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Abstract

Three-dimensional gelatin-chondroitin 6 sulphate-hyanuronic acid (gelatin-C6S-HA) biomatrices were used as the scaffold to

investigate the phenotypic and molecular expression of basement membrane (BM) and extracellular matrix (ECM) proteins in vitro. The

cells were cultured in three different culture conditions: keratinocytes (K) monoculture, or dermal fibroblasts (FB) monoculture, or

organotypic keratinocytes and dermal fibroblasts (K&FB) coculture model. The deposition of BM proteins and ECM proteins secreted

by these two kinds of cells was quantitatively characterized by real time RT-PCR and examined by immunohistochemistry.

The results showed that K expressed specific keratin and E-cadherin proteins, while type I collagen was secreted by FB. FB were shown

to synthesize and deposit laminin 5, type IV collagen, and type VII collagen, whereas K dominantly produced integrin alpha 6 and

integrin beta 4 as well as laminin 5. Interestingly, the integrin beta 4 was expressed neither in K monoculture nor in FB monoculture, but

was seen in organotypic K&FB coculture model in the early culture stage.

The histology studies revealed numerous features of epidermalization including a well organized basal layer of distinct cylindrical cells,

granular and a horny layer, as well as complete BM formation. These results indicated that K and FB not only kept their phenotype

when culturing on 3D scaffold, but also worked together to reconstruct dermal–epidermal basement membrane zone. In brief, our results

directly provide the quantification in the expression of BM and ECM proteins by using real time RT-PCR in mRNA level and

morphological appearance by immunostain in protein level.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The basement membrane (BM) is a specialized structure
separating the epidermis from the underlying dermis. It
also plays important roles in adhesion between epidermis
and dermis and in controlling epidermal differentiation [1].
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It is likely that the presence of BM on artificial skin may
contribute to the resilience and attachment of the
epidermal component [2]. The BM at the dermal–epidermal
junction is known to be composed mainly of laminins,
integrins, type IV collagen, type VII collagen, nidogen, and
perlecan, etc. [3,4].
The skin diseases that result from disruption of the

structures in the dermal–epidermal junction present clini-
cally with skin fragility and blistering. The prototype of
these diseases is epidermolysis bullosa, a group of heritable
disorders characterized by blistering of the skin and
mucous membranes [5]. The previous studies have shown
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that laminin 5 was essential to epidermal attachment, as
mutations in the genes of laminin 5 chains underlie the
severe blistering phenotype of Herlitz’ junctional epider-
molysis bullosa [6]. Type VII collagen was initially
identified as the target antigen of bullous systemic lupus
erythematosus, which is a generalized subepidermal blister-
ing skin eruption in patients suffering from systemic lupus
erythematosus [7]. Inherited mutations in keratins cause
epidermolytic hyperkeratosis (EHK). A defect in EHK
weakens the structural stability of the keratinocytes (K),
causing easy blistering, hyperproliferation, and hyperker-
atosis [8,9]. People, who make antibodies against a
particular epidermal cadherin, produce a life-threatening
disease called pemphigus vulgaris, wherein the epidermal
cells lose their cell–cell adhesion, blister, and fall off the
body [10,11]. Quantification and immunostaining of skin
using an adequate panel of antibodies may detect the
abnormal expression of a specific BM component and
identify the candidate genes in these diseases [12,13]. It is
also suggested that low or abnormal expression level of
these BM and extracellular matrix (ECM) proteins induces
assembly of immature hemidesmosomes and fails to assure
a stable cohesion of the dermal–epidermal junction [14].
With such devastating effect to human life, it is important
and valuable to investigate and clarify fundamental
biological questions about the mechanisms of these skin
genetic diseases in relations to skin basement membrane
and extracellular matrix proteins.

Detailed information on the mechanisms controlling the
BM formation is difficult to obtain by in vivo studies.
However, the in vivo situation can be closely approached
with organotypic skin equivalent culture model [15,16]. In
this study, we used our previously designed three-dimen-
sional gelatin-chondroitin 6 sulphate-hyanuronic acid
(gelatin-C6S-HA) biomimetic scaffold to investigate the
phenotypic and molecular protein expression of human K
and dermal fibroblasts (FB) in three different culture
conditions in vitro [17–19]. Chondroitin-6-sulfate (C6S)
and hyaluronic acid (HA) were incorporated within the
gelatin membrane to mimic skin extracellular matrix
composition and to create an appropriate microenviron-
ment for cell growth [20,21]. The bi-layer skin equivalent
was originally designed and fabricated with two different
pore sizes. The pore size in the lower layer about
75–150 mm frozen at �80 1C is considered to be suitable
for FB proliferation and migration. The pore size in the
upper layer about 20–50 mm frozen at �196 1C is designed
for K attachment and prevented K from falling into the
lower layer. The cells were then cultured in either
monolayer (K or FB only) or organotypic coculture
(K&FB) model. The deposition of ECM and BM proteins
secreted by these two kinds of cells was quantitatively
characterized by real-time RT-PCR and examined by
immunohistochemistry. In the previous studies, the exact
amount of BM proteins at the dermal–epidermal junction
and ECM proteins secretion by K and FB had not been
investigated in detail [2,15,16]. In this study, we directly
quantify the expression of BM and ECM proteins
comprehensively and try to elucidate their complex
synchronized interactions.

2. Materials and methods

2.1. Preparation of porous bi-layered gelatin-C6S-HA membrane

Gelatin, C6S, HA, and 1-ethyl-3 (3-dimethyl aminopropryl) carbodii-

mide (EDC) were all purchased from Sigma Chemical.

Gelatin solution (5wt%) was prepared by adding 5 g of gelatin powder

(Cat. No. G-2500) dissolved in 100ml distilled water at 25 1C. C6S and

HA were slowly added into the gelatin solution to a final concentration of

0.05 and 0.2wt%, respectively. The slurry solution was then well mixed at

30 1C by magnetic stirrer for 1 h. The well-mixed slurry (0.5ml) was

poured into a preformed polyethylene mold, which was 3 cm in diameter

and 1 cm in length. The slurry solution in polyethylene mold, frozen at the

temperature of �196 1C for 30 s, would form a porous membrane with

pore size of 30mm in average. The porous membrane was then added

another 0.5ml of slurry solution on the top and frozen at �80 1C for 3 h

followed by lyophilizing at �70 1C overnight. Through this process, the bi-

layered porous membrane with upper layer in smaller pore size of 30mm in

average and lower layer in larger pore size with 150mm in average would

be prepared. The fabricated bi-layered membrane was cross-linked by

0.5wt% EDC solution with 0.25wt% N-Hydroxysuccinimide (Cat. No.

56480, Sigma) addition overnight at 4 1C. The cross-linked membrane was

finally immersed in disodium phosphate (Cat. No. S-7909, Sigma)

solution, sonicated 5 times in distilled water for 10min to remove residual

EDC, and then froze at �80 1C for 3 h followed by lyophilizing at �70 1C.

2.2. Culture of keratinocytes and dermal fibroblasts

Fresh human foreskin was obtained from human circumcision surgery

with informed consent of the donors. The biopsies were washed by

phosphate buffered saline with 5 mg/ml gentamycin (Cat. No. 15710,

Gibco Invitrogen Co., Canada). Specimens were then chopped into small

fragments. The fragments were immersed in 40U/ml thermolysin (Cat.

No. T-7902, Sigma) at 4 1C overnight. For isolation of K, the epidermis

was separated from the dermis with forceps and then incubated in trypsin-

EDTA (Cat. No. 25300, Gibco, Invitrogen Co.) for 10min at 37 1C. The

isolated K were cultivated and expanded by commercially available

K-serum free medium (SFM) with indicated medium supplement (Cat. No.

17005, Gibco Invitrogen Co.) in a 9-cm Petri dish. The dermis was treated

with 0.2% collagenase (C-0130, Sigma) at 37 1C for 2 h to harvest FB. The

harvested FB were cultured in Dulbecco’s Modified Eagle’s Medium

(DMEM) (Cat. No. SH30022.02, HyClone, UT, USA) supplemented with

10% FBS (Cat. No. 12003-500M, JRH Bioscience, KS, USA) at 37 1C, 5%

CO2. The 2nd and the 3rd passages were used for the experiments.

2.3. Reconstruction of skin equivalents

The experiments were classified into three models that were briefly

schemed in Fig. 1.

Model 1. Dermal fibroblasts (FB) monoculture: Fibroblast-seeded

gelatin-C6S-HA membrane was prepared as follows. FB at a concentra-

tion of 5� 105 cells/cm2 were inoculated in the lower part (larger pore size)

of the membrane. The dermal equivalent was immersed in DMEM

supplement with 10% FBS for 2 days, and then plated to a 12-mm PTFE

membrane (0.4mm Millicell-CM insert; Millipore, Bedford, MA) mounted

on the 48-well culture plate. The cells were cultured in a combination

medium that was prepared by mixing DMEM supplement with 10% FBS

and K-SFM in a volume ratio of 1:1. The cells were cultured for 7, 14, and

21 days (Fig. 1a).

Model 2. Keratinocytes (K) monoculture: The epidermal K were seeded

at a density of 5� 105 cells/cm2 on the upper layer of the gelatin-C6S-HA
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Dermal fibroblasts

Keratinocyte-SFM
(5 ng/ml EGF, 50 ug/ml BPE)

DMEM/Keratinocyte-SFM= 1:1
(5%FBS, 2.5ng/ml EGF, 25 ug/ml BPE)

Keratinocyte-SFM
(1%FBS, 5 ng/ml EGF, 50 ug/ml BPE)

Keratinocytes Keratinocytes

Dermal fibroblasts

(a) (b) (c)

Fig. 1. The 3D culture models of skin equivalents and their culture medium. (a) model 1: dermal fibroblasts (FB) monoculture. (b) model 2: keratinocyte

(K) monoculture. (c) model 3: organotypic keratinocytes and dermal fibroblasts (K&FB) coculture. (DMEM: Dulbecco’s Modified Eagle’s Medium,

Keratinocyte-SFM: Keratinocyte-serum free medium, FBS: Fetal bovine serum, EGF: Epithelial growth factor, BPE: Bovine pituitary extract.)
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membrane, and then was plated into a 12-mm PTFE membrane culture

insert in a submerged state for 2 days followed by at the air–liquid

interface for up to 7, 14, and 21 days (Fig. 1b).

Model 3. Organotypic keratinocytes and dermal fibroblasts (K&FB)

coculture: The K were cultured on top of fibroblast-seeded gelatin-C6S-

HA membrane. The skin equivalents were lifted to air–liquid interface

after 2 days in submerged condition. The cultures were maintained with

growth medium consisting of DMEM and K-SFM in a volume ratio of

1:1, followed by culture in K-SFM supplemented with 1% FBS, 5 ng/ml

epithelial growth factor, and 50 mg/ml bovine pituitary extract (Fig. 1c).

2.4. Total RNA extraction

Total RNA was isolated from homogenized tissue samples in 1ml of

TRIzol Reagent (Cat. No. 15596-026, Gibco Invitrogen Co.). In order to

remove excessive proteins, an additional step has been adapted to include

a 2wt% of proteinase K (Cat. No. 19131, Qiagen, Hilden, Germany)

digestion. The homogenate was incubated at 55 1C for 10min followed by

centrifuging for 10min at 12,000g at 4 1C. The resulting pellet contains

extracellular membranes, polysaccharides, and high molecular weight

DNA, while the supernatant contains RNA. In each case, the cleared

homogenate solution was transferred to a fresh tube and chloroform and

phase separation were proceeded with. Chloroform (0.2ml) (C-2432,

Sigma) per 1ml of TRIzol was added. The tubes were shaken vigorously

for 15 s and incubated at RT for 3min followed by centrifuging at 12,000g

for 15min at 4 1C. RNA remained exclusively in the colorless upper

aqueous phase. After transferring the aqueous phase to a fresh tube, 0.5ml

of isopropyl alcohol per 1ml of TRIzol was added to precipitate RNA.

The samples were incubated at RT for 10min followed by centrifuging at

12,000g for 10min at 4 1C. The RNA pellet was washed with 75% ethanol

and centrifuged at 7500g for 5min at 4 1C. RNA was dissolved in RNase-

free water for RNA quality determination by UV spectrophotometer at

the ratio of 260/280.

2.5. Quantitative reverse transcription—PCR

pcDNA synthesis was performed on 100 ng total RNA after treatment

with GeneAmps Gold RNA PCR Core Kit (Applied Biosystems, CA,

USA.) including MultiScribeTM Reverse Transcriptase, 5X RT-PCR

Buffer, RNase Inhibitor, 100mM DTT, 10mM dNTP Blend, 25mM

MgCl2, Oligo d(T)16.

Quantitative real-time PCR for human skin basement membrane and

ECM proteins was performed using ABI PRISMs 7000 Sequence

Detection System (Applied Biosystems, CA, USA). A 7.5 ml aliquot of

the oligo dT-primed cDNA reaction were co-amplified by PCR in a 25ml
reaction mixture containing 5ml of 3mM of primers, 12.5ml SYBRs Green

PCR Master Mix (SYBR Green 1 Dye, AmpliTaq Golds DNA

Polymerase, dNTPs with dUTP, Passive Reference 1, and buffer

components). The primers used for amplifying were listed in Table 1.

PCR was performed using the thermal cycle protocol listed as follows.

Stage 1: 50 1C for 2min; Stage 2: 95 1C for 10min; Stage 3: 35 repetitions

of 95 1C for 15 s, 60 1C for 1min. PCR products were separated by

electrophoresis on a 2% agarose gel.
2.6. Immunohistochemistry

Specimens of organotypic K&FB coculture model cultured for 3 weeks

were fixed in 4% paraformaldehyde, dehydrated and embedded in

paraffin. After deparaffinization, sections at 6mm thick were used for

immunohistochemical analysis of laminin, type IV collagen, type VII

collagen, integrin alpha 6, integrin beta 4, keratin, E-cadherin, and type I

collagen. The primary antibodies used in this study were listed in Table 2.

Samples were processed with heat epitope retrieval method in citrate

buffer (Cat. No. 00-5000, Zymed Lab., CA, USA) to retrieve immunor-

eactivity. After incubation with primary antibodies, sections were stained

with Super Sensitive Non-Biotin HRP Detection System (BioGenex, CA,

USA). All sections were counterstained with hematoxylin.

2.7. Statistical analysis

All data were expressed as mean standard deviation and were analyzed

by analysis of variance (One-way ANOVA) and Gauss’ Law of error.

Statistical significance was determined by Bonferroni’s t-test. Probability

values less than 0.05 were considered significant.

3. Results

3.1. Expression of BM and ECM proteins

Genes thought to have stable expression have been
employed as controls in gene expression assays. Beta-actin
has been used as house keeping gene for internal control.
In K monoculture at the 1st week, the threshold cycle

(CT) value was detected in 33.42, 33.27, and 31.7 for type
IV collagen, type VII collagen, and integrin alpha 6,
respectively (Table 3a). Laminin 5 and integrin beta 4 were
not detected at this culture time. It is suggested that BM
reconstruction and adhesion on K in initial culture period
were more dependent on type IV collagen, type VII
collagen, and integrin alpha 6 rather than laminin 5 and
integrin beta 4. However, the CT value of laminin 5 and
integrin beta 4 was recorded when cultured for 2 weeks as
well as for 3 weeks.
In FB monoculture at the 1st week, not only type IV

collagen, type VII collagen, and integrin alpha 6 but also
laminin 5 was expressed. The CT values of type IV collagen,
type VII collagen, integrin alpha 6, and laminin 5 were
22.88, 20.5, 27.87, and 29.02, respectively. It seems that FB
could secrete the above proteins to help K reconstruct BM
at the initial culture stage. After culturing for 2 weeks, the
investigated BM proteins were all appeared and constantly
expressed even cultured for 3 weeks.
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Table 2

Lists of primary antibodies and their specificity used in immunohistochemistry

Antigen Antibody specificity Dilution Source

Laminin Monoclonal (human, pig, cat) 1:1000 Sigma, USA

Type IV collagen Monoclonal (human, monkey) 1:500 Sigma, USA

Type VII collagen Monoclonal (human, pig, bovine, sheep, goat) 1:1000 Sigma, USA

Integrin, alpha 6 Monoclonal (human) 1:1000 Abcam, UK

Integrin, beta 4 Monoclonal (human) 1:1000 Abcam, UK

Keratin Monoclonal (human, bovine) 1:200 Sigma, USA

E-cadherin Polyclonal (human) 1:30 Abcam, UK

Type I collagen Monoclonal (human, rat, rabbit, pig, cow, deer) 1:2000 Abcam, UK

Table 1

Real time RT-PCR primer sequence of target genes designed by the software of Applied Bioscience Prism 7000 sequence detection system

Target Gene (H) 50-30 Primer sequence Nucleotide position

Beta-actin Sense GGACTTCGAGCAAGAGATGG 704–937

BC_002409 Antisense AGCACTGTGTTGGCGTACAG

Laminin 5 Sense TGACCTTTTCTGGCTCGTCT 2842–3043

NM_005560 Antisense GTTCAGCACAAAGGGCTCTC

Type IV collagen Sense GGATCGGCTACTCTTTTGTGATG 4817–4969

NM_001845 Antisense AAGCGTTTGCGTAGTAATTGCA

Type VII collagen Sense CGGAACTGACCATCCAGAAT 1090–1294

NM_000094 Antisense AATAGGGTGCTCACGGTCAC

Integrin, alpha 6 Sense TGCTGTTGGTTCCCTCTCAGAT 1496–1601

NM_000210 Antisense CTGGCGGAGGTCAATTCTGT

Integrin, beta 4 Sense GCCGCTACGAGGGTCAGTT 1773–1963

NM_000213 Antisense TCCATTACAGATGCCCCCATT

Keratin 10 Sense CATGAGTGTCCCCCGGTATC 702–781

NM_000421 Antisense CAGTATCAGCCGCTTTCAGA

E-cadherin Sense CATGAGTGTCCCCCGGTATC 2497–2585

NM_004360 Antisense CAGTATCAGCCGCTTTCAGA

Type I collagen Sense CCAGAAGAACTGGTACATCA 4043–4138

NM_000088 Antisense CCGCCATACTCGAACTGGAA
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At the 1st week as shown in Table 3a, integrin beta 4 was
only expressed in the condition of organotypic K&FB
coculture model instead of in the K monoculture model
and in FB monoculture model. The organotypic K&FB
coculture model was better than the other two monoculture
models in BM proteins expression that was thought
importance for full skin reconstruction.

As shown in Table 3b, keratin 10 and E-cadherin
appeared in K monoculture model during all the culture
periods, but those were not seen in FB monoculture
model. On the contrary, type I collagen, synthesized
mainly by FB, was not detected in the K monoculture
model. Keratin 10, E-cadherin, and type I collagen were
all observed in organotypic K&FB coculture model
due to containing two kinds of cells. K normally expressed
keratin 10 and E-cadherin, while FB constantly expressed
type I collagen. This could roughly prove that the cultured
skin cells still kept their phenotype without losing their
viability.
3.2. DCT of BM and ECM proteins

The relative mRNA expression (DCT), the difference in
threshold cycles for target gene and house keeping gene,
was summarized in Table 4. The lower DCT value showed,
the earlier the target gene expressed. Tables 4a and b are
the results of expression of BM and ECM proteins,
respectively.
At the 1st week (Table 4a), type IV and type VII collagen

were expressed both in the K monoculture and FB
monoculture model, whereas FB monoculture model
showed higher expression than those of K monoculture
model. In the FB monoculture model, laminin 5 and
integin alpha 6 showed relative low expression level of DCT

value when compared with the rest of the BM proteins.
In the ECM and cytoskeleton gene expression

(Table 4b), keratin 10 and E-cadherin were observed in
K monoculture model and K&FB coculture model in all
the culture periods. Type I collagen was detected in FB
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Table 3

The threshold cycle (CT) value measured by real time RT- PCR Applied Bioscience Prism 7000 sequence detection system in three different culture

conditions during 1, 2, 3 weeks

Culture conditions: K monoculture FB monoculture Organotypic K&FB coculture

Target gene 1 week 2 week 3 week 1 week 2 week 3 week 1 week 2 week 3 week

CT value (mean7SD) CT value (mean7SD) CT value (mean7SD)

(a) The threshold cycle (CT) value of basement membrane proteins

Laminin 5 Undet. 29.1370.132 25.0470.043 29.0270.128 24.2370.055 24.670.057 34.8670.132 26.5470.236 25.3370.146

Type IV collagen 33.4270.221 28.3770.116 23.7970.263 22.8870.064 19.4470.143 18.9870.162 24.4770.116 22.8470.045 20.4970.165

Type VII collagen 33.2770.263 24.2570.054 19.5270.054 20.570.137 17.4770.381 17.6470.145 22.970.047 17.970.163 16.5270.211

Integrin, alpha 6 31.770.154 24.4170.172 19.5970.121 27.8770.212 25.0470.145 24.5470.227 28.370.158 24.1970.127 24.1670.195

Integrin. beta 4 Undet. 24.270.095 18.7370.156 Undet. 27.1270.15 29.9170.166 31.4470.136 23.6370.102 25.170.542

Beta-actin 24.1970.053 24.3270.062 16.270.083 17.6870.025 15.9670.072 15.2170.102 21.7570.068 20.6570.092 15.3870.046

(b) The threshold cycle (CT) value of ECM and cytoskeleton proteins

Keratin 10 29.3770.173 24.1170.124 19.5970.202 Undet. Undet. Undet. 30.8570.125 23.5570.203 23.9170.162

E-cadherin 29.6570.128 24.0870.223 20.6370.171 Undet. Undet. Undet. 30.4970.23 23.2370.084 23.0270.17

Type I collagen Undet. Undet. Undet. 18.1470.172 15.3770.222 15.5370.124 21.1870.032 17.2370.186 17.170.104

Beta-actin 24.1970.053 24.3270.062 I6.270.083 17.6870.025 15.9670.072 15.2170.102 21.7570.068 20.6570.092 15.3870.046

K: keratinocytes, FB: dermal fibroblasts, K&FB: keratinocytes and dermal fibroblasts, Undet.: undetermined. One-Way ANOVA n ¼ 6 *po0:05:
statistically significant.

Table 4

The relative mRNA expression (DCT) calculated by the difference in threshold cycles (CT) for target gene and reference gene beta-actin

Culture conditions: K monoculture FB monoculture Organotypic K&FB coculture

Target gene/time 1 week 2 week 3 week 1 week 2 week 3 week 1 week 2 week 3 week

DCT (mean7SD) DCT (mean7SD) DCT (mean7SD)

(a) The relative mRNA expression (DCT) of basement membrane proteins

Laminin 5 Undet. 4.8170.07 8.8470.04 11.3470.103 8.2770.017 9.3970.045 13.1170.064 5.8970.144 9.9570.1

Type IV collagen 9.2370.168 4.0570.054 4.2770.18 5.270.035 3.4870.309 3.7770.06 2.7270.048 2.1970.047 5.1170.119

Type VII collagen 9.0870.21 �0.0770.008 3.3270.029 2.8270.112 1.5170.071 2.4370.043 1.1570.021 �2.7570.071 1.1470.165

Integrin. alpha 6 7.5170.101 0.0970.011 3.3970.038 10.1970.187 9.0870.073 9.3370.125 6.5570.09 3.5470.035 8.7870.149

Integrin. beta 4 Undet. �0.1270.033 2.5370.073 Undet. 11.1670.078 14.770.064 9.6970.068 2.9870.01 9.7270.496

(b) The relative mRNA expression (DCT) of extracellular matrix proteins

Keratin 10 5.1870.12 �0.2170.062 3.3970.119 Undet. Undet. Undet. 9.170.057 2.970.111 8.5370.116

E-cadherin 5.4670.075 �0.2470.161 4.4370.088 Undet. Undet. Undet. 8.7470.162 2.5870.008 7.6470.124

Type I collagen Undet. Undet. Undet. 0.4670.147 �0.5970.15 0.3270.022 �0.5770.028 �3.4270.094 1.7270.058

K: keratinocytes, FB: dermal fibroblasts, K&FB: keratinocytes and dermal fibroblasts, Undet.: undetermined. One-Way ANOVA n ¼ 6 *po0.05:

statistically significant.
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monoculture model and K&FB coculture model during the
culture periods.

3.3. �DDCT of BM and ECM proteins

The �DDCT method is a convenient way to analyze the
relative changes in gene expression from real-time quanti-
tative PCR experiments (Fig. 2).

Laminin 5 was dominantly expressed by K, though it
was delayed expression at the 2nd week (Fig. 2a). K&FB
coculture model could promote laminin 5 early expressions
in comparison with keratinocyte monoculture group.
mRNA gene expression of laminin 5 was increased
obviously at the 2nd week, and then gradually decreased
due to reciprocal regulation.
In the type IV collagen expression (Fig. 2b), K&FB

coculture model had the highest expression when compared
with K monoculture model and FB monoculture model at
the first two weeks. However, it showed the lowest
expression in K&FB coculture model if cultured for up
to 3 weeks. The type VII collagen expression in K&FB
coculture model was higher than that of K monoculture
model and FB monoculture model in all the cultured
periods (Fig. 2c). For the three culture models, the type IV
collagen and type VII collagen expressions increased at the
first two weeks but decreased thereafter.
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Fig. 2d was the �DDCT results of integrin alpha 6.
It showed high expression in K monoculture model.
The FB monoculture model had the lowest expression.
All the test groups in integrin alpha 6 expressions were
increased at the first 2 weeks and then decreased at the
3rd week.

As the expression of integrin beta 4 (Fig. 2e), there was
no expression in the two monoculture models at the 1st
week. They all progressively enhanced at the 2nd week
especially the K monoculture model, and decreased at the
3rd week. It can be detected in K&FB coculture model at
the 1st week and sharply increased at the 2nd week. It was
the same scenario as the two monoculture models, which
decreased at the 3rd week.

Keratin 10 and E-cadherin were expressed in K
monoculture and K&FB coculture group; those were not
expressed in FB monoculture model (Figs. 2f and g). The
relative mRNA expressions of Keratin 10 and E-cadherin
1 week 2 week 3 week

1 week 2 week 3 week
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significantly increased at the 2nd week and then gradually
receded in the 3rd week. Type I collagen was only
expressed in FB monoculture and K&FB coculture group
(Fig. 2h).

3.4. Gel electrophoresis

The mRNA expressions of BM proteins and ECM
proteins on the three culture models were further checked
by gel electrophoresis and the results were summarized in
Figs. 3a and b, respectively. Basically, the results from gel
electrophoresis were in agreement with those from real-
time RT-PCR.
In BM proteins (Fig. 3a), laminin 5 and integrin beta 4

were absent from K monoculture model at the first week
but appeared at the 2nd and 3rd week. The band of integrin
beta 4 was not shown in the FB monoculture model at the
first week but appeared at the 2nd and 3rd week. Type IV
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Fig. 3. (a) The result of gel electrophoresis in real time RT-PCR end

products (K: keratinocytes, FB: dermal fibroblasts, K&FB: keratinocytes

and dermal fibroblasts), (b) the result of gel electrophoresis in real time

RT-PCR end products (K: keratinocytes, FB: dermal fibroblasts, K&FB:

keratinocytes and dermal fibroblasts).
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collagen, type VII collagen, and integrin alpha 6
all expressed in K monoculture model and FB mono-
culture model in all the culture periods. The BM proteins
were expressed in K&FB co-culture model all the way in
the 3 weeks.
In ECM and cytoskeleton proteins (Fig. 3b), keratin 10

and E-cadherin were positive in the groups containing K,
whereas type I collagen appeared in the groups with FB.

3.5. Immunohistochemistry stain for the cultured skin

equivalents

The immnohistochemistry stain of organotypic K&FB
coculture model for 3 weeks was shown in Fig. 4. It
revealed full skin development with numerous features of
epidermal differentiation, which included a well organized
basal layer of distinct cylindrical cells, granular layer, and a
horny layer.
Laminin 5 was noted at the basal site of K and represent

early marker of cell polarity (Fig. 4a). Type IV collagen
and type VII collagen in basal K traversing the lamina
densa was clearly stained by specific monoclonal antibodies
(Figs. 4b and c). Intrgrin alpha 6 and integrin beta 4
appeared at the basal layer of epidermis; those could be
observed only in mature epithelium and were responsible
for the anchorage of basal K to the underlying BM
(Figs. 4d and e). The keratin and E-cadherin showed a
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Fig. 4. The immunohistochemistry of organotypic K&FB coculture skin equivalent cultured for 3 weeks. (a) Laminin 5 was noted at the basal site of

keratinocytes and represent early marker of cell polarity (black arrow). (b) and (c) The intracellular presence of type IV and type VII collagen in basal

keratinocytes was stained with brown color (arrow indicated). (d) Intrgrin alpha 6 and (e) integrin beta 4 was also observed underlying the basement

membrane. (f) The keratin and (g) E-cadherin, which can be regarded as specific intercellular markers were also positively stained in the epidermal layer.

(h) Type I collagen was present throughout the dermis in a random distribution. (i) Normal human foreskin tissue as reference for comparison

(K: keratinocytes, FB: dermal fibroblasts, K&FB: keratinocytes and dermal fibroblasts, E: epidermis, D: dermis (a)–(g): 100� , (h), (i): 200� ).

T.-W. Wang et al. / Biomaterials 27 (2006) 5059–50685066
positive stain in the epidermis layer, which were inter-
cellular markers for normal epidermis (Figs. 4f and g).
Type I collagen could be examined throughout the dermis
with a form of random distribution (Fig. 4h).

4. Discussion

The contribution of K and FB to the synthesis of the
individual BM components was difficult to be indepen-
dently clarified by in vivo studies [22]. The regulatory
mechanism of K and FB on the synthesis of BM structure
was also hardly to be distinguished due to the complex
in vivo conditions [23]. Therefore, we modified and used
organotypic K&FB coculture model to mimic the in vivo
situation under more defined conditions, and try to
elucidate these sophisticated synchronized interactions.

From the results, K&FB coculture model showed a
better expression pattern both in BM and ECM proteins,
probably because the two kinds of cells could stimulate
each other by released cytokines and growth factors so as
to provide better reconstruction environment (Fig. 2). BM
and ECM normally expressed and assembled into an order
structure (Fig. 4), even when K and FB did not directly
contact. This result may provide the evidence that the two
kinds of cells go through the paracrine mechanism for
communication.
In general, the expression of BM proteins and eventually

to form a BM was owing to reciprocal stimulation between
K and FB [24]. If the culture system only involves one kind
of cell, some of BM proteins cannot be normally expressed.
For example, integrin beta 4 is not expressed both in K
monoculture model and FB monoculture model until
cultured for 2 weeks, but it is expressed in K&FB coculture
model during all the culture time periods (Fig. 2e). This
means that K&FB coculture model containing two kinds of
cells for reciprocal stimulation plays an important role in
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Table 5

Summary of the comparative CT (DDCT) changes in gene expression of BM and ECM proteins

K monoculture FB monoculture Organotype K&FB coculture

1 week 2 week 3 week 1 week 2 week 3 week 1 week 2 week 3 week

Laminin 5 � ++++ +++ ++ +++ +++ + ++++ +++

Type IV collagen + +++ +++ +++ ++++ ++++ ++++ ++++ +++

Type VII collagen + ++++ +++ +++ +++ +++ +++ ++++ +++

Integrin, alpha 6 ++++ ++++ +++ + + + ++ +++ +

Integrin, beta 4 � ++++ +++ � ++ + ++ +++ ++

Keratin 10 ++ ++++ +++ � � � + +++ +

E-cadherin ++ ++++ ++ � � � + +++ +

Type I collagen � � � ++ +++ ++ +++ ++++ +

+: Slight, ++: moderate, +++: abundant, ++++: very abundant, �: negative.

K: keratinocytes, FB: dermal fibroblasts, K&FB: keratinocytes and dermal fibroblasts.
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establishing the profile of released factors to regulate
proliferation/differentiation of K and results in BM
formation more close to normal skin reconstruction.

The epidermal basement membrane zone is composed of
various molecules, each of which plays an important role in
dermo–epidermal adhesion. In a skin equivalent model,
components of the epidermal BM such as laminin 5, type
IV collagen, type VII collagen as well as integrins were
detected in the highest level during culture for 1–2 weeks,
and gradually recede thereafter [25,26]. It is probably
because in the skin tissue regeneration process, the
arrangement and reconstruction of BM were necessary
and started from the beginning when K and FB were
seeded. The level of these proteins would highly express but
should gradually decrease once the BM has been rebuilt. In
our results, the BM zone was already well formed and
reconstructed at the end of 2 weeks; therefore, the mRNA
gene expression of these proteins, which were detected by
real time RT-PCR, was all decreased at the 3 weeks
compared to that at 2 weeks.

In the previous studies, laminin 5 was one of major
components in BM and was secreted mainly by K in skin
tissue [27,28]. Although it is not expressed in the 1st week,
laiminin 5 reaches the highest level in K monoculture
model in the 2nd week (Fig. 2a), which is so-called gene
expression in a time-dependent manner [29]. The expres-
sion of ECM and cytoskeleton proteins also has the same
phenomenon as BM proteins do. For instance, keratin 10
and E-cadherin are not expressed in FB monoculture
model but appear in K monoculture model (Figs. 2f and g).
On the contrary, type I collagen does not appear in the K
monoculture model but in FB monoculture model
(Fig. 2h). In K&FB coculture model, all the ECM and
cytoskeleton proteins are synthesized (Fig. 3b). In brief,
the data presented here indicated that laminin 5, integrin
alpha 6, integrin beta 4, keratin 10 and E-cadherin are
mainly produced by K, while FB may contribute for
deposition of type IV collagen, type VII collagen, laminin
5, as well as type I collagen in ECM. We summarized the
results in Table 5.
Previous studies have revealed that different culture
models could result in different BM proteins expression
patterns, such as in de-epidermis or in de-cellularized
dermis culture models [30]. Different culture medium may
also lead to the different expression results [31]. In our FB
monoculture model, FB would secrete BM proteins to help
BM reconstruction that could be due to the exogenous
EGF in medium. The phenomenon may not happen if FB
are cultured in DMEM without other supplements or
growth factors added.
In this study, the results clearly demonstrate the

sequential expression, deposition, and structural organiza-
tion of a cutaneous basement membrane in three different
culture models. The dynamics of RNA expression and
protein deposition indicate a gradual synthesis pattern and
assembly of the different constituents in a complex and
tightly regulated epithelial-mesenchymal interplay.

5. Conclusion

In this study, sophisticated interplay of regulatory
mechanisms between keratinocytes and dermal fibroblasts
has been demonstrated. This study provides the evidence of
a dynamic keratinocytes and dermal fibroblasts interaction
regulating synthesis and assembly of the cutaneous BM
and ECM proteins. Organotypic K&FB coculture model to
mimic real skin situation provides an attractive model to
elucidate the role that different cell types play in the
regulation of epidermal morphogenesis and BM formation.
With this coculture model, we are able to mimic the in
vivo situation under more defined conditions to study in
detail about time-dependent expression of BM and ECM
constituents.
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