obstructed imaging

and enable reduced volumes for staining.

1.

To prepare the construct for immunofluorescent
staining, turn an insert upside down and place it over
its well on the well plate (if the VHSE falls, it will fall

into the well with PBS) (Supplemental Figure 1A).

Stabilize the insert with one hand over the well while
using fine tip forceps and/or an precision knife to
cut about half of the circumference of the insert
membrane. Cut as close to the plastic housing as
possible with a gentle hand to prevent damage of the

VHSE construct.

Using the fine tip forceps, grab the edge of the
cut membrane flap and gently peel the porous
membrane off the insert as well as the VHSE
construct. Do this very carefully and slowly to
prevent damage to the VHSE construct structure. If
the VHSE construct separates easily then it should
fall into the well below, if it gets stuck on the side
of the chamber then use the fine tip forceps or
a small scoopula to move it to the well. Be very
mindful of the epidermal layer as it is usually fragile
(Supplemental Figure 1A).

NOTE: Sometimes the membrane does not come
off easily or comes off in pieces, if this happens use
the tools to carefully pull the membrane and VHSE
construct apart. Ensure the VHSEs do not dry out

during this process by dipping in PBS, if necessary.

Once the VHSE is in the well, discard any remaining
pieces of the insert membrane and keep the culture
insert housing in each well to hold the VHSEs in a

submerged position during staining.

Staining

NOTE: Staining and associated handling/manipulation

and washes should be performed as gently as possible

since VHSEs can be fragile. If portions of the epidermis

lift off, the pieces can be stained separately; upper

layers of the epidermis are fragile and go through

natural desquamation"’, but for analysis it is important to

maintain integrity as much as possible.

1.

Prepare the chosen primary antibody stains in
700 pL of blocking buffer per construct well
(typically, all primary antibodies can be in the
same staining solution, but this should be confirmed
for new antibodies). 700 pL works for 12-well
size, but may be adjusted for other -culture
formats. Recommended concentrations of primary

and secondary antibodies with blocking buffer recipe

are given in Table 3 (optimization may be required).

Remove any PBS from the well using a manual
pipette, be careful to pipette away from VHSEs
(as VHSEs are floating, vacuum aspiration is not

recommended).

Add the primary stain solution to each well and place
the culture insert housing into the well to keep the
VHSE submerged in fluid (Supplemental Figure
1B). Wrap the well plate with plastic wrap. Foil and
stain for 48 h in 4 °C refrigeration without agitation or

rocking (rocking may damage the VHSE construct).

After 48 h, prepare secondary antibodies and
chemical stains in 700 uyL of blocking buffer (per

well).

Remove the culture insert housing and the primary
stain solution and wash with 1x PBS, 3x for 5 min
before adding the secondary stain solution. Place

the culture insert housing back into the well to keep
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VHSE construct submerged (Supplemental Figure
1B). Expose for 48 h in 4 °C refrigeration without

agitation or rocking.

6. After 48 h exposure, remove the stain solution with
a manual pipettor and gently wash 3x with PBS; do
not pipette fluid straight onto the VHSEs as they
may be fragile. Rehydrate with excess PBS and
place the culture insert housing back into the well
to keep the VHSE submerged and hydrated during
storage (store by wrapping in plastic wrap and foil to

minimize evaporation and light exposure)

Clearing (optional & terminal)

NOTE: Clearing is optional for imaging. If completed,
it should be done after staining/imaging the sample
completely since clearing prevents further staining, may

alter fluorophore performance, and may damage VHSE

structure. Multiple tissue clearing methods exist49.61.62
and can be optimized for specific projects. Methyl
salicylate clearing, described below, is both simple and
effective for VHSE. The following clearing technique
must be completed in glass containers and pipette tips
must be glass or polypropylene (polystyrene will dissolve
in contact with methyl salicylate). Complete all clearing

procedure in a well-ventilated area or fume hood.

1. Add 100% methanol to a small shallow glass
container (glass Petri dishes work well). Use the
smallest possible container that will fit the construct

(to minimize reagent waste).

2. Remove the construct from the well plate using
forceps/scoopula (Supplemental Figure 1C) and
place in the methanol filled container. Add more

methanol if construct is not submerged.

3. Dehydrate the VHSE construct in methanol for 3 x
10 min immersions; fully replace methanol after each
immersion and promptly remove methanol after the
last bath. Over the course of this procedure, the
construct may become more opaque and shrink
slightly.

NOTE: These durations and repetitions have been
optimized but methanol and the following methyl
salicylate procedures may need to be customized,

depending on the specific culture format and stains.

4. Immediately after removing methanol, add methyl
salicylate and submerge the VHSE in 5 x 5
min immersions. Fully replace the reagent after
each immersion and leave the VHSE in the 5th
immersion solution for storage. Over the course of

this procedure, the construct becomes transparent.

5. Image the construct or store at 4 °C. After clearing,
complete all imaging as soon as possible, as
the fluorophores may degrade in methyl salicylate
within days. Clearing causes the constructs to
become brittle and the extended storage, while not
recommended, needs a regular check to ensure that

there is a sufficient amount of methyl salicylate.

7. Confocal Imaging of 3D constructs

NOTE: Imaging through tissue culture plastic will not yield the
same quality of image as imaging through coverslip glass, this
method describes fabrication of a custom glass-bottom well
to prevent drying during confocal imaging. Typically, this is

sufficient for at least 3 h of imaging.

1. Two days before imaging: prepare polydimethylsiloxane

(PDMS)
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2.

Prepare PDMS*8.63.64 4t g suggested
concentration of [9:1], base: crosslinker. Prepare 30
g of PDMS total: 27 g of base component and 3 g
of crosslinker. Place any clean mixing vessel on a
weighing balance and tare the scale. Add the base
(27 g) and then add the crosslinker (3 g) to achieve

a total of 30 g. Always add base prior to crosslinker.

Stir the solution vigorously for at least 4 min; this will
create small bubbles. After sufficient mixing, pour
the PDMS into a 100-mm Petri dish, or similar flat

bottom heat resistant container.

De-gas the PDMS in a vacuum chamber until
all bubbles from mixing disappear and PDMS is
clear. Release the vacuum slowly and remove the
PDMS (slowly). Place the dish into an oven to cure
overnight (50-60 °C); ensure the dish is sitting flat for
PDMS to cure evenly.

NOTE: After curing, PDMS should be clear and the
surface should be smooth and not sticky (stickiness

may indicate inadequate mixing).

One day before imaging: PDMS well preparation

1.

Using a steel punch or handheld precision knife,
punch or cut out a circular well from the PDMS sheet
preparedin 7.1. The well should be around the same
size as the VHSE construct. Cut a square patch
around the circular well to create a single PDMS
well. The 30 g PDMS amount prepared should yield
at least four custom wells.

NOTE: The PDMS well must be close to the size of
the VHSE construct. It must constrict sample motion
during imaging. Multiple wells can be fabricated at

once and stored indefinitely in a clean container.

Using a glass coverslip of a similar size to the PDMS
well, add cyanoacrylate glue (e.g., super glue) to the
bottom surface of the PDMS (the smooth surface
that was in contact with the Petri dish) and smear
evenly with a disposable pipette tip. Center, and
press the PDMS well onto the glass while leaving a
clear glass window within the punched circle (ensure
the glue is not smeared over the viewing window).

NOTE: If available, plasma bonding of the PDMS to

the coverslip is an alternative®.66.67

Let the glue dry for several hours, or overnight,
before using. These are reusable until they break
from normal wear and tear.

NOTE: Itis not recommended to stain the samples in
the glued PDMS well used for imaging. These wells
hold fluid for several hours but can leak during longer

staining.

VHSE imaging

NOTE: If imaging uncleared samples, use PBS as

imaging solution. If imaging with cleared samples, use

methyl salicylate (or the chosen clearing solution) as the

imaging solution.

1.

Add a few drops of imaging solution into the PDMS
well and check for leaks (if there is a leak, repair it
with a dot/smear of cyanoacrylate super glue or use

another well).

Keep the imaging solution in the PDMS well
when adding the VHSE. Using scoopula or fine
tip forceps (Supplemental Figure 1C), remove
construct from 12-well plate and place into the
PDMS well onto the glass coverslip. Place construct
with the orientation of interest facing toward the

objective. For example, to image the epidermis using
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an inverted microscope, make sure the epidermis is

facing down, toward the glass.

1. Alternatively, for an upright microscope,
face the epidermis up. The below imaging
procedures are described for an inverted
microscope, but could be readily adapted for an
upright.

NOTE: Be cautious when manipulating the
VHSE to avoid damage. Transfer over the well
plate in case the VHSE falls. A bent, flat tip
scoopula is the easiest way to transfer the

construct (Supplemental Figure 1C).

Make sure the sample is sitting flat in the well and
that no portions of the epidermis or dermis are
folded under the sample. If folding occurs, gently
manipulate the sample with forceps or a scoopula;
adding extra imaging solution temporarily to float the
VHSE may help it straighten out. Folding or wrinkling
of the sample can be seen by eye or using the

microscope.

Fill the well with imaging solution, using just enough
fluid to keep sample hydrated; too much fluid will
float the sample, resulting in motion during imaging.
The construct should be sitting on the glass viewing
window; test for movement by tilting the PDMS well.
If there is movement, remove some fluid; add and

remove fluid drop wise until the movement stops.

Place a glass slide over the well to minimize
evaporation during imaging (Supplemental Figure
1D). For longer imaging sessions, check sample
frequently to ensure proper fluid levels. If accessible,
a humidified chamber during imaging can be used

(although it is typically not necessary).

6. Place sample on the microscope stage and image
through the glass coverslip window (Supplemental
Figure 1D). This technique allows for at least 3 h of
continuous confocal imaging, but the hydration of the
sample should be checked regularly, with imaging
solution added when needed.

NOTE: If sample is cleared, methyl salicylate will
degrade the glue over time. The glue bonding the
PDMS can be re-applied between imaging runs;
or the sample can be transferred to new wells
periodically. In wells with plasma bonding, this will

not be an issue.

7. After imaging, float the sample with imaging fluid as
much as possible in the well. Use a scoopula or fine
tip forceps to transfer the sample into its storage
well. Perform the transfer over a well plate in case

the sample falls.

8. [Each PDMS well and top glass coverslip can be re-
used until they break. Clean bottom glass before
imaging, both inside and outside the well. Before re-
using, always check for leaks and repair with glue,

as necessary.

9. Store samples as described in step 6.3.6 and add
PBS every few months to maintain; if samples are
cleared, store in glass using methyl salicylate and
check the levels regularly. Cleared samples may
degrade rapidly (within days) and should be imaged

as soon as possible.

Representative Results

Here is presented a protocol for generation of in
vitro vascularized human skin equivalents (VHSE) using

telomerase reverse transcriptase (TERT) immortalized
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keratinocytes (N/TERT-120:59), adult human dermal
fibroblasts (hDF), and human microvascular endothelial cells
(HMEC-1) (Figure 1). Additionally, the customizable nature
of this protocol is highlighted by also demonstrating VHSE
generation and stability when using commonly available lung
fibroblasts (IMR9O0) instead of hDF. Generation of the VHSE
is completed in steps 1-4, while steps 5-7 are optional end
point processing and imaging techniques that were optimized
for these VHSEs. Itis important to note that the VHSEs can be
processed according to specific research questions and steps
5-7 are not required to generate the construct. Volumetric
imaging, analysis, and 3D renderings were completed to
demonstrate a volumetric analysis method. These volumetric
construct preparation and imaging protocols preserve VHSE
structure at both the microscopic and macroscopic levels,

allowing for comprehensive 3D analysis.

Characterization of the epidermis and dermis show
appropriate immunofluorescent markers for human skin in the
VHSE constructs (Figure 2, 3). Cytokeratin 10 (CK10) is an
early differentiation keratinocyte marker which usually marks
all suprabasal layers in skin equivalents18'30’68 (Figure 2).
Involucrin and filaggrin are late differentiation markers in
keratinocytes and mark the uppermost suprabasal layers in

skin equivalents12’30'68*69 (

Figure 2). A far-red fluorescent
nuclear dye (see materials list) was used to mark nuclei
in both the epidermis and dermis, with Col IV marking the
vasculature of the dermis (Figure 2, Figure 3, Figure 4).
Epidermal basement membrane (BM) components are not
always properly expressed in HSE cultures15'16; and Col IV
staining of the BM is not consistently observed using this
protocol. Research focused BM components and structure

would benefit from additional media, cell, and imaging

optimization14.

Though confocal imaging through the bulk of the VHSE
cultures often yields high resolution images that are sufficient
for computational analysis of the dermis and epidermis, the
clearing method described allows for deeper tissue imaging.
Clearing improves confocal laser penetration depth, and
effective imaging in VHSEs can be achieved to over 1 mm
for cleared samples (compared to ~250 um for uncleared).
The described clearing technique (methanol dehydration
and methyl salicylate) sufficiently matches refractive index
throughout VHSE sample tissue®?. Clearing the VHSE
allowed for straightforward imaging through the entire
construct without manipulation (e.g., reorienting the construct

to image the dermis and epidermis separately), (Figure 3).

Volumetric images allow for generation of 3D rendering
to map vasculature throughout each construct (Figure 4).
Briefly, confocal image sets were taken in dermal to epidermal
orientation of several sub-volumes of VHSEs to detect
Collagen IV stain (marking vessel walls) and nuclei (marked
by a far-red fluorescent nuclear dye). Image stacks are loaded
into computational software (see materials list)Jand a custom
algorithm (based on these sources 48'70’71'72’73'74’75)
is used for 3D rendering and quantification as described
previously48. This algorithm automatically segments the
vascular component based on the Col IV stain. The volumetric
segmentation is passed to a skeletonization algorithm based
on fast marching75*76'77. Skeletonization finds the definitive
center of each Col IV marked vessel and the resulting
data can be used to calculate vessel diameter as well as
vascular fraction (Figure 4). Widefield fluorescent microscopy
is an accessible option if laser scanning microscopy is
not available; the vascular network and epidermis can be
imaged with widefield fluorescent microscopy (Supplemental
Figure 2). Three-dimensional quantification is possible using

widefield imaging of VHSEs rather than laser scanning
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microscopy, although it may require more filtering

deconvolution of images due to out-of-plane light.

and

Dermal Component Seeding

Submersion Day 1 (SD1) - Seed endothelial and fibroblasts in
collagen using 10% FBS

SD2 - Change media to 5% FBS + L-Asorbic Acid (LAA)

SD3 - SD6: Maintain culture in 5% FBS and LAA

Epidermal Component Seeding

SD7 - seed keratinocytes, HSE Differentiation media 5% FBS + LAA
SD8 - HSE media 1% FBS + LAA

SD9 - HSE media serum free + LAA

Stratification Induction
SD10 = Air Liquid interface day 1 (ALI1)

Routine Maintenance
ALI1 - Culture Endpoint: Maintain ALI and allow skin maturation

®

E
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Collagen )

~— Endothelial Cell(s) %
Fibroblast(s) O
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[ Media -

Post-Culture Processing: fix/permeabilize, stain, optional clearing

Confocal Imaging: Allows for culture endpoint imaging through
volume of VHSE

Quantification: Via analysis of confocal images through custom
MATLAB algorithms

Figure 1: Schematic timeline of vascularized human skin equivalent generation. A) Shows progression of the VHSE

model from 1) dermal component seeding, 2) keratinocyte seeding onto the dermal component, 3) epithelial stratification via

air liquid interface and culture maintenance. Post-culture processing and volumetric imaging can be performed at culture

endpoint. B) Camera images of hDF VHSE macrostructure in the culture inserts at their culture endpoint, 8 weeks. Various

levels of contraction are normal for VHSES; contraction can be reduced as protocol describes. (1 & 2) Less contracted

samples. (3 & 4) More contracted samples still yield proper skin elements. Please click here to view a larger version of this

figure.
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hDF VHSE IMR90 VHSE

En face
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Figure 2: Epidermal characterization via immunofluorescent markers. All images were taken of VHSEs at 8wk culture

timepoint via confocal microscopy. Corresponding staining methods are described in protocol step 6. Proper epithelial

markers are present in both hDF VHSEs (left column) and IMR90 VHSEs (right column). Involucrin and Filaggrin are late

differentiation markers of keratinocytes and demonstrate that the epidermis is fully stratified in both VHSE types. Cytokeratin

10 is an early differentiation marker which is identifying suprabasal layers in the VHSEs. Nuclei are shown in orthogonal

views in yellow. En face and orthogonal max projection images were rendered via computational software; Images are

individually scaled with background subtraction and median filtering for clarity. Scale bars are 100 ym. (Primary and

secondary antibodies with in-house blocking buffer recipe are given in Table 3). Please click here to view a larger version of

this figure.
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Uncleared Cleared Cleared 3D rendering

Figure 3: Comparison of uncleared vs. cleared VHSE. This VHSE was generated with IMR90s and images were taken

at 4wk culture timepoint via confocal microscopy. Collagen IV is shown in cyan; Nuclei are shown in magenta; magenta

in the cleared 3D rendering represents consolidation of nuclei in the epidermal layer of the VHSE. The uncleared VHSE
image is an example of laser attenuation in thicker VHSE constructs, through clearing (methanol and methyl salicylate)

the whole construct can be imaged with little/no laser attenuation from the dermal side of the construct. Imaging settings
including laser line, gain, and pinhole were lowered for cleared VHSE to reduce oversaturation. Clearing and imaging were
completed as described in steps 6 & 7 in the protocol. Orthogonal max projection images and 3D rendering were completed
with computational software, 3D rendering was generated from cleared construct images. Images are individually scaled with
background subtraction and median filtering for clarity. Scale bars are 100 uym. Please click here to view a larger version of

this figure.
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Figure 4: Three-Dimensional analysis of vasculature within VHSEs. VVolumetric images taken via confocal microscopy
enable vascular parameter quantification at the culture endpoints through computational image analysis. From VHSE sub-
volumes, detection of Collagen IV stain (cyan) marks endothelial walls of vasculature and allows for segmentation of vascular
based on collagen |V location; segmentation data is then skeletonized, and the center of each vessel is found (magenta).
Examples of 3D skeletonization are shown for 4 week and 8 week IMR90 VHSE samples, un-cleared. Resulting data of an
IMR90 VHSE experiment set was used to calculate the vessel diameters and the vascular fractions for four sub-volumes
(each 250 um in the z-direction) within each construct, data was averaged per VHSE and further averaged per culture
timepoint. These data show the vascular network homeostasis spanning 4 and 8 week culture durations with diameters
relevant to in vivo human skin78, and the vascular fraction within the same order as in vivo human skin”® (vascular fraction
in collagen constructs has been shown to be customizable*® and could be further optimized for increased values). Data is
represented as means * standard error mean (S.E.M); n = 3 for each timepoint. Please click here to view a larger version of

this figure.
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Media Components

Human Dermal Fibroblast cell line (hDF) DMEM HG

5% Fetal Bovine Serum (FBS)

1% Penicillin/Streptomycin (P/S)

IMR90 Fibroblast cell line DMEM/HAM’S F12 50:50

10% FBS

1% P/S

HMEC-1 Endothelial cell line MCDB131 Base medium

10% FBS

1% P/IS

L-Glutamine [10 mM]

Epidermal Growth Factor (EGF) [10 ng/mL]

Hydrocortisone [10 pg/mL]

N/TERT-1 Keratinocyte cell line K-SFM media base

1% P/IS

Bovine Pituitary Extract (BPE) [25
pg/mL], from K-SFM supplement kit

Epidermal Growth Factor (EGF) [0.2
ng/mL], from K-SFM supplement kit

CaCl2[0.3 mM]

Human Skin Equivalent (HSE) Differentiation 3:1 DMEM: Ham’s F12

1% P/S

0.5 uM Hydrocortisone

0.5 uM Isoproterenol

0.5 pg/mL Insulin

Table 1: Media recipes. Media recipes for 2D culture of the human dermal fibroblasts, IMR9O0 fibroblasts, HMEC-1, and
N/TERT-1 keratinocytes are given. These recipes were used to expand cell lines before generating VHSEs. Human skin

equivalent (HSE) differentiation media is used to generate VHSES; a base recipe is given, during portions of submersion
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culture and stratification induction, tapering amounts of FBS should be added as described in protocol step 3. HSE recipe

based on these sources'!:80.

Collagen stock 8 mg/mL
concentration (Cg) :
Desired Volume (Vf): 1 mL
Normalizing NaOH 1 X
Adjustment*:
*Each lot of collagen needs to be tested to determine the amount of NaOH needed to set pH 7 - 7.4

Desired Collagen Concentration (mg/mL)

2 3 4 5
10X PBS (Vpps) 0.1 0.1 0.1 0.1
Collagen stock (Vs) 0.25 0.375 0.5 0.625
1N NaOH (VNa0OH) 0.00575 0.008625 0.0115 0.014375
Media (Vmedia) 0.64425 0.516375 0.3885 0.260625

Table 2: Collagen calculation reference table. Reference table gives commonly desired collagen concentrations calculated

assuming an 8 mg/mL collagen stock concentration and a desired final volume of 1 mL; all values are in mL. The equations

used to calculate these amounts are given in protocol step 2.2. It is important to check pH for each collagen stock; if

necessary, NaOH amounts should be added to achieve pH 7 - 7.4 (after PBS, NaOH, collagen stock, media are added). The

protocol has been optimized for VHSESs using a 3 mg/mL collagen concentration; changes in collagen concentration may be

necessary for different cell lines/desired end results*8.
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(H&L), DyLight™ 488

35502 (1 mg/mL)

Primary Antibody Source Concentration Use
mouse monoclonal IgG sc-66192 (200 pg/mL)

Involucrin rabbit Proteintech; [1:250] Late terminal
Cytokeratin 10 (DE-K10) Santa Cruz; [1:350] Suprabasal epidermal
mouse IgG, supernatant sc-52318 marker14.36.59

Collagen 1V rabbit polyclonal Proteintech; [1:500] Endothelial vascular wall®”
55131-1-AP
DRAQ 7 Cell Signaling; 7406 (0.3 mM) [1:250] Nuclear marker
Secondary Antibody Source Concentration Use
Goat Anti-Rabbit IgG Invitrogen; 35552 (1 mg/mL) [1:500] Collagen IV secondary
DyLight™ 488 Conjugated
Anti-Rabbit IgG (H&L) Rockland Immunochemicals; [1:500] Involucrin secondary
(GOAT) Antibody, 611-142-002
DyLight™ 549 Conjugated
Goat Anti-Mouse IgG Thermo Scientific; [1:500] Filaggrin or Cytokeratin

10 secondary

BLOCKING BUFFER (500 mL)

Reagent Amount
ddH20 450 mL
10 x PBS 50 mL
Bovine Serum Albumin (BSA) 59
Tween 20 0.5mL
Cold water Fish Gelatin 19

Sodium Azide (10%
Sodium Azide in diH20)

5 mL (0.1 % final concentration)

Table 3: Primary and secondary antibodies with blocking buffer recipe. The listed antibodies and chemical stains

were used for staining shown in Figure 2, Figure 3, Figure 4. The staining was completed as given in protocol step 6 using
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the blocking buffer recipe listed here. Some optimizations of the staining concentrations and the duration may be required

depending on the chosen culture techniques and the cell lines.

Supplemental Table 1: Abbreviations List. Abbreviations
list included for the reader's convenience. Please click here

to download this table.

Supplemental Figure 1: VHSE technical aid for handling.
Handling of VHSEs is challenging especially during fixation,
processing, and staining. A-D corresponds to instructions in
steps 5-7. A shows the technical handling of removing the
porous membrane from a culture insert to ensure proper
staining. B shows how to keep each VHSE submerged during
staining and storage. C shows the safest and easiest way to
move constructs to PDMS imaging wells. D shows a VHSE
sitting in a PDMS imaging well: PDMS well is glued to a glass
slide on the bottom, creating a window for imaging, a glass
slide is placed on top to maintain the humidity through long

imaging runs. Please click here to download this file.

Supplemental Figure 2: Standard widefield fluorescence
microscopy can be used to assess VHSEs. Widefield
imaging can be used for volumetric imaging for routine
assessment when laser scanning microscopy is not available.
As an example, imaging of VHSEs from both the apical and
basolateral aspects are shown as en face and orthogonal
(Ortho.) maximum projections. (Top) The epidermis was
imaged using involucrin and nuclei as markers. (Bottom)
Dermal vasculature was imaged using collagen IV as a
marker. Images are background subtracted for clarity. Out-
of-plane light leads to the "streaking" or "flare" artifacts
evident in the orthogonal views. Widefield imaging can
be used for quantification but may require more image

processing. Please click here to download this file.

Discussion

This protocol has demonstrated a simple and repeatable
method for the generation of VHSEs and their three-
dimensional analysis. Importantly, this method relies on
few specialized techniques or equipment pieces, making
it accessible for a range of labs. Further, cell types can
be replaced with limited changes in the protocol, allowing

researchers to adapt this protocol to their specific needs.

Proper collagen gelation is a challenging step in establishing
skin culture. Especially when using crude preparations
without purification, trace contaminants could influence the
gelation process. To help ensure consistency, groups of
experiments should be performed with the same collagen
stock that will be used for VHSE generation. Further, the
gelation should ideally occur at a pH of 7-7.4, and trace

contaminants may shift the pH. Before using any collagen
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stock, a practice acellular gel should be made at the
desired concentration and the pH should be measured
prior to gelation. Completing this collagen quality check
before beginning dermal component seeding will identify the
problems with proper gelation and collagen homogeneity prior
to setting up a complete experiment. Instead of seeding
acellular collagen directly onto a culture insert, seed some
collagen onto a pH strip that evaluates the whole pH scale and
verify a pH of 7-7.4. Gelation can be evaluated by applying
a droplet of the collagen gel solution onto a coverslip or
tissue culture plastic well plate (a well plate is recommended
to simulate the confined sides of a culture insert). After
gelation time, the collagen should be solid, i.e., it should
not flow when the plate is tilted. Under phase contrast
microscopy, the collagen should look homogeneous and
clear. Occasional bubbles from collagen seeding are normal
but large amorphous blobs of opaque collagen within the clear
gel indicates a problem-likely due to insufficient mixing, wrong

pH, and/or failure to keep the collagen chilled during mixing.

The cell seeding amounts and media may be adjusted. In
the protocol above, the encapsulated cell amounts have been
optimized for a 12-well insert at 7.5 x 10* fibroblasts and
7.5 x 10° endothelial cells per mL of collagen with 1.7 x
10 keratinocytes seeded on top of the dermal construct.
Cell densities have been optimized for this VHSE protocol
based on the preliminary studies and the previous research
investigating 3D vascular network generation in various

22,80,81

collagen concentrations*® and HSE generation n

similar systems, the published endothelial cell densities are

1.0 x 10° cells/mL collagen48; the fibroblast concentrations

often range from 0.4 x 10% cells/mL of c:ollagen22'28’82 to 1

x 10° cells/mL of collagen8*58'83*84’85; and the keratinocyte

concentrations range from 0.5 x 10 [cells/cmz]80 to 1 x

10° [cells/cm?]8. Cell densities can be optimized for specific

cells and research question. Three-dimensional cultures with
contractile cells, such as fibroblasts, can contract leading
to viability reduction and culture loss86.87 Preliminary
experiments should be completed to test contraction of the
dermal compartment (which can occur with more dermal cells,
more contractile dermal cells, longer submersion cultures,
or softer matrices) and to test epidermal surface coverage.
Additionally, the number of days in submersion and the rate
of tapering the serum content can also be customized if
excessive dermal contraction is occurring or a different rate of
keratinocyte coverage is required. For example, if contraction
is noticed during the period of dermal submersion or while
keratinocytes are establishing a surface monolayer, moving
more quickly through the serum tapering process and raising
VHSEs to ALI can aid in preventing additional contraction.
Similarly, if keratinocyte coverage is not ideal, changing the
number of days that the VHSE is submerged without serum
may help increase the epidermal monolayer coverage and
mitigate the contraction since serum is left out. Changes in
cell densities or other suggestions above must be optimized

for the specific cultures and research goals.

To establish a proper stratification of the epidermis during
the air liquid interface (ALI) period, it is critical to regularly
check and maintain fluid levels in each well so that ALI and
appropriate hydration of each construct is kept throughout
the culture length. Media levels should be checked and
tracked daily until consistent ALI levels are established. The
epidermal layer should look hydrated, not dry, but there
should not be pools of media on the construct. During ALI,
the construct will develop an opaque white/yellow color which
is normal. The epidermal layer will likely develop unevenly.
Commonly, the VHSEs are tilted due to the collagen seeding
or dermal contraction. It is also normal to observe a higher

epidermal portion in the middle of the construct in smaller
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constructs (24 well size) and a ridge formation around the
perimeter of the VHSE in 12 well size. Contraction of the
constructs'3 may change these topographical formations,

and/or may not be observed at all.

Staining and imaging of VHSEs introduces mechanical
manipulation to the VHSEs. It is very important to plan
and limit manipulation of each culture. When manipulation
is necessary, maintain gentle movements when removing
VHSESs from the insert membranes, when adding staining or
wash solutions to the construct surface, and when removing
and replacing VHSEs in their storage/imaging wells during
imaging preparation. Specifically, the apical layers of the
epidermal component may be fragile and are at risk of
sloughing off the basal epidermal layers. Apical layers of the
epidermis are fragile and go through desquamation even in
native tissue*, but for accurate analysis of epidermal structure
it is important to minimize damage or loss. If epidermal layers
lift off the construct, they can be imaged separately. The basal
layers of the epidermis are most likely still attached to the
dermis while portions of the apical layers may detach. For
visualization of the epidermis, a nuclear stain is helpful in
observing this since dense nuclei is a characteristic of lower

and mid layers of the epidermis.

Confocal imaging of the VHSE post-fixation has been
discussed in the protocol, but it is also possible to image
the VHSEs throughout the culture via upright based optical
coherence tomography (OCT)88.89.90,91,92,93 "\/HSE are
stable enough to withstand imaging without incubation or
humidification for at least two hours without noticeable effects.
As OCT is label free and noninvasive, it is possible to track
the epidermal thickness during maturation. Other noninvasive

imaging modalities can likely be employed as well.

Volumetric imaging of the combined dermal and epidermal
structures can be challenging due to laser attenuation deeper
in the VHSE. This can be mitigated by imaging the construct
in two orientations, from the epidermal side (Figure 1) and
from the dermal side (Figure 2), allowing for good resolution
of dermal vascular structures and the epidermis. Additionally,
the sample can be cleared, allowing for volumetric images
of the entire structure with minimal attenuation. Several
clearing methods were attempted, however, the methanol/
methyl salicylate method described yielded the best results.
Researchers interested in optimizing other clearing methods
are directed towards these reviews?9:61.62 clearing, it is
suggested to fully image the sample prior to clearing, as the
method can damage the fluorophores and/or the structure.
Further, the imaging should be completed as soon as possible

after clearing, as the fluorescence may fade within days.

For simplicity and accessibility, this protocol utilized the
simplest media blends found in previous literature11-80.
Although there are many advantages to using simple
media blends, the limitations of this choice are also
recognized. Other groups have studied the effects of specific
media components on epidermal and dermal health and

found that other media additives®*

, such as external free
fatty acids/lipids, enhance the stratum corneum of the
epidermis and improve the skin barrier function. Although our
immunofluorescent markers show appropriate differentiation
and stratification in the epidermis, depending on the studies
being conducted, additional media optimization may be
needed. Further, an extensive analysis of the epidermal BM
was not conducted when evaluating the VHSEs presented
here. The integrity of the BM is an important indication of
skin equivalents; various groups have done research on

the culture duration and its effect on BM markings95 as

well as analysis of fibroblast presence and added growth
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factor effects on BM expression14. It is important to note
that analysis of the BM component should be evaluated and

optimized when using this protocol.

In this protocol is described a procedure for VHSE generation,
demonstrating results after 8 weeks at ALI. VHSE cultures
have been cultured up to 12 weeks at ALI without noticeable
change or loss of viability, and it is possible that they may be
viable longer. Importantly, this protocol is readily adaptable
to commonly available cell types, as demonstrated by the
replacement of dermal fibroblasts with IMR90 lung fibroblasts.
Depending on the researcher's need and available resources,
the cell types and media blends on the culture can be
adjusted, although more dissimilar cell types may require
media optimization. In summary, these procedures are meant
to provide clarity on the culture of VHSEs for the study
of skin biology and disease. To maximize accessibility, the
protocol was developed this simple and robust using common
equipment, cell lines, and reagents as a minimal effective
approach that can be further customized to the specific needs

of research studies.
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