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Allogeneic bilayered tissue-engineered skin promosgefull-thickness wound
healing in ovine model.
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Abstract

Skin injuries can be treated via grafting. However,since both autologous and allogeneic
skin grafts have their own limitations, skin tissueengineering was developed as an alterna-
tive approach to promote healing. Autologous tissuengineered skin requires a few weeks
for cell culture and cannot be used for acute treaent. In this study, healing potential of al-
logeneic bilayered tissue-engineered skin (BTES) wavaluated in sheep. Isolated allogeneic
skin cells from the sheep were cultured using a cdimed medium of DKSFM:F12:DMEM

in the ratio 2:1:1 supplemented with 5% FBS. Diffeential trypsinization was later carried
out to separate the fibroblasts and keratinocytesThe allogeneic BTES was fabricated using
allogeneic fibrin as biomaterial by polymerizing the fibrin-keratinocyte layer with calcium
chloride followed by fibrin-fibroblast layer. Half of the wounds were isolated with PVC
rings to prevent cell migration. The wounds were teated with allogeneic BTES and silk, as
control. Wounds were observed at days 7, 14 and 2tb determine the rate of re-
epithelialization. After 3 weeks, the sheep were ¢wanized. Histological evaluation with H
& E, elastin van Gieson and Masson's trichrome staing showed that allogeneic BTES
treated wound healed faster compared to the contrajroup. In conclusion, allogeneic BTES
has the potential to be developed as off the shelfoduct for rapid treatment of full thick-
ness wound.
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Introduction Autologous skin graft is the gold standard treatirfen
skin injuries. Autologous skin graft is preferalblecause
Skin, the largest organ of the human body, composes it greatly reduces the risk of mortality and infent
different types of tissue to carry out specific dtions.  shorten hospital stay and is more economical [4]l- C
Skin serves as a barrier to the external environraed tured epithelial autograft was introduced 3 decaatps
involves in early defense against infection andydedr  and functions well with patients suffering from exsive
tion [1, 2]. Apart from that, skin also play reqtasrole in ~ burn. This is due to the fact that the transplantelis
sensory reception, temperature regulation, metsnoli contribute to the formation of new epidermis. Nowedtss,
and synthesis of vitamin D. Normal skin architeetaan in certain cases of extensive injury, difficultessse when
be disrupted by traumatic injuries or pathologi@nges the patient is short of autograft donor sites aedesal
such as reduce blood circulation, or diseases asdalia- Weeks of culture is needed for the fabrication wtoko-
betes mellitus [3]. Loss of skin integrity becawdenju-  gous construct [5]. The use of allograft is onehef pos-

ries or illnesses may cause substantial physiologhal sible solutions but allograft is usually used asgerary
ance and in the worst scenario, significant diggbdr  cover. Advantages of allograft implantation inclugi®-
even death. viding a bilayer structure identical to the deseoyissue,
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reducing fluid and cellular losses, giving noblensént
protection and favoring early rehabilitation. Althgh
allograft is readily available, concerns regarding graft
rejection and pathogen transmission render itpegailar

(0.2 mg/kg, Apes Laboratories, Australia). The bipp
sites on the rear leg of the sheep were shavedvasided
with mild soap before sterilization with 70% alcblamd
iodine poviderm. A full-thickness biopsy of sizenix

[6, 7]. 3cm was taken from each animal. The biopsy sita® we
sutured and covered with bactroban cream befordagan
Skin tissue engineering began in the year 1975vatlg  ing with sterile gauze.
a successful serial cultivation of human keratittesyby o )
Rheinwald and Green [8]. Tissue-engineered skinbean Harvested biopsies were stored at 4‘fC in DuI_becco’s
fabricated using autologous or allogeneic cells [@pst ~ Phosphate buffered saline (DPBS) during transportat
of the commercially available tissue-engineerednski and digested with 0.3% collagenase type | for 6-8His
consist of allogeneic cells that are readily avadaand Was followed by incubation in trypsin-EDTA (TE) f&r
have minimum risk of rejection. Autologous tissue-Min to obtain single cell suspension before trypshribi-
engineered skin is more suitable for the treatm@int tor was added to neutralize the TE. The cells veelle
chronic wound but the long cell culturing proceissits ~ tured in 6-well plates using combined medium Define
its immediate availability. Keratinocytes Serum Free Medium:Ham's F12: Dul-
becco’s Modified Eagle Medium (DKSFM:F12:DMEM,

In this study, allogeneic plasma-derived fibrinegared  2:1:1) with 5% FBS (fetal bovine serum).

in-house, was used to fabricate the construct.irfitsr
widely use in medical fields as haemostatic glisedraig
delivery vehicle and in tissue engineering as tloenhte-
rial for the fabrication of constructs [10, 11]bRn helps
wound healing by initiating hemostasis, providgs@vi-
sional matrix for cell migration and promotes amgioe-
sis [12]. Fibrin gel allows initial cell immobilizian,
hence minimizing cell loss and distribute the célis
mogenously on wounds [13]. Due to its biologicatune,
fibrin can integrate with the patient’s skin ands lexcel-
lent take rate.

Fibroblasts were detached when the culture was )%
fluence by exposing the culture to TE for 5 mirnldsed
fibroblasts were cultured using medium F12:DMEM-sup
plemented with 10% FBS, while the keratinocytesewer
cultured with medium DKSFM. All the chemicals were
purchased from Gibco (USA) except the ascorbic,acid
which is from Sigma (USA)

Fabrication of bilayered tissue-engineered skin

Blood samples from the sheep were collected in te@icu
ers containing 3.2% sodium citrate (Bio-One, Grenie
USA). Collected blood samples were centrifuged Sor
min (650 g, 4°C) to isolate plasma. Isolated plasvas
sterilized by passing through 0.2um filter membréer-
torius, USA) to prevent spontaneous clotting. Hemla
plasma was kept at -20°C.

Allogeneic BTES was fabricated by solidifying thierin-

keratinocyte layer with addition of calcium chlaidol-

lowed by a fibrin-fibroblast layer on top of a lay& silk

that protects the wound and eases the handlingughr
implantation, we investigated the feasibility ofings al-

logeneic BTES for the promotion of full-thicknessund
healing in ovine model.

The BTES was fabricated according to the protoesl d
scribed by Mazlyzam et al. [14]. OtoSitk graft dressing
(Boston Medical Products, US) was placed and affixe
using ovine plasma at the bottom of 6-well platsfer
that, keratinocytes were mixed with plasma andigad
with calcium chloride before the fibrin-fibroblagyer
was fabricated on top.

Materials and Methods

Animals

Three adolescent male Marlin Siamese Long Tail ghee
aged 6 to 8 months, weighing about 10-15 kg avalrri
were used. They were aIIovv_ed_tc_) accllmatlze_foregk_s. The implant areas in the anesthetized animals were
All the sheep were housed individually and gieehlibi- 564 cleaned and disinfected. A total of 8 full-
tum access to food and water. The animal protocol Wag,icness skin lesions were created on the doidal of
app_roved by th? Universit Kebangsaar_m_MaIaysia S LIS sheep. Four lesions were implanted with stedli
Ethical Committee (UKMAEC, certificate no. FI- polyvinyl chloride (PVC) ring of diameter 3.6cm poe-
SIO/2005/RUSZYMAH/12-JULY/146). vent spontaneous wound healing. The lesions weve co
ered with allogeneic BTES (4) and silk (4). Eacpetyof
construct covered 2 lesions with PVC rings andsibles
without PVC rings. For lesions without the PVC snthe
constructs were sutured with the native skin usitiglon

size 3/0, while for lesions with PVC rings, thegiwas
sutured using Ethilon 4/0 to the native skin beftire
constructs were inserted into the ring. The lesimese
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Construct implantation

Skin cell isolation and culture

The animals were anaesthetized through intraveirous
jection with a mixture of Ketamax 100 (11 mg/kg, fiad,
Australia), ilium xylazil-100 (0.5 mg/kg, Troy Labketo-
ries, Australia) and Zolatil 100 (0.05 mg/kg, Vicbha-
boratories, France) in the ratio 1:1:1 and atroguiphate
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covered with gauze containing Bactroban and were af 70
fixed with Hypafix adhesive tape. The whole bodytlud

; . : 60 -
animal was bandaged to protect the operation sites.
50

Postoperative management 40

Postoperative animals were housed individually with
weekly dressing changes and wound site documentatio
After 3 weeks, they were euthanized by intravenadis
ministration of phenobarbital (60 mg/kg). The counsts 10
and the surrounding tissue were harvested. Theseci 0 :
tissues were fixed in 10% formalin for 24 h andabar Day 0 Day 7 Day 14 Day 2
finized for histological examination. The cross t&ets

were prepared in thickness 5 um from the cente@d @f  Figyre 1. Area of re-epithelialization at different time ptsn
each specimen and stained with hematoxylin/eos#Ef1  pata shows that the wounds treated with allogerBIES

30

Percentage (%)

20

elastin van Gieson and Masson'’s trichrome. (solid line) healed faster than the silk group (ddt line)
during the 3 weeks time course. *, significantestéht.

Assessment of wound re-epithelialization ilk Allogeneic BTES

Re-epithelialization was quantified according teeGet al. — . ———

[15] using ImageJ software (version 1.47, Natidnati- ' -k

tutes of Health). Re-epithelialization was defiresl the
cells-migration distance divided by the size of Wmund.

The wound size was measured as the distance frem th .
wound edge to the point of incision, while the raigyn &
distance was measured on both sides of the wound by
measuring the length of the basement membranetiiem
wound boundary to the most distant cells in the medbu
bed.

Statistical analysis

The data were analyzed using Statistical Packag8&de
cial Science (SPSS, version 20.0). Data were expdeas
mean + SEM. The differences were considered siamifi
if p < 0.05.

Dav L4

Results

All sheep survived the experimental procedures auith
any complications. Implantation of PVC rings to the
wounds did not cause any adverse reactions elgminf
mation/bleeding in the surrounding tissue. No sighs
infection were seen during weekly dressing change.

Dav 21

Evaluation of re-epithelialization
The wounds treated with allogeneic BTES re-epitieeli
faster than silk group at all time points. At dgyl8.83 +
2.11% of the allogeneic BTES group was re-epitieeliz
compared to 4.62 + 0.64% of the silk group (p <5D.A\t
day 14, 32.16 + 5.91% and 24.67 + 1.95% of allogene
BTES and silk _treate_d Wounds_ were covere_d with pewl greg group and edge of the silk group were covevit
regenerated epidermis, respectively. By the tinsestieep  oqenerated epidermis. (e-f) The allogeneic BTESigmwas
were euthanized at day 21, 57.20 + 6.98% of alle@en 3imqost completely covered with opaque epidermabScan
BTES group and 39.17 + 4.05% of silk group were rene seen on the silk group that has yet to be cdeiplee-
epithelized (p < 0.05) (Fig. 1). epithelized, evidenced by the visible wound bedthmn
wound center.

Figure. 2 Gross appearance of non-chambered wounds
treated with allogeneic BTES and silk on days 7aid 21.
(a-b) Translucent epidermis can only be seen oratloge-
neic BTES group. (c-d) On day 14, majority of thegeneic
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Silk Allogeneie BTES Sulks Allogeneic BTES

B

H&E

Dav 14
Elastin van Gireson

Dav 21
assaon’s trchrone

Y|

Figure 3 Gross appearance of chambered wounds treateffigure 4. Staining of the skin biopsies harvested from
with allogeneic BTES and silk on days 7, 14 and@h) non-chambered wounds after 21 days of implantat@an.
No visible epidermal layer presents in both groogpsday ~ b) H&E staining showed that only the allogeneic BTE
7. (c-d) Regeneration of epidermis can be seenath b group has distinct epidermis (E) and dermis (D)d)c
groups by day 14. (e-f) On day 21, the allogendi€8® Elastin van Gieson staining indicated the preseonte
group has better epidermal coverage compared to thelastic fibers (brownish) in the dermal layer. JePfres-
fibrin group. ence of collagen (blue) in the dermis was confirrbgd
Masson'’s trichrome staining.
Gross examination
For both non-chambered and chambered wounds, tledlogeneic BTES group has better epidermal coverage
transplanted allogeneic BTES has excellent take. ratcompared to the silk group on day 21 (Fig. 3).
Non-chambered wounds treated with allogeneic BTES
showed the presence of translucent epidermis by7day Hematoxylin and eosin staining
By day 14, most of the allogeneic BTES group was co H&E staining showed that non-chambered wounds
ered with opaque epidermis. No signs of epideregén- treated with allogeneic BTES have distinct deméoocat
eration were noted on the silk group on day 14eAR1  between epidermis and dermis that was absenceeon th
days of transplantation, the allogeneic BTES grags  Silk group (Fig. 4a-b). For the chambered woundsen
almost completely covered by regenerated epidermigf the groups have distinct layers of epidermis deanis
while the silk group showed slow healing progressio (Fig. 5a-b).
with the presence of less mature transparent epider
and scab (Fig. 2). Elastin van Gieson staining
The presence of elastic fibers, indicated by thevbish
For the chambered wounds, none of the groups demostaining was spotted on all groups for both non-
strated the presence of epidermis by day 7. By dgy chambered and chambered wounds. The elastic fibers
regenerated epidermis became visible for all grotips were found in the dermis (Fig. 4c-d & Fig. 5c¢c-d).
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Silk Allogeneic BTES that mimic the native skin. MyDer showed promising

- : potential in the promotion of wound healing busimore
ideal for the treatment of chronic wounds as tHeuoei of
keratinocytes and fibroblasts require several wekeks
obtain the required amount of cells. Another isegard-
ing MyDerm™ is the use of autologous fibrin as the bio-
material. Certain patients with extensive burn agta-
nied by significant fluid loss were unable to denatiffi-
cient volume of blood for both cell culture andriabtion
of fibrin construct.

H&E

The clinical use of allograft is restricted as tlaeg inevi-
tably immunologically rejected by non-immunosupsegks
patients 7-10 days post transplantation [17]. H@wethe
skin substitutes comprised of cultured allogeneaical{-
nocytes and fibroblasts were well tolerated. Thplieg-
tion of allogeneic tissue-engineered skin substitig
beneficial as the cells can promote wound healikgly
through the secretion of wound healing mediatofsrbe
the allogeneic cells were replaced with nativescedl the
wound healed. Study has shown that allogeneic ikerat
cytes and fibroblastsould survive up to a month after
implantation [18].

Elastuy van (izson

The rejection of allograft is due to the persis&en€ pro-
fessional antigen presenting cells that includegeaihans
cells, dermal dendritic cells and passenger leulescjl 9].
Tissue engineered skin substitutes consist of atlei
keratinocytes and fibroblasts and are not rejebtethe
host because they are the “non-professional” amtige
presenting cells, by which, although they expréssma-
jor histocompatibility complex (MHC) class | antigen
Figure 5 Staining of the skin biopsies harvested fromneir cell surface, they do not constitutively eegs MHC
chambered wounds after 21 days of implantationb)(a- class Il antigen and common co-stimulatory molesule
H&E staining showed that none of the groups hawe di such as B-7 and CD-40 [20, 21]. Majority of thelséo-
tinct demarcation between epidermis and dermisd)(c- |ated from the skin are keratinocytes and fibroislawith
Elastin van Gieson staining showed the presenedasf a small proportion of melanocytes, Langerhans aails
tic fibers (brownish) in the dermise-f) Masson'’s trich- passenger leukocytes. However, the isolated mejaemc

Massaons triichrone

rome staining stained the collagen blue. Langerhans cells and passenger leukocytes eventuall
diminish with serial cultivation. The loss of thesell
Masson'’s trichrome staining types is crucial as they are the professional antig

Masson'’s trichrome staining showed the presenamlbf presenting cells that are capable of eliciting @éotmune
lagen on all groups for non-chambered and chamberadsponse.

wounds. The allogeneic BTES treated wounds have-den
er collagen compared to the silk groups (Fig. 4eFig.

5e-f In this study, wound healing potential of allogenei

keratinocytes, fibroblasts and fibrin fabricatechstouct
was evaluated. Significant advantages of usingyafieic
Discussion cells and fibrin fabricated construct include itresadily
available and no collection of patient blood anth dk-

Tissue engineering is a promising approach empléyed OPSYy were needed. Gross examinat_ion and histologica
the development of skin substitutes to overcome thgtaining clearly showed the allogeneic BTES grougs w
shortage of transplantable skin. A number of tissueSUperior compared to the silk group. Wounds trewsial
engineered skin substitutes have been developedrand allogeneic BTES re-epithelized faster than the gitiup

of it is MyDerm™ [16]. MyDermi™ is an autologous bi- at all ime points without signs and symptoms géeton.
layered tissue-engineered skin substitute that osagpof

2 layers, fibrin-keratinocyte and fibrin-fibroblafyers
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PVC ring was placed to isolate the wounds in oitder
prove the capability of allogeneic BTES to augmniezel-
ing without the cell migration from the wound eddge-
though the healing was not as good as the non-alraahb
wounds, however, allogeneic BTES was still capaifle
inducing the healing process. The slowdown in thal-h
ing of the chambered wounds is likely due to thahia
tion of keratinocytes and fibroblasts migrationnfrahe
surrounding native skin.

6.

8.

Allogeneic BTES was developed as permanent implant,

unlike other allogeneic tissue engineered skin t#ukess
such as Biobrar&, Transcyt€”, Apligraf™ and Derma-
graft™
time [22]. The absence of signs and symptoms jet+e
tion during the 3 weeks period supported the usal-of

logeneic BTES as permanent implant that will resolv

automatically with time. At the same time, it ali®mon-
strated that allogeneic cells and fibrin could lsedito
replace the autologous counterpart for the devedorof
readily available skin substitute for the treatmehboth
acute and chronic skin injuries.

Conclusion

The allogeneic BTES has the potential to be deesl@s
off the shelf skin substitute for rapid wound treant.
However, more studies should to be done to deterthi@
minimum cultivation period or passage needed tmieli
nate the professional antigen presenting cells dsted
together with the keratinocytes and fibroblastetsure
the safety of the skin construct.
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