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A papillary-structured collagen fibril membrane is created, mimicking the 3D-architecture of
the human papillary dermis. Primary human keratinocytes cultured to confluency on papillar-
structured films are compared to keratinocytes cultured on flat membranes. Microscopical
evaluation reveals the presence of morphologically distinct
cells at the base of the papillar structures that are not
observed on flat membranes. Gene expression microarrays
and RT-qPCR indicate that these cells are in a more pro-
liferative/migrational state, whereas cells on flat mem-
branes have a more differentiated expression profile.
Immunohistochemical stainings confirm these results. In
conclusion, specific collagen architecture can direct kerati-
nocyte behavior, and this may be used to further improve
skin regeneration.
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1. Introduction

Healing of large full-thickness wounds and deep burns

often results in contraction and scar tissue formation.[1] To

guide and improve the wound healing process, tissue-

engineered skin constructs based on natural and synthetic

biomaterials have been developed.[2,3] Results of treatment

with these constructs are promising, but not optimal

and there is still space for improvement. For example,

regeneration of the characteristic rete ridge morphology of

the dermal-epidermal-junction may result in better skin

regeneration (Figure 1).

Rete ridges are thickenings of the epidermis that extend

downwards between the dermal papillae. The papillae

provide epidermal cells with oxygen and nutrients, and

reinforce the attachment of the epidermis to the dermis.

In addition, several studies have indicated that defined

locations in rete ridges serve as potential niches for

epidermal stem cells.[4,5] These locations may provide a

specific microenvironment that is required for stem cell

maintenance.However, theproposed relationshipbetween

rete ridge location and cellular ‘‘stemness’’ remains

controversial.[6–8]

Microstructured biomaterials may be used to stimulate

the formation of epidermal rete ridges and dermal papillae.

In addition, the availability of papillary-structured mem-

branesmay facilitate fundamental research to the relation-

ship between keratinocyte niche and function. Cells

(including keratinocytes) have been evaluated on three-

dimensional microstructured surfaces, including grooved

membranes composed of natural collagen and glycosami-

noglycans.[9,10] However, the latter study used parallel

grooves,whichare technically less complex toproduce than

more natural rounded structures. In one study, polydi-

methylsiloxane (PDMS)pillarswerecoatedwithfibronectin

and it was found that the interspace distance determined

keratin 1 expression in cultured keratinocytes.[11]

In this study, a microstructured collagen membrane

was constructed and evaluated, mimicking the natural

3D-architecture of the papillary dermis of human skin.[12]
Figure 1. (A) The dermal-epidermal junction of normal porcine
skin showing rete ridges and dermal papillae (arrows) on micro-
scopic sections. (B) These structures are not observed in regen-
erated skin (in this example 55 d after treatment with a porous
collagen scaffold). Bar is 100mm.
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The in vitro response of primary human keratinocytes to

this papillary-structured membrane was studied using

high density gene expression microarrays, quantitative

polymerase chain reaction (PCR), electron microscopy, and

(immuno)cytochemistry. This study is unique in its use of a

combination of natural materials and dimensions, and the

comprehensive analysis of the biological effects.
2. Results

2.1. Construction of Microstructured Collagen

Membranes Mimicking the Papillary Dermis

A polycarbonate master was constructed based on litera-

ture values for dermal papillae architecture in the human

inner forearm (Figure 2).[12] Themaster closelymatched the

general architecture of the dermal papillae and could be

used to produce multiple PDMS molds. One PDMS mold

(Figure 3A) was used to produce multiple papillary-

structured collagenmembranes (Figure 3B–D). Itwas found

essential to completely fill the pits of the mold by de-

aeration of the collagen suspension before air-drying.

Dry membranes could easily be peeled off and it was

possible to reuse the mold multiple times without

complications. The architecture of the papillary-structured
Figure 2. Design of the PDMS mold based on the architecture of
the human papillary dermis. (A) Cross-section of normal human
skin (inner forearm) showing the rete ridge architecture with
keratinocytes (KC) and a dermal papilla (DP). (B) Top view of a
longitudinal (en face) section at the height of the arrow in (A)
showing the organization of the dermal papillae (DP). Dimensions
were obtained from in vivo reflectance confocal microscopy
measurements taken from ref.[12] (A,B) Adapted with permission
from Macmillan Publishers Ltd., The Journal of Investigative
Dermatology, � 2001.[12] (C) Side view and (D) top view of the
PDMS casting mold design that was produced from a micromilled
polycarbonate master.
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Figure 3. (A) Macroscopic picture of the microstructured PDMS
mold and (B–E) scanning electron micrographs of papillary-struc-
tured collagen membranes produced with this mold. (B) Top view
and (C) side view of a collagen membrane showing multiple
papillar structures. (D) Close-up view of a single collagen papillar
structure. (E) Double-layered collagen construct mimicking the
two layers of the dermis: the papillary dermis (upper layer) and
the reticular dermis (lower layer). Bar in (A) is 1 cm, bars in (B–E)
are 100 mm.

Figure 4. Scanning electron micrographs of human keratinocytes
cultured on papillary-structured collagen membranes. Mem-
branes were covered with a confluent layer of cells. (A) Top
overview, (B) and (C) keratinocytes on a single papillar structure,
(D) cross-sectional view of a single papillar structure. Typical
cultured keratinocytes were visible (arrows). The collagen mem-
brane in (D) is indicated with double arrow heads. Bars are (A)
100mm and (B–D) 10mm.
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membranes adequately reflected the dimensions of the

original design, thereby reproducing the natural morphol-

ogy of dermal papillae.

Thepotential of creatinga two-layereddermal substitute

with a papillary dermis architecture combined with a

porous reticular dermis layerwasdemonstrated (Figure3E).

For the two-layered construct, the papillary-structured

membranewaspreparedasdescribed,but carewas takento

prevent complete air-drying the collagen suspensionon the

mold. A fresh collagen suspensionwas poured on top of the

slightlyhydratedpapillary-structuredmembrane, followed

by freezing and lyophilization. This resulted in a porous

construct mimicking the entire dermis with a papillary-

structured semi-closed surface on top (Figure 3E).
2.2. Morphological Differences Related to Collagen

Film Topography of Keratinocytes Cultured on

Papillary-Structured Collagen Membranes

To investigate the effect of the papillary membrane

architecture on cell growth and differentiation, primary
www.MaterialsViews.com

Macromol. Biosci. 201

� 2012 WILEY-VCH Verlag Gmb
human keratinocytes were cultured submerged on papil-

lary-structured and flat membranes.

Scanning electron microscopical analysis showed the

presence of a confluent cell layer on both the papillary-

structured and flat membranes (the papillary-structured

membrane is shown in Figure 4). Cells showed the typical

morphology of cultured keratinocytes and completely

covered the membrane including the side and top of the

papillar structures.

Stainingof sectionswith toluidineblueandbasic fuchsin

showedthepresenceofpredominantlyasingle layerof cells

on the flat membranes and horizontal surfaces of the

papillary-structured membranes (Figure 5A and B). At

the base of the papillar structures, multiple cell layerswere

observed consisting of larger and more rounded cells,

especially those in the corner regions.

Transmission electron microscopy confirmed these

morphological differences (Figure 5C–F). The flat mem-

branes and the horizontal parts of the papillary-structured

membranes contained a single layer of cultured keratino-

cytes with their typical morphology (Figure 5C). Cells were

closely attached to each other and contained intracellular

keratin filaments and microvilli on top that extended into

the cell culture medium. Melanin granules were visible,

some subjected to autophagic fusion, which is known to

occur in cultured keratinocytes.[29] A basement membrane

was observed at the interface between the cells and the

collagen membrane (Figure 5D). At the base of the papillar

structures, the cultured sheet thickenedup to about 6–7 cell
2, 12, 675–691
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Figure 5. Morphology of keratinocytes cultured on papillary-struc-
tured and flat collagen membranes. A,B: Cross-sections of papil-
lary-structured membranes with keratinocytes stained with
toluidine blue and basic fuchsin. C–F: Electron microscopy of
(C,D) flat and (E,F) papillary-structured membranes with kerati-
nocytes. The horizontal parts of the membranes were covered
with a single layer of flat keratinocytes [black arrowheads in (A)
and (C)], while at the bottom of the papillar structures multiple
layers of larger, more rounded cells were visible. Please note that
(B) is derived from a pilot experiment where 75 000 cells were
cultured on the membrane for 7 d in another culturing med-
ium.[30] The dotted lines in C–E indicate the border between
collagen membrane and cell layer. (C) Flat membranes were
covered with a single layer of keratinocytes containing melanin
granules and keratin filaments. (D) Higher magnification showing
the basement membrane (thin line, arrow) of the keratinocytes.
(E) At the base of the papillar structures up to 6–7 cell layers were
present containing morphologically different cells. (F) The pre-
sence of keratin filaments (K) inside the cytoplasm of a cell with
lobed nucleus demonstrates that this was also a keratinocyte,
and the looping in the nuclear membrane (white arrowhead) is
characteristic for young cells. N: nucleus, n: nucleolus, M: melanin
granules, K: keratin filaments, col: collagen membrane. (A) is
composed of two pictures. Scale bars in (A) and (B) are 100mm,
bars in (C), (E), and (F) are 10 mm, and bar in (D) is 1mm.
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layers, containingmorphologically diverse cells (Figure 5E).

This included cells with the typicalmorphology of cultured

keratinocytes, but also cells with a lobed nuclear mem-

brane, and a mitochondria-rich and electron-light cyto-

plasm. Closer examination of these cells showed the
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presence of keratin filaments peripheral in their cytoplasm

(Figure 5F), confirming that these were also keratinocytes.

Together with the observed nuclear membrane looping,

which is characteristic for young cells, this demonstrated

the presence of young keratinocytes at the base of the

papillar structures.
2.3. Gene Expression Profile of Keratinocytes on

Papillary-Structured Collagen Membranes

Gene expression microarrays provide an unbiased and

comprehensive approach to gain insight into the nature of

the different cells observed at different positions on the

papillary-structured membrane (e.g., the morphological

distinct cells observed at the base of the papillar structures

vs. cells on flat surfaces). An attempt wasmade to separate

cells associated with the papillar structures from cells

associated with the flat surface in between the papillar

structures, using laser dissection. Membranes cultured

with keratinocytes were placed on crosslinked polyethy-

lene naphthalate (PEN) membrane slides (Leica Microsys-

tems, Wetzlar, Germany) and subjected to a Leica AS LMD

microdissection system with a UV laser (Leica Microsys-

tems). However, collagenmembranes were too thick to cut

out papillar structures without damaging the cultured cell

layer. As an alternative,we compared RNA isolated fromall

the cells on the papillary-structured membranes to RNA

isolated from cells on the flat membranes. Genes were

ranked on their fold-change and of the 17 859 genes

assessed, 88 were >1.5-fold higher expressed in keratino-

cytes cultured on papillary-structured membranes

(Table 1A), and 168 were >1.5-fold higher expressed on

flatmembranes (Table 1B). It should be noted that since the

papillary-structured membrane consists of both flat

surfaces and papillar structures, specific gene profiles of

cells of interest (e.g., thosepresent at thebase of thepapillar

structures) are diluted by the majority of associated flat

surface. For instance, if cells at the base of papillar

structures represent only 5% of the cell population, a

21�differentialgeneexpression inthesecellswillonlygive

a twofold change for the entire cell population. This

probably explains the small fold-changes observed and the

absence of statistical significance for the differentially

expressed genes. However, this analysis nevertheless

provided a valuable starting point for further analyses

using reverse transcriptase quantitative PCR (RT-qPCR) and

immunohistochemistry.

Gross examination of the gene lists provided a first

indication of the nature of the differences between the cells

on the twomembranes. For example, the list of genes with

higher expression on the papillary-structured membranes

(Table 1A) contained three transmembrane tetraspanins,

three interleukin (IL) receptors and two ILs, molecules

generally associated with proliferation, which were all
12, 12, 675–691
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Table 1A. List of all 88 genes > 1.5� higher expressed in keratinocytes cultured on papillary-structured collagen membranes than on flat
membranes.

No. Gene

symbol

Gene name Fold

change

1 TSPAN7 tetraspanin 7 2.7

2 C6orf155 chromosome 6 open reading frame 155 2.7

3 IL13RA2 interleukin 13 receptor, alpha 2 2.5

4 TAS2R4 taste receptor, type 2, member 4 2.2

5 TFPI2 tissue factor pathway inhibitor 2 2.1

6 CCBE1 collagen and calcium binding EGF domains 1 2.1

7 ZNF737 zinc finger protein 737 2.0

8 TAS2R20 taste receptor, type 2, member 20 2.0

9 PTGS2 prostaglandin endoperoxide synthase 2 (prostaglandinG/H synthase and cyclooxygenase) 2.0

10 ABI3BP ABI family, member 3 (NESH) binding protein 2.0

11 IL24 interleukin 24 2.0

12 GSR glutathione reductase 1.9

13 IFNE interferon, epsilon 1.9

14 OC554202 hypothetical LOC554202 1.9

15 AMY2B amylase, alpha 2B (pancreatic) 1.9

16 ANO1 anoctamin 1, calcium activated chloride channel 1.9

17 ABCC3 ATP-binding cassette, sub-family C (CFTR/MRP), member 3 1.8

18 NRCAM neuronal cell adhesion molecule 1.8

19 IL1R2 interleukin 1 receptor, type II 1.8

20 LCP1 lymphocyte cytosolic protein 1 (L-plastin) 1.8

21 STEAP1 six transmembrane epithelial antigen of the prostate 1 1.8

22 RPL31 ribosomal protein L31 1.8

23 AKR1C1 aldo-keto reductase family 1, member C1 [dihydrodiol dehydrogenase 1; 20-alpha

(3-alpha)-hydroxysteroid dehydrogenase]

1.8

24 CYP4F11 cytochrome P450, family 4, subfamily F, polypeptide 11 1.8

25 MRPS17 mitochondrial ribosomal protein S17 1.8

26 PTGS1 prostaglandin-endoperoxide synthase 1 (prostaglandin G/H synthase and cyclooxygenase) 1.8

27 C20orf197 chromosome 20 open reading frame 197 1.8

28 TRIM52 tripartite motif-containing 52 1.8

29 TSPAN4 tetraspanin 4 1.8

30 GUSBL2 glucuronidase, beta-like 2 1.8

31 SD17B7P2 hydroxysteroid (17-beta) dehydrogenase 7 pseudogene 2 1.7

32 TAGLN3 transgelin 3 1.7

33 MMP3 matrix metallopeptidase 3 (stromelysin 1, progelatinase) 1.7

34 DNAJB4 DnaJ (Hsp40) homolog, subfamily B, member 4 1.7

35 FBN2 fibrillin 2 1.7

36 PLA2G4A phospholipase A2, group IVA (cytosolic, calcium-dependent) 1.7

37 CTNNAL1 catenin (cadherin-associated protein), alpha-like 1 1.7

38 ACAT2 acetyl coenzyme A acetyltransferase 2 1.7

39 GPR39 G protein-coupled receptor 39 1.7

40 DKK1 dickkopf homolog 1 (Xenopus laevis) 1.7
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Table 1A. (Continued)

No. Gene

symbol

Gene name Fold

change

41 TFRC transferrin receptor (p90, CD71) 1.7

42 ADAMTS6 ADAM metallopeptidase with thrombospondin type 1 motif, 6 (affymetrix transcript

cluster 1)

1.7

43 POPDC3 popeye domain containing 3 1.7

44 ANKRD36B ankyrin repeat domain 36B 1.7

45 WNT7B wingless-type MMTV integration site family, member 7B 1.7

46 TUBA1B tubulin, alpha 1b 1.6

47 C6orf105 chromosome 6 open reading frame 105 1.6

48 ADAMTS6 ADAM metallopeptidase with thrombospondin type 1 motif, 6 (affymetrix transcript

cluster 2)

1.6

49 – 1.6

50 NRN1 neuritin 1 1.6

51 HSD17B2 hydroxysteroid (17-beta) dehydrogenase 2 1.6

52 QRFP pyroglutamylated RFamide peptide 1.6

53 EVI2B ecotropic viral integration site 2B 1.6

54 CTSK cathepsin K 1.6

55 FGF2 FGF2 (basic) 1.6

56 PXN paxillin 1.6

57 PMS2CL PMS2 C-terminal like pseudogene 1.6

58 GOLGA8B golgi autoantigen, golgin subfamily a, 8B 1.6

59 – 1.6

60 CYR61 cysteine-rich, angiogenic inducer, 61 1.6

61 OCLM oculomedin 1.6

62 LOX lysyl oxidase 1.6

63 AXL AXL receptor tyrosine kinase 1.6

64 PHLDB2 pleckstrin homology-like domain, family B, member 2 1.6

65 TXNRD1 thioredoxin reductase 1 1.6

66 SLIT2 slit homolog 2 (drosophila) 1.6

67 FGF5 fibroblast growth factor 5 1.5

68 CMC1 COX assembly mitochondrial protein homolog (S. cerevisiae) 1.5

69 RAB3B RAB3B, member RAS oncogene family 1.5

70 EID3 EP300 interacting inhibitor of differentiation 3 1.5

71 MAP9 microtubule-associated protein 9 1.5

72 CAPRIN2 caprin family member 2 1.5

73 FAM101A family with sequence similarity 101, member A 1.5

74 SUZ12P suppressor of zeste 12 homolog pseudogene 1.5

75 IL1RL1 interleukin 1 receptor-like 1 1.5

76 EFEMP1 EGF-containing fibulin-like extracellular matrix protein 1.5

77 NAV3 neuron navigator 3 1.5

78 – 1.5

79 TSPAN1 tetraspanin 1 1.5

80 IL6 interleukin 6 (interferon, beta 2) 1.5

680 Macromol. Biosci. 2012, 12, 675–691
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Table 1A. (Continued)

No. Gene

symbol

Gene name Fold

change

81 C13orf15 chromosome 13 open reading frame 15 1.5

82 SPP1 secreted phosphoprotein 1 1.5

83 GLIS3 GLIS family zinc finger 3 1.5

84 ZNF675 zinc finger protein 675 1.5

85 RCN1 reticulocalbin 1, EF-hand calcium binding domain 1.5

86 PPP1R12B protein phosphatase 1, regulatory (inhibitor) subunit 1 1.5

87 MME membrane metallo-endopeptidase 1.5

88 BMS1P5 BMS1 pseudogene 5 1.5
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absent from the list of genes with higher expression

on the flat membranes (Table 1B). The first list also

contained development-related genes like fibroblast

growth factor 2 (basic) (FGF2), wingless-type MMTV

integration site family, member 7B (WNT7B), and

dickkopf homolog 1 (Xenopus laevis) (DKK1). In addition,

fibrillin 2 (FBN2) was present, which is known to be

expressed by keratinocytes and is probably involved

in the development and maintenance of the elastic

dermal-epidermal junction network.[31] The genes with

higher expression on the flat membranes (Table 1B), on

the other hand, were more related to keratinocyte

differentiation, and contained, e.g., four late cornified

envelope (LCE) genes. Other epithelia-related genes

included keratins, beta 1 defensin (DEFB1), and cystatin

E/M(CST6).However, complete terminaldifferentiation, for

instance with respect to cytokeratins, was not observed

possibly because a submerged, rather than an air-exposed,

culture system was used.
2.4. RT-qPCR Validation of Microarray Results

To validate themicroarray results, RT-qPCRwas performed

on seven >1.3-fold differentially expressed genes selected

for their reported association with skin biology

(Figure 6),[18,23–26] including four upregulated genes [#40:

dickkopf homolog 1 (Xenopus laevis) (DKK1); #80: IL 6

(interferon, beta 2) (IL6); #97: vanin 1 (VNN1); and #306:

lumican (LUM)], and three downregulated genes [#33: late

cornifiedenvelope2B (LCE2B); #34:defensin,beta1 (DEFB1);

and #35: cystatin E/M (CST6)]. All genes evaluated showed

an up-/downregulation as indicated by the microarray

results.UpregulationofDKK1anddownregulationofLCE2B

and CST6were statistically significant using this approach.

These results indicate that despite the heterogeneity of

the cell populations, the microarray findings reflect real

changes in gene expression.
www.MaterialsViews.com
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2.5. Localization of Differentially Expressed Gene

Products on Papillary-Structured Membranes

To investigate whether the observed changes in gene

expression are related to the location of the cell on

the collagenous membranes, the protein product of three

>1.3-fold differentially expressed genes was visualized by

immunohistochemical staining on cryosections of papil-

lary-structured membranes (Figure 7).

Antibody staining for fibrillin 2 (upregulated #35)

showed the presence of this protein on top of the

papillar structures, while less staining was observed in

the single cell layer on the flat part of the membrane

between thepapillar structures. In linewith themicroarray

results, an associationwas observedbetweenfibrillin 2 and

the papillar structures, however, apparently not related to

the morphologically distinct cells at the base of the

structures, but at their top. Loricrin (downregulated #236)

and cystatin E/M (downregulated #35) staining was found

in almost all cells, but at the base of the papillar-structures

where multiple cell layers were present, staining was less

intense for the more basal cells in the corner. These

differences in staining intensity support the microarray

data.
2.6. Pathway Analysis of Differentially

Expressed Genes

To obtain more insight in the biological meaning of the

microarray data, the differentially expressed genes

(Table 1A and B) were analyzed for known direct interac-

tions between their protein products (Figure 8A and B).

Of the 88 genes upregulated in keratinocytes on

papillary-structured membranes, 27 had a known direct

interaction with each other (Figure 8A). These proteins are

mainly located at the plasma membrane or in the

extracellular space. Key proteins in this network appear
2, 12, 675–691
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Table 1B. List of all 168 genes > 1.5� higher expressed in keratinocytes cultured on flat membranes than on papillary-structured collagen
membranes.

No. Gene

symbol

Gene name Fold

change

1 SPINK1 serine peptidase inhibitor, Kazal type 1 �3.8

2 – �2.8

3 MPRSS11E transmembrane protease, serine 11E �2.5

4 DCT dopachrome tautomerase (dopachrome delta-isomerase, tyrosine-related protein 2) �2.3

5 PSG6 pregnancy specific beta-1-glycoprotein 6 �2.3

6 FAM70A family with sequence similarity 70, member A �2.3

7 BPIL2 bactericidal/permeability-increasing protein-like 2 �2.3

8 ELMOD1 ELMO/CED-12 domain containing 1 �2.2

9 XKRX XK, Kell blood group complex subunit-related, X-linked �2.2

10 CYP1A1 cytochrome P450, family 1, subfamily A, polypeptide 1 �2.2

11 SERPINA3 serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 3 �2.2

12 C12orf36 chromosome 12 open reading frame 36 �2.1

13 ACPP acid phosphatase, prostate �2.1

14 MLANA melan-A �2.1

15 STEAP4 STEAP family member 4 �2.1

16 IFIT1 interferon-induced protein with tetratricopeptide repeats 1 �2.1

17 OR10A3 olfactory receptor, family 10, subfamily A, member 3 �2.1

18 SEPT3 septin 3 �2.1

19 TPPP3 tubulin polymerization-promoting protein family member 3 �2.1

20 TYRP1 tyrosinase-related protein 1 �2.0

21 NEBL nebulette �2.0

22 ATP12A ATPase, Hþ /Kþ transporting, nongastric, alpha polypeptide �2.0

23 SILV silver homolog (mouse) �2.0

24 SPINK6 serine peptidase inhibitor, Kazal type 6 �2.0

25 KRT4 keratin 4 �2.0

26 MUC15 mucin 15, cell surface associated �2.0

27 LIPH lipase, member H �2.0

28 ANKRD22 ankyrin repeat domain 22 �1.9

29 HSPB8 heat shock 22 kDa protein 8 �1.9

30 LCE1D late cornified envelope 1D �1.9

31 SERPINB4 serpin peptidase inhibitor, clade B (ovalbumin), member 4 �1.9

32 PSG4 pregnancy specific beta-1-glycoprotein 4 �1.9

33 LCE2B late cornified envelope 2B �1.9

34 DEFB1 defensin, beta 1 �1.9

35 CST6 cystatin E/M �1.9

36 AZGP1 alpha-2-glycoprotein 1, zinc-binding �1.9

37 SMPD3 sphingomyelin phosphodiesterase 3, neutral membrane (neutral sphingomyelinase II) �1.9

38 CALB1 calbindin 1, 28 kDa �1.9

39 ZNF750 zinc finger protein 750 �1.9

40 AQP9 aquaporin 9 �1.9

41 MX1 myxovirus (influenza virus) resistance 1, interferon-inducible protein p78 (mouse) �1.9
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Table 1B. (Continued)

No. Gene

symbol

Gene name Fold

change

42 IFI44L interferon-induced protein 44-like �1.9

43 ALDH3B2 aldehyde dehydrogenase 3 family, member B2 �1.9

44 TAS2R39 taste receptor, type 2, member 39 �1.9

45 EPHX3 epoxide hydrolase 3 �1.8

46 TYR tyrosinase (oculocutaneous albinism IA) �1.8

47 FOXN1 forkhead box N1 �1.8

48 CDRT1 CMT1A duplicated region transcript 1 �1.8

49 PSG9 pregnancy specific beta-1-glycoprotein 9 �1.8

50 SLC5A1 solute carrier family 5 (sodium/glucose cotransporter), member 1 �1.8

51 DSG4 desmoglein 4 �1.8

52 PDIA6 protein disulfide isomerase family A, member 6 �1.8

53 TTC39A tetratricopeptide repeat domain 39A �1.8

54 CLDN17 claudin 17 �1.8

55 GDA guanine deaminase �1.8

56 SCNN1B sodium channel, nonvoltage-gated 1, beta �1.8

57 USP2 ubiquitin specific peptidase 2 �1.8

58 KLK13 kallikrein-related peptidase 13 �1.8

59 TMEM86A transmembrane protein 86A �1.8

60 LCN2 lipocalin 2 �1.8

61 SLC39A2 solute carrier family 39 (zinc transporter), member 2 �1.8

62 PLA2G4E phospholipase A2, group IVE �1.7

63 CPA4 carboxypeptidase A4 �1.7

64 TMPRSS4 transmembrane protease, serine 4 �1.7

65 RSAD2 radical S-adenosyl methionine domain containing 2 �1.7

66 KLK14 kallikrein-related peptidase 14 �1.7

67 FAM83C family with sequence similarity 83, member C �1.7

68 MPRSS11F transmembrane protease, serine 11F �1.7

69 LCE2D late cornified envelope 2D �1.7

70 RDH12 retinol dehydrogenase 12 (all-trans/9-cis/11-cis) �1.7

71 PLA2G7 phospholipase A2, group VII (platelet-activating factor acetylhydrolase, plasma) �1.7

72 SLC6A14 solute carrier family 6 (amino acid transporter), member 14 �1.7

73 UQCRFS1 ubiquinol-cytochrome c reductase, Rieske iron-sulfur polypeptide 1 �1.7

74 TNFSF10 tumor necrosis factor (ligand) superfamily, member 10 �1.7

75 LY6G6C lymphocyte antigen 6 complex, locus G6C �1.7

76 TXNIP thioredoxin interacting protein �1.7

77 RAET1L retinoic acid early transcript 1L �1.7

78 SPINK7 serine peptidase inhibitor, kazal type 7 (putative) �1.7

79 TRIM48 tripartite motif-containing 48 �1.7

80 CXCL14 chemokine (C-X-C motif) ligand 14 �1.7

81 BMP6 bone morphogenetic protein 6 �1.7

82 RGS2 regulator of G-protein signaling 2, 24 kDa �1.7
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Table 1B. (Continued)

No. Gene

symbol

Gene name Fold

change

83 IFI27 interferon, alpha-inducible protein 27 �1.7

84 MT1G metallothionein 1G �1.7

85 KRT78 keratin 78 �1.7

86 BBOX1 butyrobetaine (gamma), 2-oxoglutarate dioxygenase (gamma-butyrobetaine

hydroxylase) 1

�1.7

87 CYP4B1 cytochrome P450, family 4, subfamily B, polypeptide 1 �1.7

88 NDUFA4L2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4-like 2 �1.7

89 PI15 peptidase inhibitor 15 �1.7

90 HIST1H4H histone cluster 1, H4 h �1.7

91 GRHL1 grainyhead-like 1 (Drosophila) �1.7

92 CCL22 chemokine (C-C motif) ligand 22 �1.6

93 EGR3 early growth response 3 �1.6

94 OCA2 oculocutaneous albinism II �1.6

95 KRT80 keratin 80 �1.6

96 OBP2B odorant binding protein 2B �1.6

97 PDZK1IP1 PDZK1 interacting protein 1 �1.6

98 TMPRSS13 transmembrane protease, serine 13 �1.6

99 SCNN1A sodium channel, nonvoltage-gated 1 alpha �1.6

100 GSTTP1 glutathione S-transferase theta pseudogene 1 �1.6

101 CYP1B1 cytochrome P450, family 1, subfamily B, polypeptide 1 �1.6

102 EDNRB endothelin receptor type B �1.6

103 PVRL4 poliovirus receptor-related 4 �1.6

104 RPL23AP32 ribosomal protein L23a pseudogene 32 �1.6

105 IFIT3 interferon-induced protein with tetratricopeptide repeats 3 �1.6

106 OPN4 opsin 4 �1.6

107 NOV nephroblastoma overexpressed gene �1.6

108 OAS1 20,50-oligoadenylate synthetase 1, 40/46 kDa �1.6

109 CLIC3 chloride intracellular channel 3 �1.6

110 PGLYRP3 peptidoglycan recognition protein 3 �1.6

111 ATG9B ATG9 autophagy related 9 homolog B (S. cerevisiae) �1.6

112 OAS2 20-50-oligoadenylate synthetase 2, 69/71 kDa �1.6

113 CAMK1D calcium/calmodulin-dependent protein kinase ID �1.6

114 RAB27B RAB27B, member RAS oncogene family �1.6

115 CCNA1 cyclin A1 �1.6

116 MUCL1 mucin-like 1 �1.6

117 FLVCR2 feline leukemia virus subgroup C cellular receptor family, member 2 �1.6

118 CXCL11 chemokine (C-X-C motif) ligand 11 �1.6

119 TMEM45B transmembrane protein 45B �1.6

120 SPRR2C dmall proline-rich protein 2C (pseudogene) �1.6

121 CLDN7 claudin 7 �1.6

122 POF1B premature ovarian failure, 1B �1.6
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Table 1B. (Continued)

No. Gene

symbol

Gene name Fold

change

123 SCEL sciellin �1.6

124 OVOL1 ovo-like 1(Drosophila) �1.6

125 TRIM16 tripartite motif-containing 16 �1.6

126 SAMD9 sterile alpha motif domain containing 9 �1.6

127 ABCG1 ATP-binding cassette, sub-family G (WHITE), member 1 �1.6

128 MPZL3 myelin protein zero-like 3 �1.6

129 HIST1H2BK histone cluster 1, H2bk �1.6

130 SLC24A5 solute carrier family 24, member 5 �1.6

131 KLK6 kallikrein-related peptidase 6 �1.6

132 TRIM2 tripartite motif-containing 2 �1.6

133 POTEE POTE ankyrin domain family, member E �1.6

134 GGT6 gamma-glutamyltransferase 6 �1.6

135 TCP11L2 t-complex 11 (mouse)-like 2 �1.6

136 GPR110 G protein-coupled receptor 110 �1.6

137 KRT23 keratin 23 (histone deacetylase inducible) �1.6

138 SULT2B1 sulfotransferase family, cytosolic, 2B, member 1 �1.6

139 PSG8 pregnancy specific beta-1-glycoprotein 8 �1.6

140 GRHL3 grainyhead-like 3 (Drosophila) �1.6

141 ERBB3 v-erb-b2 erythroblastic leukemia viral oncogene homolog 3 �1.6

142 IGFBP5 insulin-like growth factor binding protein 5 �1.6

143 CLIC5 chloride intracellular channel 5 �1.6

144 FKBP9 FK506 binding protein 9, 63 kDa �1.6

145 PGLYRP4 peptidoglycan recognition protein 4 �1.6

146 C6orf35 chromosome 6 open reading frame 35 �1.5

147 PLEKHA7 pleckstrin homology domain containing, family A member 7 �1.5

148 CA9 carbonic anhydrase IX �1.5

149 BMP4 bone morphogenetic protein 4 �1.5

150 ATP10B ATPase, class V, type 10B �1.5

151 GALNT5 UDP-N-acetyl-a-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 5

(GalNAc-T5)

�1.5

152 CRABP2 cellular retinoic acid binding protein 2 �1.5

153 LCE2A late cornified envelope 2A �1.5

154 DGAT2 diacylglycerol O-acyltransferase homolog 2 (mouse) �1.5

155 MAFB v-maf musculoaponeurotic fibrosarcoma oncogene homolog B (avian) �1.5

156 GMPR guanosine monophosphate reductase �1.5

157 SBSN suprabasin �1.5

158 CYP2F1 cytochrome P450, family 2, subfamily F, polypeptide 1 �1.5

159 KRT13 keratin 13 �1.5

160 TGM1 transglutaminase 1 (K polypeptide epidermal type I, protein-glutamine-gamma-gluta-

myltransferase)

�1.5

161 TIAM1 T-cell lymphoma invasion and metastasis 1 �1.5
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Table 1B. (Continued)

No. Gene

symbol

Gene name Fold

change

162 CCBP2 chemokine binding protein 2 �1.5

163 CEBPA CCAAT/enhancer binding protein (C/EBP), alpha �1.5

164 FLJ13744 hypothetical FLJ13744 �1.5

165 BNIPL BCL2/adenovirus E1B 19 kD interacting protein like �1.5

166 AADACL2 arylacetamide deacetylase-like 2 �1.5

167 RHCG Rh family, C glycoprotein �1.5

168 RAB11FIP1 RAB11 family interacting protein 1 (class I) �1.5
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to be FGF2, IL 6 (IL6), group IV A phospholipase A2

(PLA2G4A), and prostaglandin-endoperoxide synthase 2

(PTGS2).

Of the 168 genes upregulated in keratinocytes on flat

membranes, 32 directly interacted with each other
Figure 7. Visualization of proteins (arrowheads) from differen-
tially expressed genes on papillary-structured membranes with
keratinocytes. Staining for fibrillin 2 (upregulated on papillary-
structured membranes), and loricrin and cystatin E/M (down-
regulated on papillary-structured membranes). The dotted line
indicates a part of the border between the collagen membrane
and cultured cell layer. Bars are 50 mm.

Figure 6. RT-qPCR validation of differentially expressed genes in
keratinocytes on papillary-structured membranes compared to
flat membranes. Depicted are the fold-changes identified with
the gene expression microarrays (open bars) and their validation
using RT-qPCR (filled bars)� S. E. M. An asterisk (�) indicates
statistically significant changes on papillary-structured versus
flat membranes (p<0.05).

Macromol. Biosci. 20

� 2012 WILEY-VCH Verlag Gmb
(Figure 8B). Key players in this network are (i) the

transcription factor CCAAT/enhancer binding protein

alpha (CEBPA) involved in differentiation and in mitotic

growth arrest and (ii) tyrosinase (oculocutaneous

albinism IA) (TYR) in another part of the network.
Figure 8. Pathway analysis of (A) the genes upregulated in
keratinocytes on papillary-structured membranes and (B) upre-
gulated in keratinocytes on flat membranes.
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3. Discussion

A collagenmembranematching the natural architecture of

the human skin’s basement membrane was constructed,

by mimicking the topology of dermal papillae. Cultured

keratinocytes were able to establish a confluent layer. In

contrast to the single layered keratinocytes on the flat part

of the membrane, multiple layers were present at the base

of the papillary structures, containing morphologically

distinct cells includingyoungkeratinocytes. Thisprovideda

first indication that themembranearchitecture could result

in a direct biological effect on the cultured cells. Microarray

analysis was used as an unbiased and comprehensive tool

to obtain insight in the differences between keratinocytes

on papillary-structured and flat membranes. The gene

expressionprofiles obtainedhinted to specific cell behavior,

andexpression levelswerevalidatedbyRT-qPCR, indicating

that the observed differences in gene expression reflect real

changes. This was confirmed by antibody staining for a

number of proteins encoded by the differentially expressed

genes. Thus, despite the initial concerns that differences

could be diluted out, significant differences were found.

The list of upregulated genes on papillary-structured

membranes contained genes known to be involved in cell

signaling, development, and proliferation. Pathway ana-

lysis provided more insight in the biological nature of the

differences in gene expression. The protein products of

genes upregulated on papillary-structured membranes

were mainly situated on the plasma membrane and in

the extracellular space. The key proteins in this network

have been reported to be involved in keratinocyte

proliferation and migration. FGF2, for example, stimulates

keratinocyte proliferation.[32] IL 6 can indirectly induce

keratinocyte migration.[26] In addition, group IV A phos-

pholipase A2 (PLA2G4A) and PTGS2 [also known as

cyclooxygenase 2 (COX-2)] are both required for the

conversion of cell membrane phospholipids into prosta-

glandins that are involved in keratinocyte migration and

proliferation.[33] Fibrillins form microfibrils that act as a

scaffold for elastin, and in skin fibrillin 2 ismainly found at

the dermal-epidermal junction.[34,35] In our study, fibrillin 2

was foundon top of the papillary structures resembling the

top of dermal papillae. Since the protein was not found at

thehorizontal surfacesbetween the structures, it is possible

that these cells on topexperiencedadistinct tension (stress)

that stimulated fibrillin deposition. Very clearly, the cells

sense their local microenvironment. The interplay of

topological cues and intercellular communication will be

subject of more detailed future studies.

The list of genes upregulated on flat membranes

contained a remarkable number of genes related to

keratinocyte differentiation. Pathway analysis showed a

more intracellular localization of the gene products. The

central transcription factor of one part of the network,
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Macromol. Biosci. 201

� 2012 WILEY-VCH Verlag Gmb
C/EBPalpha is known for its role in keratinocyte terminal

differentiation.[36] Proteins of the other part of thenetwork,

including tyrosinase (TYR), dopachrome tautomerase (DCT),

and tyrosinase-related protein 1 (TYRP1), are known to be

involved in the process of melanogenesis.[37]

In this study, only type I collagenwasusedasamatrix for

cell growth. To mimic the natural basement membrane

present between keratinocytes and the dermis, the

papillary membrane may also be covered with basement

membrane components such as type IV collagen and

glycosaminoglycans. Inaddition, elastinmaybe included in

the dermal structure, since it has been shown to stimulate

keratinocyte proliferation.[30] Future research may also

include the evaluation of keratinocytes cultured at the air/

liquid interface, better representing the natural environ-

mental conditions of keratinocytes. These additional

experiments will probably lead to a better understanding

of the direct effect of membrane architecture on keratino-

cyte behavior.
4. Conclusion

Acollagenmembrane representing thenatural architecture

of the dermal papillae in human skin was constructed.

Cellular morphology, gene expression signatures and

protein expression of keratinocytes cultured on these

membranes were different when compared to flat mem-

branes. This indicates that cellular characteristics can be

directed by physical modification of biomaterials, which

may form specific cellular niches. This knowledge may be

used for the construction of improved tissue-engineered

skin constructs.
5. Experimental Section

5.1. Design and Construction of the Papillary-

Structured Mold

A papillary-structured mold was designed, implementing dimen-

sions extracted from a published in vivo analysis of human skin

using near-infrared confocal microscopy (Figure 2).[12] Dimensions

of the inner forearmdermalpapillawerededuced fromhistological

pictures and quantitative data presented in this publication and a

mold was designed to produce collagen membranes containing

cones (microstructures) of 100mmheight and 175mmwidth at the

base, and an intercone distance of �165 mm.

The collagen mold is made from a PDMS structure. The

generation of PDMS masters as molds of a microstructured

polycarbonate master is a typical work flow in the manufacturing

of microfluidic systems or microstructured foils and thin films.[13]

For master fabrication, a 115mm diameter and 4mm thick

polycarbonate disk was machined using a Minitech Mini-Mill

3PRO 3-Axis CNC milling machine (Norcross, GA, USA) and a 158
V-shaped engraving bit with 100 mm tip width to remove all
2, 12, 675–691
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material except the intended cones. A spindle turning speed of 50

000 rpm and a feed rate of 600mm �min�1 was applied. Vertical

and horizontalmilling pathswere constructed in a defined pattern

using Autodesk AutoCAD 2007.

The PDMS molding was realized as casted resin by molding an

addition-curing two component PDMS (Elastosil RT 607, Wacker,

Munich, Germany) from the polycarbonate master in a brass form

of an hot embossing machine (Schmidt Technology, Cranberry

Twp., PA, USA). Elastosil components A and B were mixed at a 9:1

weight ratio at room temperature. The mixture was degassed in a

desiccator and then poured onto the polycarbonate master in the

brass form. The formwas put into the hot embossingmachine and

pressed for 30min under vacuum at 80 8C to solidify. After

demolding, the PDMS was washed with 100% ethanol. The final

template for the construction of papillary-structured collagen

membranes was thus a 12�12 mm2 PDMS mold containing

slightly sloped, cone shaped holes of 175mm width and 100mm

depth, with an in between distance of 165 mm (Figure 2C and D).
5.2. Production of Papillary-Structured and Flat

Collagen Membranes

Type I collagen fibrils were purified from bovine Achilles tendon

using extractions with diluted acetic acid, aqueous NaCl and urea,

and acetone.[14] A suspension of collagen fibrils (0.8%w/v in 0.25M

acetic acid) was shaken overnight at 4 8C and homogenized on ice

using a Potter-Elvehjem homogenizer (Louwers Glass and Ceramic

Technologies, Hapert, The Netherlands) with an intervening space

of0.35mmuntilhomogenizationwascompleted.Air-bubbleswere

removed by centrifugation at 250 g for 10min at 4 8C. To obtain a

container, a 35mm Petri dish with the bottom removed was fixed

on the papillary-structured PDMS cast and filled with collagen

suspension (2mL). Air entrapped in the indentationswas removed

by placing the cast with collagen suspension in a vacuum

desiccator for 3� 1min. The suspension was air-dried at room

temperature. As a control, flat collagenmembraneswere produced

onanadjacent surfaceofnon-structuredPDMScast, using the same

procedure.

For morphological analysis, the papillary-structured and flat

membranes were mounted on stubs, sputtered with an ultrathin

layer of gold in a PolaronE5100 coating systemandvisualizedwith

a JEOL JSM-6310 scanning electron microscope (Tokyo, Japan)

operating at 15 kV.
5.3. Production of a Papillary-Structured Double-

Layered Construct

To demonstrate the feasibility of preparing a composite dermal

substitute composed of a papillary dermal and a reticular dermal

component, the papillary-structured papillary membrane was

combined with a porous (dermal) scaffold. A collagen fibril

suspension was poured on the papillary-structured PDMS cast

(see Section 5.2.), and air-dried for 8h resulting in near dry

membranes. This layer was covered with collagen suspension

(2mL, resulting in a 1–2mm layer), directly frozen at �20 8C, and
lyophilized.

This double-layered construct was analyzed by scanning

electron microscopy (see Section 5.2.).
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5.4. Culture of Primary Human Keratinocytes on

Papillary-Structured Membranes

Keratinocytes were obtained from human abdominal skin derived

from donors who underwent surgery for abdominal wall correc-

tion.[15] Three papillary-structured and three flatmembraneswere

evaluated. To ensure that seeded cells remained on top of the

membranes, films were placed in 10mm diameter CellCrown24

inserts (ScaffDex, Tampere, Finland), disinfected with 70% ethanol

(3� 1h and 1� 16h), washed with sterile phosphate-buffered

saline (pH¼7.2, 5� 1h, and 1� 16h), placed on the bottom of a

6-well plate and pre-incubated for 16 h in keratinocyte growth

medium (KGM).[16] Cells were seeded at a density of 100 000 cells/

insertand incubated inmedium(2mLperwell) at 37 8Cand5%CO2.

Cells were cultured to confluency on the membranes for 10 d and

medium was refreshed on day 3 and 6. Membranesþ cells were

removed from the inserts, divided in two and processed for

microscopical evaluation and RNA analysis.
5.5. Microscopic Evaluation

Onehalf of themembraneswith cultured keratinocyteswas rinsed

with phosphate buffer (PB, 0.1 M, pH¼7.4), fixed with paraformal-

dehyde (4% in 0.1M PB) for 30min at room temperature, washed

with PB (0.1M), and divided in three pieces for (electron)

microscopical evaluation and (immuno)cytochemistry.

For scanning electron microscopy, one piece was dehydrated in

an ascending graded series of ethanol up to 100% ethanol, critical

point dried using CO2 with a Polaron E3000 critical point

drying apparatus (Watford, UK), processed and visualized with a

JEOL JSM-6310.

For light and transmission microscopy, one piece was further

fixed in glutaraldehyde [2% in 0.1M phosphate buffer (pH¼7.4)],

post-fixedwithosmiumtetroxide (1%), dehydrated inanascending

series of ethanol, and embedded in Epon 812. To obtain a general

overview by light microscopy, 1mm sections were stained with

toluidine blue and basic fuchsin. For a more detailed analysis,

ultrathin sections (60nm) were cut and picked up on Formvar-

coated grids, post-stainedwith lead citrate and uranyl acetate, and

examined in a JEOL 1010 electron microscope.

For immunocytochemical evaluation, a third piece of the fixed

membrane part was placed in TissueTek (Sakura Finetek,

Zoeterwoude, The Netherlands), frozen in liquid nitrogen-cooled

isopentane and sectioned. Cryosections were incubated in rabbit

anti-humanfibrillin 2 (1:200),[17] rabbit anti-human loricrin [1:500,

Berkeley Antibody Company (BAbCO), Richmond, CA, USA], and

rabbit anti-human cystatin M/E (1:200),[18] followed by an Alexa

488-labeled goat anti-rabbit IgG antibody (Molecular Probes,

Eugene, OR, USA).[19]
5.6. RNA Isolation

The other unprocessed half of the membrane with cultured

keratinocytes was placed directly in Qiagen lysis buffer RLT

(350mL) for RNA isolation, vortexed for 1min, and processed

according to the Qiagen RNeasy mini kit protocol for the

purification of total RNA from animal cells using spin technology

(Qiagen, Hilden, Germany), including an on-column DNase
12, 12, 675–691

H & Co. KGaA, Weinheim www.MaterialsViews.com



Construction of a Microstructured Collagen Membrane . . .

www.mbs-journal.de
digestion.TheRNAconcentrationandpurityweremeasuredwitha

Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA,

USA) and RNA integrity was analyzed on an Agilent Bioanalyser

(Santa Clara, CA, USA). Per half of a membrane, 1.5–8mg RNA was

isolated with an RNA integrity number (RIN) between 8.7 and 9.6,

indicating excellent RNA quality.
5.7. High-Density Gene Expression Microarray

Analysis

A comprehensive gene expression analysis was performed of

keratinocytes cultured on papillary-structured and on flat mem-

branesusinghighdensitygeneexpressionmicroarrays.Microarray

analysis was performed as described before, with minor modifica-

tions.[20] From the isolated total RNA, 100ngwas further processed

according to the Affymetrix GeneChip whole transcript sense

target labeling assay manual (Affymetrix, Santa Clara, CA, USA).

First, the ribosomal RNA contentwas reduced using the Invitrogen

RiboMinus transcriptome isolation kit. Then, double-stranded

complementary DNA (cDNA) was synthesized from RNA, which

was used for in vitro transcription, creating complementary RNA.

This RNA was then used to create fluorescently labeled single-

stranded DNA fragments in the sense orientation, which was

hybridized on Affymetrix GeneChip human exon 1.0 sense target

(ST) microarrays. These microarrays contain defined spots of

oligonucleotide probes targeting a specific nucleotide sequence.

Four spots with different probes form (in 90% of the cases) a probe

set, covering every known and putative exon of the human

genome. Using current annotation data, the 1.4 million probe sets

(exons) on this array can be combined to analyze the expression of

17 859 individual genes.

The arrays were scanned and converted to a processed image,

whichwas converted to onefluorescence intensityvalueperprobe,

usingAffymetrixGeneChipOperating Software (GCOS). The values

of individual probes belonging to one probe set were averaged

using Partek Genomics Suite 6.4 (Partek Inc., St. Louis, MO, USA,

www.partek.com). The average fluorescence intensity of all 17 859

genes on the microarrays was calculated using the Robust
Table 2. Primer sequences and amplicon size of the genes assessed

Primer name Gene

symbol

F

dickkopf homolog 1(Xenopus laevis) DKK1 atcatagca

interleukin 6 (interferon, beta 2) IL6 agccctgag

vanin 1[28] VNN1 gaacccagt

lumican LUM cttcaatca

late cornified envelope 2B[23] LCE2B ggttgacta

defensin, beta 1[25] DEFB1 atggcctca

cystatin E/M[24] CST6 tccgagaca

ribosomal protein, large, P0

(reference gene) [24,28]

RPLP0 caccattga

www.MaterialsViews.com

Macromol. Biosci. 201

� 2012 WILEY-VCH Verlag Gmb
Multiarray Analysis (RMA) algorithm,[21] including a quantile

normalization and background correction for GC-content. Human

genome version HG18 was used for annotation.[22]

To identify differentially expressed genes, a one-wayanalysis of

variance (ANOVA) was performed for gene expression in kerati-

nocytes cultured on papillary-structured versus flat membranes.

Gene lists of interest were analyzed for known direct interactions

between their gene products using Pathway studio 7.1 software

(Ariadne, Rockville, MD, USA).
5.8. RT-qPCR Validation

Microarray data were validated by reverse transcriptase quanti-

tative polymerase chain reaction (RT-qPCR) on skin-related

genes.[18,23–26]. For this 170ng RNA was converted to cDNA using

an Invitrogen SuperScript III first-strand synthesis system kit for

RT-PCR by incubation at 65 8C for 5min in the presence of random

hexamers (50ng) anddeoxynucleotide triphosphate (dNTP, 10�3
M)

mix. After incubation on ice, the reaction mix was diluted 1:1 to a

total volume of 20mL containing MgCl2 (5� 10�3
M), dithiothreitol

(DTT, 0.01M), RNaseOUT (40U), and SuperScript III Reverse

Transcriptase [200U in 0.020M Tris-HCl (pH¼8.4), and 0.050M

KCl]. Thismixturewas incubated for 10minat 25 8C, and cDNAwas

synthesized for 50min at 50 8C. Reaction was terminated at 85 8C
for 5min, placed on ice, and samples were stored at �20 8C.

In a 20mL reaction, 1 ng cDNA was mixed with SYBR green 2�
supermix (10mL, Bio-Rad), forward (12pmol) and reverse (12pmol)

primers (Table 2). RT-qPCR was performed in a Bio-Rad (Hercules,

CA, USA) C1000 thermal cycler with a CFX96 real-time PCR

detection system using a hot start at 50 8C for 2min and 95 8C for

10min, followed by 40 cycles of 95 8C for 15 s, 60 8C for 1min,

including a plate read after every cycle, followed by 95 8C for 15 s,

and a melt curve from 60 to 95 8C, incrementing 0.5 8C every 5 s

accompanied by a plate read.

The cycle inwhich the fluorescence intensity passed a threshold

(Ct) was determined using Bio-Rad CFX manager. The DCt of a

sample was then calculated by subtraction of the Ct value of the

reference gene large ribosomal protein P0 (RPLP0) from the Ct value

of the gene of interest. To calculate the DCt, the average DCt of
by RT-qPCR.

orward

primer

(5(-3()

Reverse

primer

(5(-3()

Amplicon

size

(bp)

ccttggatgggtatt cttcttgtcctttggtgtgatacattt 75

aaaggagacatgta ggcaagtctcctcattgaatcc 140

atgtctttcct catacaacctcccaaacaga 147

gatagccagactgc agccagttcgttgtgagataaac 151

aactctgccagg cactggggcaggcattta 128

ggtggtaactttc cacttggccttccctctgtaac 146

cgcacatcatc ccatctccatcgtcaggaagtac 75

aatcctgagtgatgt tgaccagcccaaaggagaag 116
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keratinocytes culturedonflatmembraneswas subtracted from the

average DCt of keratinocytes cultured on papillary-structured

membranes. The fold change was calculated as 2�DCt . RT-qPCR

productswere checked on agarose gel andwere of expected size. To

identify statistically significant changes in gene expression, an

unpaired t-testwasperformedon the 2�DCt values of the individual

genes assessedonpapillary-structuredversus flatmembranes, and

p< 0.05 was considered significant.[27]
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