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Abstract

Wound healing is a complex physiological process; hence a reproducible in vitro model of skin provides a valuable tool to
further understand the biology of dermal wound repair and to investigate techniques to improve wound healing. Human skin
equivalent models (HSEs) have been proposed to serve as an in vitro model for these purposes; however, there is currently no

readily available HSE model in Australia.

In this study, we describe the production of a HSE obtained by seeding human keratinocytes onto a de-epidermised dermis,
(DED) which was then submerged in medium for 3 days and subsequently cultured at the air-liquid interface for up to 20 days.
The model was characterised morphologically and biochemically over the 20 days of culture at the air-liquid interface and
showed histological features similar to those observed in an in vivo epidermis. Immunohistochemistry of the epidermal markers

keratin 6, keratin 14, keratins 1/10/11 and the basement membrane marker collagen type IV, revealed typical differentiation.

The HSE was then examined for its potential as a burn wound healing model. Burn wounds were created in the model and
the re-epithelialisation of the wounds was followed for 6 days by keratinocyte morphology; metabolic activity was analysed
every 2 days. Keratinocytes began to migrate into the wound bed after 2 days and continued to migrate for the next 4 days,
suggesting that the HSEs generated may be of great value for studies of the wound healing process and for the evaluation of

new therapies.
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insults, regulation of temperature and fluid loss, and
immunity and sensorial roles. Once damaged, skin is unable
to perform these functions and numerous complications such
as infection or fluid loss can occur®. To restore the protective
barrier function of skin, the body needs to close the wound as

quickly as possible.

Models are essential to aid further understanding of the
complex process of wound healing 2. In particular, the use
of in vitro three-dimensional skin models - human skin
equivalents (HSEs) — hold promise for the study of wound
healing and evaluation of potential therapeutic agents. At

the same time, these models also have potential in terms
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of minimising the number of animals required for testing.
This issue that is becoming increasingly important since it is
widely recognised that preclinical studies in porcine models,
rather than small animals, are, in the main, most successful in
terms of facilitating the translation of laboratory findings to a

successful wound healing therapeutic?.

In view of this, the development of a reproducible three-
dimensional HSE, suitable for optimisation of therapies and
wound healing treatments in vitro prior to porcine and clinical
studies, holds benefits from not only economic, but also

regulatory and ethical perspectives.

In Australia currently no HSE is readily obtainable. Although
some HSEs, such as EpiSkin®!, EpiDerm® and SkinEthic® ',
have been made commercially available, transport logistics,
quarantine issues and affordability make them almost
impossible to obtain for research laboratories and small to
medium enterprises*. There is also the risk of discontinuation
of these commercial models, which in turn may place any
experimental work, such as validation or continuation studies,
into jeopardy. For example, the discontinuation of the Skin2®
model due to the bankruptcy of the manufacturer, Advanced
Tissue Sciences, in 2002 has created some challenges for a

number of laboratories*.

These problems have driven various institutions to develop
in-house models. Therefore, the aim of this study was
to establish a HSE model and to characterise the model
using histological and immunohistochemical techniques. In
addition, we investigated the potential of the HSE model as a

system for evaluating burn wound healing.

Materials and methods
Collection of material

Skin was collected from consenting patients undergoing
breast or abdomen reductions at the St Andrews and Wesley
Hospitals, Brisbane, Australia. Ethics approval was obtained
from both the hospitals and Queensland University of
Technology, Brisbane, Australia. Skin was collected into
sterile jars in Antibiotic/ Antimycotic ¥. The samples were

stored at 4°C for no longer than 12 hours before processing.

Isolation and culture of keratinocytes

Keratinocytes were isolated from donor skin as previously
After the

epidermis was removed from the dermis with forceps, a

described ° with the following modifications.

scalpel was used to gently scrape the keratinocytes from

the dermis. The freshly isolated keratinocytes were then

expanded in culture on a feeder layer of lethally irradiated
3T3 fibroblasts as described previously in Greens media °.
Keratinocytes were expanded for one passage (P1) for 7 days

with the medium replaced every 3-4 days.

Preparation of dermal equivalent (de-epidermised
dermis)

The dermal equivalent was prepared as previously described”
with slight modifications. Briefly, the skin was incubated in
1M sodium chloride at 37°C for 12 hours. The epidermis was
removed using forceps, leaving behind the de-cellularised
de-epidermised dermis (DED).

Preparation of skin equivalent and composite
culture

The DED pieces were trimmed to approximately 1.4cm?
and placed in a 24-well culture plate with papillary side
up. Sterile stainless steel rings ¥ with a silicone washer
base and a diameter of 7mm were placed on top of the
DEDS®. Keratinocytes (P1) suspended at a concentration of
1x10° cells/cm? in 200pL were added to each ring and the
DEDs were incubated at 37°C and 5% CO,. After 3 days the
rings were removed and the composites (dermis plus cells)
were elevated to the air-liquid interface by transferring the
composites to a stainless steel grid in a 6-well culture plate
(Figure 1). Cultures were maintained for 20 days at 37°C and
5% CO, and the medium was replaced every 5 days.

For the time-course studies, triplicate samples were
A 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide conversion (MTT) assay °

harvested every 5 days.

was performed on one of the samples for each time point.
This involved submerging the samples in 6mL of 0.5mg/
mL MTT dye ¥ and incubating the samples at 37°C for 120
minutes. After this time, metabolically active cells could be
visualised by a purple colour and were photographed. After
this photography, the MTT-stained sample and the other two
samples were fixed and embedded in paraffin using standard
procedures for hematoxylin and eosin (H/E) histological
analysis. In addition, DED samples without any seeded
keratinocytes and normal donor skin samples functioned as

controls.

Immunohistochemistry

For immunohistochemical analysis, paraffin sections were cut
and deparaffinised in ethanol and xylene. After incubation
with primary antibodies for keratin 6 (1:1), keratin 14 (1:20),
keratins 1/10/11 [1:400] *%, and collagen type IV ', sections

were stained using a DAKO Envision kit * as described by
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Figure 1. Photographs of the HSE model at various stages of
development and descriptive timeline of events in the
construction of the model.

A. Timeline of the model construction.

B. Steel rings are used to seed keratinocytes on top
of the centre of the DED in a 24-well culture dish.
Scale bar: 5 mm

C. Grids are used to bring the HSE to the air-liquid
interface after the rings are removed.

D Model after 10 days culture at the air-liquid interface.

the supplier, with a minor modification in that PBS was
used instead of Tris-buffered saline. All sections were
counterstained with hematoxylin and examined by light

microscopy.

Burn protocol

Several burn protocols were evaluated in pilot studies prior
to using a method that involved a stainless steel rod with a
0.32cm? base, heated with an open flame for 3 seconds then
placed on top of the model for 3 seconds. The healing of the
burn in the HSE was followed via an MTT assay performed at
Days 0, 2, 4 and 6 post-injury as well as through histological

analysis.

Results
Morphological and MTT analysis of HSE models

Over a period of 20 days, the number of metabolically
active cells in the HSE models, as ascertained by MTT and
histological analysis, appeared to decrease and the stratum

corneum increased in thickness (Figure 2). The MTT assay

Figure 2. MTT and histological analyses of the HSE over 20 days.
Migration of metabolically active keratinocytes was
visualised with the MTT assay; while H/E sections
demonstrate the morphology of the stratified epidermis for
both models at 5, 10, 15 and 20 days after being lifted to
the air-liquid interface. Scale bar in MTT assay: 5 mm.
Scale bar in histology: 100 um.

MTT H/E

Day 5

Day 10

Day 15

Day 20

also confirmed that the keratinocytes migrated from the
centre seeding region to the edge of the DED over this period.
Morphological analysis of the HSE revealed a fully stratified
epidermis characteristic of normal human skin at Days 5-15.
All cell layers appeared to be present, including stratum
basale, stratum spinosum, stratum granulosum and a stratum
corneum with a basket weave appearance similar to that

found normally observed in vivo in skin.

Immunohistochemical analysis

Immunohistochemical analysis was performed on the HSE
after 10 days of culture at the air-liquid interface (Figure 3).
All keratins were undetected in the DED control. Positive
staining for keratin 6 was observed in the HSE model in
the stratum corneum and suprabasal layers as well as very
light intermittent staining in the basal layer. The expression
of keratin 14 was observed in the basal cell layer and slight
staining for keratin 1/10/11 was present in the suprabasal

layers. The DED alone stained for collagen type IV along the
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Figure 3. Immunohistochemical analysis of the DED and HSE
model.
Expression of keratin 6, keratin 14, keratins 1/10/11 and
collagen type IV in the DED control and the HSE model
at day 10. Scale bar: 100 mm.

DED HSE

Keratin 6

Keratin 14

Keratins
1/10/11

Collagen type
v

entire basement membrane and also sporadically throughout
the dermis. The HSE model exhibited staining along the
entire basement membrane, although this was less intense
than staining in the DED control. Collagen type IV was
detected throughout the dermis of the HSE as expected.

Evaluation of healing following burn

Immediately following burning, metabolically active
keratinocytes, as determined by MTT assay, were evident in
the HSE around a brown stain which represents the contact
area of the burn (Figure 4). Histology revealed the death of
tissue, as judged from the presence elongated and detached
cells from the dermis, and a slightly compacted dermis in
the area of the burn. From Day 2 onwards, keratinocytes
began to migrate and proliferate into the wounded region
and histological analysis revealed that a new thin stratum
corneum was present underneath the damaged tissue. Over
the next 4 days, the keratinocytes had migrated further into
the wound and differentiated into a stratified epidermis.

Figure 4. MTT and histological analyses of healing of a burn on the
HSE up to 6 days post-burn.
The HSE model was burnt after 8 days culture at the air-
liquid interface. The dashed line shows the margin of
the burn. To the right of the line is the area of the model
that was burnt. The dotted arrow running beneath the
basement membrane shows the migration of keratinocytes
that are facilitating wound re-epithelialisation. Scale bar
for histology: 100 ym. The insets show MTT analysis of
the burn area.

Day 2

Day 4

Day 6

MTT analysis corroborated the enhanced activity, as indicated
by the dark purple stain around the margin of the burn; this

was especially evident at Day 6.

Discussion

The objective of this study was to develop and characterise,
morphologically and biochemically, a HSE model and to
evaluate its use in studying the healing of burn wounds. The
HSE consisted of keratinocytes seeded on a DED, submerged
for 3 days, and lifted to the air-liquid interface for up to
20 days. The DED was selected as the dermal scaffold in
this study as it possesses significant advantages over other
scaffolds ™.

matrix, it retains an intact basement membrane. This has

In particular, while it is an acellular tissue
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previously been shown to be important for the adherence
of the epidermis to the dermis and for the differentiation of
keratinocytes 4. Other dermal scaffolds, such as inert filters
(SkinEthic®), and collagen matrices (EpiSkin®) do not have
a basement membrane and, as such, are not ideal for use in

dermal wound healing studies.

For a HSE to be a valid skin model, it must correlate both
morphologically and biochemically with normal in vivo skin
5. As depicted in this paper, the keratinocytes in the HSE
formed a fully differentiated epidermis with histological
features similar to those observed in vivo. Thus the stratum
basale, stratum spinosum, stratum granulosum and stratum
corneum were evident after 5 days of culture at the air-
liquid interface as assessed by histology. In addition, the
morphology of the models is similar to other commercial
and non-commercial models previously described in

literature 1620,

Between 5 days and 10 days of culture at the air-liquid
interface, the greatest number of viable cells and a complete
stratified epidermis comparable to in vivo skin were evident
in the model, as determined by histology. Over time, the
stratum corneum increased in thickness and the number
of metabolically active cells decreased. In view of these
results, it was concluded that subsequent wound healing
studies should take place 8 days after culture at the air-liquid
interface. Interestingly, other studies have also demonstrated
an increase of thickness of the stratum corneum over culture

time 222

Immunohistochemical analysis of the HSE revealed the
presence and localisation of the following biochemical
markers — keratin 6, keratin 14 and keratins 1/10/11. While
keratin 6 is a protein that is absent from normal skin in vivo, it
is often associated with wound repair, hyperproliferation and
abnormal differentiation > ?%; thus its presence in the HSE
may be due to the presence of the proliferating keratinocytes.
Indeed, keratin 6 has been found in other commercial skin
models, albeit differences in localisation and intensity have

been reported ».

Keratins 1/10/11, on the other hand, are localised in all
suprabasal layers of normal in vivo skin and serve as early
markers of the terminal differentiation process %; the HSE
expressed keratins 1/10/11 as expected for skin in vivo.
Proliferating basal cells are characterised by the presence of
keratin 14 % and the basal cell layer of the HSE model in this
study also exhibited keratin 14. Thus, in general, the HSE

exhibited biochemical markers similar to those found in skin

in vivo. As expected, the DED control showed no presence of

epidermal keratins.

A previous study has shown that keratinocytes seeded
onto a DED degrade the original basement membrane and
regenerate a new one . To examine basement membrane
degradation and formation in the models, the presence
of collagen type IV, a major constituent of the basement
membrane, was investigated. Immunohistochemical analysis
of the DED control demonstrated that the original basement
membrane was indeed intact before keratinocyte seeding,
while the HSE model, at Day 10, exhibited minimal collagen
IV along the basement membrane. In light of these results,
we propose that, at Day 10, the keratinocytes in the HSE had
degraded the original basement membrane and had began to

regenerate a new one.

HSEs may make it possible to study both the local events
involved in wound healing as well as the effects of potential
therapeutics. In an attempt to explore this, we investigated
the potential of the HSE model as a burn wound healing
research tool. After 8 days of culture at the air-liquid interface,
the HSE was burnt using a metal rod heated with a flame and
applied for 3 seconds. Histological analysis revealed a partial
thickness burn with dead cells and debris in the contact area.
However, metabolically active keratinocytes (as assessed by
MTT assay) were present at the wound margin, and these
presumably hold potential for the re-epithelialisation of the

wound.

Indeed, this hypothesis was supported by further analysis of
the burn wound healing model in which the healing of the
HSE was evaluated immediately after the burn and every
2 days thereafter for up to 6 days post-injury. Histological
analysis revealed that keratinocytes began to re-epithelialise
the wound from Day 2 post-injury. Clearly, this demonstrates
the potential of the HSE as a burn wound healing model, and
raises the possibility that the model will also be useful for in

vitro testing of new therapeutics.

Conclusion

The HSEs in this study are a simplified model of human
skin. They lack both innervation and vascularisation, thus
the inflammation and infiltration typical of in situ burns is
absent . In addition, the HSE developed consisted only
of keratinocytes. There are no melanocytes, Langerhans or
Merkel cells, the three other epidermal cell types found in

vivo, and no fibroblasts are present.
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Nevertheless, while this model lacks certain qualities of
in vivo skin, these cellular components may be able to be
incorporated with further development and refinement of
the HSE. Importantly, the results reported here demonstrate
the successful development of a HSE model in Australia
and indicate that this model holds particular promise as a
potential model for in vitro burn wound healing. Moreover,
this HSE is likely to prove to be a valuable tool in furthering

our understanding of the biology of skin in general.
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