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skin equivalent to create a more clinical compliance skin graft composite for the treatment
of various skin defects. We utilized human plasma derived fibrin as the scaffold for the
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nocyte (B-FF/FK SE). Skin cells from six consented patients were culture-expanded to

Keratinocytes

passage 1. For B-FF/FK SE formation, human fibroblasts were embedded in human fibrin

Fibroblasts

matrix and subsequently another layer of human keratinocytes in human fibrin matrix was

Fibrin

stacked on top. The B-FF/FK SE was then transplanted to athymic mice model for 4 weeks to

Autologous skin equivalent

evaluate its regeneration and clinical performance. The in vivo B-FF/FK SE has similar

Tissue engineered skin

properties as native human skin by histological analysis and expression of basal Keratin
14 gene in the epidermal layer and Collagen type I gene in the dermal layer. Electron
microscopy analysis of in vivo B-FF/FK SE showed well-formed and continuous epidermal–
dermal junction. We have successfully developed a technique to engineer living bilayer
human skin equivalent using human fibrin matrix. The utilization of culture-expanded
human skin cells and fibrin matrix from human blood will allow a fully autologous human
skin equivalent construction.
# 2006 Elsevier Ltd and ISBI. All rights reserved.

1.

Introduction

Tissue engineered skin is very useful in the treatment of burn,
chronic ulcers [1], venous leg ulcers [2], pressure ulcers, limb
amputations [3] and in reconstructive surgery. Rheinwald and
Green [4] started the work on keratinocytes culture and

developed keratinocytes sheets as an alternative treatment for
patient suffering skin loss. However, the persistence of feeder
layer cells from mouse fibroblast and remnant of animal
proteins from fetal bovine serum used in the culture system
could cause late graft rejection due to immunological response
[5]. The usage of the keratinocytes sheets was also limited in
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clinical application due to its fragility during transplantation
and low graft take rate. Therefore, development of skin graft
composite by incorporating a layer of fibroblast cells seeded in
biomaterials under the keratinocyte sheets provided better
outcome such as higher skin graft uptake rate, quicker healing
process and better cosmetics features [6–8].
Many biomaterials have been tested in providing the threedimensional structure for constructing skin graft composite
that consisted of both keratinocytes and fibroblasts, for
example, bovine collagen type I [7], hyaluronic acid [8],
collagen–GAG, collagen/chitosan scaffold [9], chitosan–gelatin–hyaluronic acid scaffold [10], collagen:PCL composites [11],
commercially available fibrin glue matrix [12–14] and human
plasma [15,16]. In this study, we utilized fibrin as biomaterial
because it is obtainable from human plasma. Therefore, fibrin
can be extracted from patient’s own blood (autologous). The
idea is to form an autologous feeder layer using autologous
fibrin with autologous dermal fibroblasts. This will provide a
fully autologous skin substitute for clinical compliance as an
alternative graft for skin loss treatment.
The objective of this study was to construct bilayered
fibrin-fibroblast and fibrin-keratinocyte skin equivalent (B-FF/
FK SE) by combining culture-expanded human keratinocytes
in fibrin matrix with another layer of culture-expanded
human fibroblasts in fibrin matrix from a single biopsy of
skin sample.

2.

Materials and methods

This research has been approved by Universiti Kebangsaan
Malaysia Ethical Committee (approval project code: FF-0692003). The usage of the animals for this project has been
approved by Universiti Kebangsaan Malaysia Animal Ethical
Committee.

2.1.
Isolation of epidermal and dermal tissue from full
thickness skin
Skin samples were obtained from six consented patients as
redundant tissue from surgery. The skin was rinsed in 70%
isopropanol and then placed in Dulbecco’s phosphate buffered
saline (DPBS) (Gibco/BRL, USA) contained 20 mg/ml Gentamycin (Gibco/BRL) for 1 h. Skin was then cut into small pieces
(1–2 cm2) and soaked in a 25 caseinolytic units/ml solution of
Dispase (Sigma–Aldrich, USA) in defined keratinocyte serum
free medium (DKSFM) (Gibco/BRL) with 5 mg/ml Gentamycin
for 8–12 h at 2–8 8C to separate the epidermis and dermis
layers.

2.2.

Keratinocytes isolation and culture

Epidermal layer was placed into a 60 mm petri dish containing
5 ml of 0.05% Trypsin-0.53 mM EDTA (Gibco/BRL) for 5 min at
37 8C for cell dissociation. Five milliliters of 10 mg/ml of
soybean trypsin inhibitor (Gibco/BRL) in DPBS was added to
stop trypsin activity. The cell suspension was centrifuged at
600  g for 5 min at room temperature and the pellet was then
washed with DPBS. Cell pellet was then resuspended in 10 ml
of culture medium and the keratinocytes were counted using

hemacytometer (Weber Scientific International Limited, England) and trypan blue vital dye (Gibco/BRL). Cells were plated
in six-well plate culture dishes (Becton Dickinson, USA) at the
density of 2  105 cells per well in DKSFM. Keratinocytes were
cultured at 37 8C in 5% CO2 (Jouan, France) with medium
replaced every 2–3 days. The keratinocytes monolayer culture
was subcultured when the cells reached confluence.

2.3.

Fibroblasts isolation and culture

Dermis was placed in 50 ml centrifuge tubes (Becton Dickinson) and digested with 0.3% collagenase type I (Gibco/BRL)
for 6 h in an incubator-shaker. After complete digestion, the
cell suspension was centrifuged at 600  g for 5 min at room
temperature. The resulting cell pellet was washed with DPBS
buffer. Cell pellet was then resuspend in Ham’s F12:Dulbecco’s
Modified Eagle Medium (F12:DMEM; 1:1. Gibco/BRL) + 10% FBS.
Cells were counted using hemacytometer and trypan blue vital
dye. Cells were plated in six-well plate culture dish at the
density of 1  105 cells per well in F12:DMEM (1:1) + 10% FBS.
Cells were cultured at 37 8C in 5% CO2 with medium changed
every 2–3 days. The fibroblasts was subcultured when they
reached confluence.

2.4.

Preparation of human fibrin as biomaterial

Whole blood was withdrawn from donor into 9 ml plasma
collection tubes containing 3.2% Sodium Citrate (Bio-One,
Greiner, USA). The whole blood was centrifuged at 600  g for
5 min to collect the plasma. The plasma was sterile-filtered
using 20 mm syringe filter (Sartorious, USA) to remove the cell
debris that may cause spontaneous clotting of the plasma.
Plasma was kept at 20 8C until use.

2.5.
Formation of bilayered fibrin-fibroblasts and
fibrin-keratinocyte skin equivalent (B-FF/FK SE)
Keratinocytes and dermal fibroblasts from initial passage (P0)
were trypsinized, pooled and centrifuged. Fibrin-fibroblast
layer was formed by mixing fibroblasts with 1 ml of human
plasma (0.5  106 cells/ml) and poured into a single well of a
six-well plate. One molar (1 M) calcium chloride (CaCl2) was
then added to the admixture at the ratio of 1:40 (CaCl2:fibroblast cells-plasma admixture) in volume to initiate the
polymerization process. Subsequently, the layer of fibrinkeratinocytes was formed by mixing keratinocytes with 1 ml
of human plasma (0.5  106 cells/ml) and laid on top of the
fibrin-fibroblast layer. CaCl2 was added as in fibrin-fibroblast
formation steps. This constructed B-FF/FK SE was 9.6 cm2 in
size. Six pieces of B-FF/FK SE were prepared and cultured in the
combination medium of DKSFM:F12:DMEM (2:1:1) + 5% FBS for
7 days for construct stabilization. A single layer of silk was laid
on top of the B-FF/FK SE to provide support during transportation and implanted onto the skin defect at the dorsal part of
athymic mice to evaluate the development of B-FF/FK SE in
vivo.

2.5.1.

B-FF/FK SE implantation and histology analysis

Six 2-month-old athymic mice were anaesthetized and 8 cm2
skin excisions were made at the dorsal part of the athymic
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mice. B-FF/FK SE was grafted onto the skin wound and fibrin
constructs without skin cells was made as control. After 4 weeks
of implantation, 3 cm2 of the transplanted B-FF/FK SE was
harvested from the center of the implanted skin. The harvested
tissue was cut into three pieces; 1 cm2 for RNA extraction, 1 cm2
for histological analysis and 1 cm2 for electron microscopy
analysis. For histological analysis, tissue was fixed in 4%
formaldehyde for 24 h, processed and embedded in paraffin.
Five micrometers-thin sections of tissue were prepared using
microtome (Leica, Germany), dewaxed with a series of xylene
and alcohol (100–70%) and evaluated histologically using
hematoxylin and eosin staining (H&E staining).

2.5.2.

Immunostaining

The tissue sections were digested for 30 min in 0.1%
proteinase k. immunostaining was done on the harvested in
vivo B-FF/FK SE, native human skin (positive control) and
native athymic mice skin (negative control) using antibodies
listed below at 1:200 dilutions:
(a) Monoclonal mouse anti-human cytokeratin, 34bE12
(Dako).
(b) Monoclonal mouse anti-human involucrin, clone SY5
(Sigma).
(c) Monoclonal mouse anti-human collagen type I (Sigma).

2.6.
Total RNA extraction and one step reverse
transcriptase-polymerase chain reaction (RT-PCR) analysis for
gene expression analysis
2.6.1.

Total RNA extraction

The harvested in vivo B-FF/FK SE (n = 6) were processed using the
same technique as native skin to isolate keratinocytes and
fibroblasts. Total RNA from keratinocytes and fibroblasts from
culture, in vitro B-FF/FK SE and in vivo B-FF/FK SE were extracted
using TRI Reagent (Molecular Research Center, Cincinnati, OH).
Polyacryl Carrier (Molecular Research Center) was added in
each extraction to precipitate the total RNA. The RNA pellet was
then washed with 75% ethanol and dried before reconstituted in
RNAse and DNAse free distilled water (Invitrogen, Carlsbad,
CA). Yield and purity of the isolated RNA was determined by
spectrophotometer (Bio-Rad, Hercules, CA). Total RNA was
stored at 80 8C immediately after extraction.

2.6.2.

One step RT-PCR

Expression of type I Collagen genes in skin fibroblasts and
Keratin type 14 in keratinocytes were evaluated by one step RTPCR. Expression of human b-actin gene was used as control. The
specific sense and antisense primers used for the reaction
were designed from listed NIH GenBank database and had
the following sequences: type I collagen (Accession No.:
NM000088), sense: 50 -AAGGCTTCCAAGGTCCCCCTGGTG-30
and antisense: 50 -CAGCACCAGTAGCACCATCATTTC-30 ; b-actin
(Accession No.: BC013380), sense: 50 -CCGGCTTCGCGGGCGACG30 and antisense: 50 -TCCCGGCCAGCCAGGTCC-30 ; keratin type
14 (Accession No.: BC002690), sense: 50 -AGAACCGCAAGGATGCCGAG-30 and antisense: 50 -CCTGGAGATTGAGCTGCAGT–30 . Each reaction consisted of 100 ng total RNA and
10 pmol of each sense and antisense primers. One step RT-PCR
was performed in a 9700 thermal cycler (Perkin-Elmer, Norwalk,
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CT) with the following reaction profile: cDNA synthesis for
30 min at 50 8C; pre-denaturation for 2 min at 94 8C; PCR
amplification for 38 cycles with 30 s at 94 8C, 30 s at 60 8C and
1 min at 72 8C. These series of cycles were followed by a final
extension of 72 8C for 2 min. Subsequently, the PCR products
were separated by electrophoresis on a 1.5% agarose gel
(Invitrogen, Carlsbad, CA) stained with ethidium bromide
(Sigma, St. Loius, MO) and visualized by UV transillumination
(Vilber Lourmat, Marne La Vallee, France).

2.7.

Electron microscopy analysis

2.7.1.

Scanning electron miscroscopy (SEM)

Six samples of the in vitro and in vivo B-FF/FK SE were fixed in
4% glutaraldehyde for 12–24 h at 4 8C. Samples were then
washed in 0.1 M sodium cacodylate buffer and dehydrated
stepwise in a series of acetone (30–100%). The samples were
then dried using critical point dryer (CPD) (BALTEC CPD030,
Switzerland). The samples were sputtered with gold and analyzed with scanning electron miscroscope (JEOL 6400, Japan).

2.7.2.

Transmission electron microscopy (TEM) analysis

Six samples of the in vitro and in vivo B-FF/FK SE were cut into
1 mm2, put in separate vials and fixed in 2.5% glutaraldehyde
for 24 h at 4 8C. Samples were then washed in 0.1 M sodium
cacodylate buffer for three times at 10 min each wash before
fixed with 4% Osmium Tetroxide for 1 h. The samples were
then washed again with sodium cacodylate buffer for three
times and dehydrated stepwise in a series of acetone (35–
100%). The samples were dehydrated three times in 100%
acetone with 15 min each time. Infiltration process was
carried out on the samples using a mixture of acetone and
resin at the ratio of 1:1 for 1 h, 1:2 for 2 h and 100% resin
overnight. The samples were polymerized in an oven at 60 8C
for 24–48 h. Ultra-thin sections of sample at 90 nm thicknesses
were prepared using ultramicrotome (LEICA ULTRACUT, UCT,
Austria). The ultra-thin sections were then stained using lead
citrate/uranyl acetate and analyzed with transmission electron microscope (ASTEM LEO AB 912, Germany).

3.

Results

3.1.
Monolayer culture of human keratinocytes and
fibroblasts
Skin samples from six patients were collected in this study
and the total cells yield at initial culture (P0) for keratinocytes
and fibroblasts was shown in Table 1. Keratinocytes at initial
culture (P0) in DKSFM started adhering to the flask on the
second day (Fig. 1A), began to proliferate on the fifth day and
reached confluence on day 14 (Fig. 1B). Skin fibroblasts (P0)
cultured in F12:DMEM + 10% FBS started to proliferate on
second day (Fig. 1C) of culture and reached confluence within
12 days (Fig. 1D).

3.1.1. Construction and analysis of bilayered fibrin-fibroblasts
and fibrin-keratinocyte skin equivalent (B-FF/FK SE)
After 7 days of in vitro culture, B-FF/FK SE maintained initial
round shape with minimal contraction from the original size
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Table 1 – Total cells yield at initial culture (P0) for keratinocytes and fibroblasts obtained from six different samples
Sample
1
2
3
4
5
6

Age (years)

Size (cm2)

Total number of cells obtained for
keratinocytes per well (cells  105/9.6 cm2)

18
25
28
35
38
32

1
1
1
1
1
1

5
4.73
4.42
4.25
4.09
4.17

(7.8717  0.0856 cm2; 81.99% of 9.6 cm2). The construct was
soft, yellowish in color; it was easily detached from the surface
of the culture plates and layered onto the sterile silk using fine
tweezers (Fig. 2A). H&E staining on B-FF/FK SE showed an
upper layer of proliferating keratinocytes and a bottom layer of
fibroblasts (Fig. 2B). No basal or multiple layers of keratinocytes nor keratin layer was observed on the fibrin-keratinocyte
layer of the B-FF/FK SE. Interestingly, keratin pearls were
detected in the fibrin-keratinocyte layer; demonstrated the
keratinization process has occurred in the in vitro construct.
The positive cytokeratin immunostaining on this layer further
confirmed the keratin production (Fig. 2C). After 4 weeks of
transplantation, the skin defect healed well with good
integration between wound edge and B-FF/FK SE. The gross
morphology of the skin defect implanted with B-FF/FK SE
exhibited a smooth and continuous skin (Fig. 2D).
Histological examination on the harvested in vivo B-FF/FK
SE showed well-defined multilayer differentiated epidermis
formation with dense dermis (Fig. 3A). There was also
formation of keratin layer; which is almost similar to native
human skin. No inflammation or leukocyte infiltration was
observed in the harvested in vivo B-FF/FK SE. Immunostaining
showed cytokeratin was expressed in the entire epidermis

Total number of cells obtained for
fibroblasts per well (cells  106/9.6 cm2)
1.2
1.12
1.05
1.04
1.02
1.1

(Fig. 3B) while involucrin was expressed in the upper spinous
epidermis layer (Fig. 3C). Immunostaining of the collagen type
I was demonstrated at the dermis layer (Fig. 3D). All
immunostaining results were specific for human tissue only.

3.1.2.

Gene expression analysis by one step RT-PCR

One step RT-PCR analysis on the harvested in vivo B-FF/FK SE
showed that the keratinocytes maintained expression of
keratin 14 (marker for keratinocytes at basal layer) as in
monolayer culture and in vitro B-FF/FK SE (Fig. 4A). One step
RT-PCR also demonstrated fibroblasts isolated from monolayer culture, in vitro and in vivo B-FF/FK SE maintained the
expression of collagen type I (Fig. 4B).

3.1.3.

Electron microscopy analysis

Scanning electron micrograph (SEM) of the fibrin-fibroblasts
layer of in vitro B-FF/FK SE showed groups of proliferating
fibroblasts with collagen production at 7 days of culture
(Fig. 5A). Surface morphology of the in vivo B-FF/FK SE has
corrugated structure with numerous polygonal cells showing
the same features as the epidermal surfaces of native human
skin (Fig. 5B). TEM ultrastructure of the dermal-epidermal
junction in the in vivo B-FF/FK SE showed formation of a

Fig. 1 – Keratinocytes culture at 2 days after seeding, P0 (40T) (A). Keratinocytes confluence at 14 days, P0 (B). Skin fibroblasts
culture at 2 days after seeding, P0 (C). Skin fibroblasts confluence at 12 days, P0 (D).

burns 33 (2007) 355–363

359

Fig. 2 – The in vitro B-FF/FK SE is soft, yellowish in color, easily detached from the surface of the culture plates and layered
onto the sterile silk using fine tweezers for the ease of transportation (A). H&E staining of the in vitro B-FF/FK SE showed two
layers; the fibrin-keratinocytes layer (a) and the fibrin-fibroblasts layer (b). The presence of keratin pearls was also detected
at the fibrin-keratinocytes layer (arrow; 100T) (B). Immunostaining of the cytokeratin was showed in the fibrin-keratinocyte
layer (C). After 4 weeks of transplantation, the gross morphology of the skin defect implanted with B-FF/FK SE exhibited a
smooth and continuous skin; demonstrating good integration between wound edge with B-FF/FK SE (round marking) (D).

Fig. 3 – Hematoxylin and eosin staining on the harvested in vivo B-FF/FK SE showed well-defined multilayer differentiated
epidermis formation with dense dermis (100T; a, keratinous layer, b, epidermis layer and c, dermis layer (A).
Immunohistochemical staining showed cytokeratin expression at the epidermis (arrow; 40T) (B). Ivolucrin expression at
the upper basal epidermis layer (arrows, 200T) (C). And collagen type I expression at the dermis layer (arrows, 40T) (D).
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Fig. 4 – (A) One step RT-PCR analysis on keratinocytes. One step RT-PCR showed keratin 14 expression (150 bp) in all tested
samples; lane 3, 5, 7 and 9. b-Actin (495 bp) expression in lane 2, 4, 6 and 8 was used as control. Lane: 2, 3-keratinocytes
from native skin; 4, 5-keratinocytes from culture; 6, 7-keratinocytes from in vitro construct B-FF/FK SE; 8, 9-keratinocytes
from harvested in vivo B-FF/FK SE. (B) One step RT-PCR analysis on fibroblasts. One step RT-PCR showed collagen type I
expression (396 bp) in all tested samples; lane 3, 5, 8 and 10. b-Actin expression in lane 2, 4, 7 and 9 was used as control.
Lane: 2, 3-fibroblasts from native skin; 4, 5-fibroblasts from culture; 7, 8-fibroblasts from harvested in vitro B-FF/FK SE; 9, 10fibroblasts from harvested in vivo B-FF/FK SE.

mature dermal-epidermal junction (Fig. 5C). The lamina densa
and hemidesmosomes had been established and were in
association with tonofilament bundles. At higher magnification, evidence of anchoring filaments was present in the
hemidesmosome complex, and anchoring fibrils in association with collagen in the dermal connective tissue (Fig. 5D).
TEM micrograph of in vivo B-FF/FK SE construct showed the
collagen fibrils in cross and longitude sections. Each fibril
consists of regular alternating dark and light bands that are
further divided by cross-striations (Fig. 5E). All the results
showed the complete regeneration of epidermal and dermal
layer of in vivo B-FF/FK SE within 4 weeks of transplantation in
the athymic mice model.

4.

Discussions

In this study, we developed a new skin graft composite, bilayer
fibrin-fibroblast and fibrin-keratinocyte skin equivalent (B-FF/

FK SE). The advantages of fibrin matrix derived from human
plasma as a low cost material, easily obtainable resource from
whole blood and most importantly, can be extracted from
patient own blood (autologous) or other healthy donor
initialize the idea for the B-FF/FK SE. B-FF/FK SE was formed
by stacking a layer of culture-expanded human keratinocytes
entrapped in fibrin matrix (act as epidermis layer) on top of the
layer of culture-expanded human fibroblasts entrapped in
fibrin matrix (act as dermal layer). During the process, fibrin
matrix polymerized and entrapped the skin cells to provide a
stable three-dimensional environment for both keratinocytes
and fibroblasts. This approach allowed the dermal fibroblasts
layer to act as an autologous feeder layer and provide intrinsic
growth factors that are needed for keratinocytes layer to
develop.
In this study, we utilized cell culture technique for the
expansion of skin cells from a small skin biopsy. The isolated
keratinocytes when cultured in DKSFM were able to double
its initial number in one passage (P0). From our experience,
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Fig. 5 – SEM of the fibroblasts cells in between fibrin matrix and collagen fibers (A). SEM on the surface of the harvested in
vivo B-FF/FK SE showed numerous polygonal shape and corrugated structure of keratin layer; which similar to normal
human skin (B). TEM ultrastructure of the dermal-epidermal junction in the in vivo B-FF/FK SE showed formation of a
mature dermal-epidermal junction. The lamina densa is prominent at the junction (arrows). TEM also showed
hemidesmosomes (hd) have been established and were in associated with tonofilament bundles (tf) (C). At higher
magnification of dermal-epidermal junction, anchoring filaments (arrows) was present in the hemidesmosome complex.
Anchoring fibrils (af) were in associated with collagen in the dermal connective tissue. Bars, 0.2 mm. (D). TEM micrograph of
in vivo B-FF/FK SE showed the collagen fibrils in cross and longitudinal sections at the dermis layer. Each fibril consists of
regular alternating dark and light bands that are further divided by cross-striations. (E).

1.5–2.0  106 healthy keratinocytes can be isolated from 1 cm2
of single skin biopsy. Thus, when cultured in a single passage,
it could generate up to 2.8–4.0  106 keratinocytes; which is
enough to construct B-FF/FK SE with the size of 50 cm2 within 2
weeks.
Recent studies demonstrated the use of fibrin as an
epidermal or dermal equivalent [16,17] with good clinical
results. Kopp et al. [13] used fibrin gel as a cell carrier which
involves culturing keratinocytes at the surface of fibrin gels

with the presence of mouse 3T3 cells as feeder layer. In order
to eliminate the possibility of mouse feeder cells contamination to the skin graft, fibroblasts either allogeneic [14] or
autologous [16] were used as feeder cells to support the clonal
growth of human keratinocytes. We developed a new
technique for bilayer human skin equivalent formation; using
the composite of cultured keratinocytes and cultured fibroblasts; each entrapped in different layer of human fibrin. Our
results showed that keratinocytes entrapped in the fibrin did
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proliferate in clusters and this was demonstrated by the
formation of keratin pearls in the in vitro fibrin-keratinocytes
layer of B-FF/FK SE. When B-FF/FK SE was transplanted onto
the athymic mice for 4 weeks, the keratinocytes proliferated
and rearranged to take a stratified appearance. Histological
and immunohistochemistry results demonstrated that the
harvested B-FF/FK SE has been organized into multilayers of
keratinocytes with a basal keratinocytes layer and keratin
layer on the upper most surface. Anti-human cytokeratin
immunostaining indicated re-organization and formation of
new keratin protein matrix in the epidermis layer while
involucrin in the upper spinous layer indicated that the
keratinocytes were in the terminal differentiation stage thus
producing a cornified envelope. Human collagen type I
antibody immunostaining appeared positive throughout the
dermis layer with the evidence of collagen type I. This result
was reaffirmed with gene expression of human K14 in
keratinocytes layer and human collagen type I in fibroblasts
layer. All the antibodies used for immunostaining were
specific for human tissue showing productions of human
protein in the extracellular matrix of in vivo B-FF/FK SE,
however, we cannot exclude the possibility of host cells
migration into the construct since cell migration from host is
also important during wound healing.
One step RT-PCR showed the gene expression of K14 was
maintained throughout monolayer expansion and keratinocytes isolated from both in vitro and in vivo B-FF/FK SE. K14 is
expressed in the basal keratinocytes layer in the epidermis
[19]. This proved that B-FF/FK SE has the capability to supply
differentiated cells to continue the dynamic process of skin reepithelialization.
SEM of the in vivo B-FF/FK SE showed dense collagen
fibers as the main extracellular component of the harvested
B-FF/FK SE; which was consistent with the dermis remodeling
process as reported by previous studies [20,21]. TEM analysis
of the in vivo B-FF/FK SE also showed the formation of
basement membrane and dermal–epidermal junctions
between the stratified epidermal layer and the dermis layer.
This is important in maintaining the structural integrity and
mechanical properties of the regenerate skin [22–24].
Furthermore, the existence of hemidesmosome, anchoring
fibrils, and lamina densa in the harvested B-FF/FK SE further
showed that our construct has the same features as normal
human skin.
Our novel approach of this bilayer skin equivalent offer an
advantage by lessening the period of time required to prepare
human skin substitute compared to the previous technique of
culturing keratinocytes sheets on top of the fibrin-fibroblasts
construct. This is essential in treating acute clinical cases such
as burn injuries. The fibrin-fibroblasts layer in B-FF/FK SE is
also important as dermal repair component for wound healing
and may acts as feeder cells to provide the intrinsic growth
factors for skin regeneration.
The usage of fresh autologous plasma has the advantage of
being cheap, readily available, prevents transmission of
communicable diseases and immunological reactions. In
our studies, human plasma was withdrawn from human
whole blood in sodium citrate blood collection tubes. Sodium
citrate which is an anticoagulant, binds to the calcium ions
(Ca2+) in the plasma, therefore inhibits the initiation stage of

clot formation. The sufficient amount of Ca2+ was then added
as CaCl2 solution into the admixture of the cells-plasma in
order to initiate the clot formation process until a layer of
cells-fibrin composite formed. The approach of using animal
source thrombin in commercially prepared fibrin glue can be
eliminated and this offered great advantage for B-FF/FK SE
clinical applications. The usage of human fibrin matrix as
scaffold is also advantageous in accelerating wound healing.
In our studies, 2 ml of plasma (from 4 ml of whole blood) is
used to form a B-FF/FK SE with 9.6 cm2 in size. Our technique
thus provided an advantage in the treatment for large area
skin defect by using minimal volume of plasma.
The B-FF/FK SE constructs has enourmous clinical potential
since the formation of autologous bilayer human skin
equivalents are possible by using all materials derived from
the patients themselves. This skin equivalent also has the
potential to be used as a research tool and also pharmaceutical
testing. B-FF/FK SE preparation required only small biopsy of
autologous skin samples, for cell expansion and minimal
volume of patient whole blood for human fibrin biomaterial
preparation for constructs formation. Thus, the process has
made our autologous skin substitute for clinical application
much more possible.

5.

Conclusion

We demonstrated the formation of a living bilayer human skin
equivalent by combining culture-expanded human keratinocytes in fibrin matrix with culture-expanded human fibroblasts in fibrin matrix to produce B-FF/FK SE constructs. Our in
vivo B-FF/FK SE resembles native human skin as proven by
histological analysis, immunostaining, TEM and SEM with
promising clinical applications in the future.
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