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ABSTRACT 

There is currently lack of models representing the skin dermal heterogeneity for relevant 

research and skin engineering applications. This is the first study reporting production of 

dermal equivalents reproducing features of the papillary and reticular dermal compartments. 

Inspired from our current knowledge on the architecture and composition differences 

observed within the papillary and reticular dermis, we prepared and evaluated different 

collagen-based porous materials to serve as appropriate scaffolds for the three-dimensional 

expansion of freshly isolated papillary and/or reticular fibroblasts. The scaffolds, composed 

of either collagen I or mixed collagens I and III, were prepared by lyophilization. Pore size 

and hydrolytic stability were controlled by crosslinking with 1-ethyl-3-(3-dimethyl 

aminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) or EDC/NHS with 

covalently bound heparin. The evaluation of the resultant “papillary” and “reticular” dermal 

equivalents was based on the analysis of well-documented characteristic features of each 

dermal compartment, such as cell density and deposition of newly synthetized extracellular 

matrix components in histological sections. Our results demonstrate that crosslinking is 

important to support cell growth during the long procedure of dermal tissue formation 

independent on the fibroblast subpopulation. The presence of collagen III at the concentration 

used seemed to have some positive but non-specific effect only on the maintenance of the 

mechanical strength of the scaffolds during the long procedure of dermal formation. Our 

histological analyses demonstrated a significant and specific effect of heparin on generating 

dermal equivalents reproducing the respective higher papillary than reticular cell densities (~ 

1.5 times more nuclei in all scaffolds containing heparin, P≤0.04) and supporting distinct 

extracellular matrix components deposition (3 to 5 times more carbohydrate material 

deposited by papillary fibroblasts in all scaffolds containing heparin, significancy P = 0.0001 
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to 0.05, while higher collagen production, compatible with reticular fibroblasts protein 

synthesis was observed only in the presence of heparin).  
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1. Introduction 

The dermis is morphologically subdivided into the upper, papillary dermis adjacent to the 

basement membrane located below the epidermis and the reticular dermis, in the deeper 

layers overlying the adipose tissue [1], [2]. Each dermal compartment displays distinct 

architecture, extracellular matrix (ECM) composition [3] and functional roles in wound 

healing [4], skin aging [5][6], epidermal differentiation [5], scarring, fibrosis and cancer [7]. 

Fibroblasts are responsible for the production of the dense dermal ECM composed primarily 

of collagen I (80-85%) and collagen III (10-15%) [8], interconnected with other collagen 

subtypes, elastins and proteoglycans [9]. At least two different fibroblast subpopulations 

reside the dermal compartments, namely papillary fibroblasts (Pfbs) and reticular fibroblasts 

(Rfbs), each of them displaying specific properties [10][11][3][12].  

The mechanisms behind the establishment of the dermal tissue heterogeneity are still 

unknown. Studying the properties as well as the interactions of the cells with the ECM in 

each dermal compartment will contribute to our understanding of the function of the dermis 

heterogeneity. However, there is currently a lack of models representing the dermal specific 

ECM patterning for relevant research. The papillary layer is a loose meshwork of thin, 

randomly oriented collagen fibers with a high fibroblast density [13]. Pfbs are described as 

lean, spindle-shaped cells, with high growth kinetics and low contractile properties 

[13][3][12]. Pfbs are primary source of dermal papilla synthesis during skin development and 

they are required for hair follicle formation in wound healing [14][15]. Increased expression 

of the Wnt signaling pathway components found in the papillary dermis is indicative of the 

reciprocal signaling with basal keratinocytes, which regulates both maintenance of the 

epidermal stem cell compartment and Pfbs cellular identity [16]. In vivo and in vitro studies 

showed that the papillary dermis has higher levels of collagen III and the dermatan surface 

proteoglycan, decorin and less chondroitin sulfate proteoglycan than the reticular dermis 
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[17][18]. Besides, only cultured primary Pfbs, unlike Rfbs, express the unconventional 

collagens found at the dermo-epidermal junction [19]. The central and largest reticular 

dermis, characterized by a low fibroblasts number, is composed of highly organized dense 

collagen fibers, elastin and woven reticular fibers providing this region with strength, 

extensibility and elasticity [20]. Rfbs have a more square and stretched appearance [3], [10], 

[12], they overexpress genes involved in cell motility, cytoskeletal organization and 

contraction and they are considered to mediate the early phase of wound repair [10][13]. Pfbs 

and Rfbs can be isolated based on unique morphological characteristics, gene expression 

profiles and cell surface markers [18]. Those include (1) the overexpression of podoplanin 

(PDPN) and netrin-1 for Pfbs, and matrix Gla protein and transglutaminase 2 for Rfbs, (2) 

higher proliferation capacity of Pfbs than Rfbs, (3) differential expression of matrisome-

associated proteins such as collagen VII α1 chain, collagen XI α1 chain, and elastin. [3], [10], 

[12], (4) profiles of combination of surface markers such as CD26, CD39, CD36 (upper 

dermis: lin-CD90+CD39+CD26+, lower dermis: lin-CD90+CD36+) [16], or CD90 and 

Fibroblast Activation Protein [11].  

Collagen III is the second most abundant collagen in human dermis participating in collagen I 

fibrillogenesis and fiber diameter regulation [21], suggesting that its presence might be 

beneficial for the fate of both Pfbs and Rfbs. However, the lower collagen I/III ratio in the 

papillary dermis and the compromised collagen I/III ratio in pathological conditions, such as 

aging and hypertrophic scars suggest that its high expression around Pfbs might not be 

favorable [22]. ECM is no longer considered to be just an inert supportive material but is a 

source of spatial and temporal information to the cells via components such as the 

proteoglycans. A critical function of proteoglycans in the ECM is mediated by 

glycosaminoglycan (GAG) side chains, polysaccharide chains made up primarily of 

disaccharide units, which bind to growth factors, cytokines and chemokines with 
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considerable specificity. GAGs comprise chondroitin sulfate (CS), dermatan sulphate, keratan 

sulphate, heparin and heparan sulphate (HS) which are the most abundant. It is most likely 

that their precise distribution in the papillary and reticular dermal compartments may have an 

important impact on fibroblasts biology. GAGs are widely used in tissue engineering 

constructs to recapitulate the ECM. They are considered regulators of cell differentiation and 

maintenance of the phenotype of implanted cells [23][24], while through their negatively 

charged chains they can act as reservoirs for GFs and chemokines that finely control their 

release and therefore cell signaling [25]. Among GAGs, HS, heparin, and CS have a well-

documented use as components of nanofibers for skin tissue engineering applications [24]. 

Heparin has the highest negative charge density of any biological macromolecule providing 

high affinity for growth factors (GFs), such as fibroblast growth factors and other factors 

important for wound healing [26][27]. For example, heparin was used as a small linker 

molecule in electrospun nanofiber scaffolds showing very promising results by improving 

crosslinking degree, enhancing the stability of scaffolds, forming complexes with different 

GFs and controlling their release [28][29]. 

The aim of this study was to produce dermal equivalents mimicking each dermal 

compartment. Inspired from our current knowledge on the architecture and composition 

differences observed within the papillary and reticular dermis, we prepared and evaluated 

different collagen- and heparin-based porous materials to serve as appropriate scaffolds for 

the three-dimensional (3D) expansion of freshly isolated Pfbs and/or Rfbs. To that end 

scaffolds were produced, analyzed and tested for their ability to support Pfbs or Rfbs.  
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2.  Materials and Methods 

2.1. Materials 

Collagen (Bornstein and Traub Type I) from bovine achilles tendon was supplied by Sigma-

Aldrich. Collagen (Bornstein and Traub Type III 90%, Type I <10%) from calf skin was 

supplied by YO Proteins AB. Heparin sodium was supplied by Fagron Hellas. N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride, N-Hydroxysuccinimide, acetic 

acid as well as all other chemicals used were of reagent grade and supplied by Sigma-

Aldrich.  

2.2.  Preparation of porous collagen scaffolds 

For the purposes of this study, we chose to produce natural nanofibrous scaffolds 

consisting of collagen I or a combination of collagen I and III to most closely mimic the 

fibrous component of the natural skin ECM [24]. By using cross-linking methods, we 

intended to adjust pore size and stiffness in the scaffolds with the aim to control cell density 

and resistance to cell contractility. Heparin was included to enhance the cross-linking and 

potentially influence cells growth and activity.  

For the preparation of collagen I scaffolds, collagen I was dissolved in 0.2M acetic acid in 

a concentration of 1 wt%, in an ice bath to avoid denaturation. The heterogeneous solution 

was subjected to mechanical stirring with simultaneously short-term sonication using a 

sonicator probe in order to break down the aggregates. Afterwards, the viscous solution was 

homogenized with an Ultra-Turrax homogenizer for 5 min. Finally, centrifugation at 3500 

rpm for 5 min took place to remove air bubbles and insoluble aggregates (calculated to be 

about 20 % of the initial mass). The resulting solution was placed in glass beakers, 

refrigerated and finally lyophilized with a ScanVac CoolSafe freeze dryer (Labogene, 
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Allerød, Denmark) at -60 °C and pressure 0.25 hPa to yield the collagen I scaffolds, denoted 

as Coll I.  

 The lyophilized Coll I scaffolds were crosslinked with EDC/NHS [30]. Briefly, 

crosslinking took place in a 4-morpholineethanesulfonic acid (MES) 0.05 M buffer solution 

with pH=5.4 in order to minimize EDC hydrolysis. Coll I scaffolds were initially washed 

with MES buffer and then immersed in an NHS/EDC solution in MES with NHS/EDC molar 

ratio=0.4. The reaction was left to proceed for 2.5 h and was stopped with the addition of a 

0.1 M Na2HPO4 solution. The scaffolds were washed with deionized water, frozen at -20 °C 

and lyophilized to yield the scaffolds denoted as Coll I-Cross. 

 Immobilization of Heparin (Hep) was performed on the Coll I-Cross scaffolds [30]. 

For this, Coll I-Cross scaffolds were immersed in 0.05 M MES buffer (1 g in 188.3 mL 

buffer) for 30 min, followed by the addition of Hep in a final concentration of 1% w/v. To 

activate the carboxyl groups of NHS/EDC in a molar ratio 0.6 to Hep were added. The 

reaction took place for 2 h, followed by termination with 0.1 M Na2HPO4 solution and 

washing with 4 M NaCl and deionized water. The resulting scaffolds were lyophilized and 

are denoted as Coll-Cross-Hep.  

The collagen I/III scaffolds were prepared by adding collagen III in a collagen I 

solution, prepared as described above, in a final concentration of 0.05 wt%. The scaffolds 

were lyophilized and are denoted as Coll I/III. Crosslinking and immobilization of Hep were 

performed in two steps, exactly as described for the Coll scaffold, and the scaffolds are 

denoted as Coll I/III-Hep.  

2.3. Physicochemical characterization of scaffolds 
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The physicochemical and morphological properties of the scaffolds were evaluated with 

several methods including Fourier Transform Infrared Spectroscopy (FTIR), Scanning 

Electron Microscopy (SEM), swelling and enzymatic hydrolysis studies. 

Fourier transform infrared spectroscopy (FTIR) spectra of the scaffolds were obtained 

using a Perkin-Elmer FTIR spectrometer, model Spectrum One. 

The morphology of the scaffolds was examined with a JEOL JMS-840A SEM 

equipped with an energy-dispersive X-ray Oxford ISIS 300 microanalytical system (Oxford 

Instruments, Tubney Woods Abingdon, Oxfordshire, UK). All samples were coated with 

carbon black to avoid charging under the electron beam. 

The swelling ability [31] of the scaffolds was evaluated by soaking pre-weighed 1x1 

cm2 pieces in Simulated Body Fluid (SBF), pH=7.4 and temperature 37 °C. Samples were 

removed at different time intervals, bloated with filter paper and weighed. The swelling ratio 

was calculated with the equation: 

Swelling ratio (%) = !!!!!
!!

𝑥 100 (1) 

Where wt is the weight of the scaffolds after soaking for different times and w0 the initial 

weight of the scaffolds. The measurements were performed in triplicates. 

Enzymatic hydrolysis rate of the scaffolds was studied by soaking them in SBF 

pH=7.4 that contained 2.5 mM CaCl2 and collagenase type I (from Clostridium histolyticum) 

in a concentration 4000 ng/mL, at 37 °C. After predetermined time intervals, the scaffolds 

were removed from the medium, washed with deionized water and finally lyophilized. The 

enzymatic hydrolysis rate was calculated by the equation: 

Weight loss (%) =!!!!!
!!

𝑥 100 (2) 
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Where wt is the final weight after enzymatic hydrolysis and w0 the initial weight of the 

scaffolds. The measurements were performed in triplicates. 

2.4.  Isolation and cell culture 

Biopsies from three female Caucasian donors aged at 39-46 years old subjected to aesthetic 

plastic surgeries (abdominal correction), withheld at the Papageourgiou General Hospital of 

Thessaloniki, were used for the isolation of keratinocytes and fibroblasts after their informed 

consent. Of all donors, both Pfbs and Rfbs were obtained from the upper and lower regions of 

interfollicular dermal tissue, respectively using a dermatome as described before [5]. All 

analyses were performed pairwise. Briefly, skin obtained from the surgery was cleaned 

thoroughly and stretched prior to be dermatomed at two different depths. First, a piece at a 

300µm-depth was removed containing the epidermis and papillary dermis. Then, another 

deeper piece was removed including the reticular dermis. Fibroblasts and keratinocytes were 

isolated using the explant method as optimal for the isolation of adequate numbers of cells 

from small biopsies as described previously [32]. First, the epidermis was dissociated 

enzymatically from the dermis using treatment with 0.25% trypsin (BIOSERA, # LM-

11720/100) for 2-4 h at 37 °C, 5% CO2. For the isolation of the fibroblasts, the pieces of the 

dermis (papillary or reticular) were placed in culture in DMEM w/L-glutamine (BIOWEST, 

#L0104-500) supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin 

(BIOWEST, # L0018-100) and maintained at 37 °C in a humidified atmosphere containing 

5% CO2. After migration of fibroblasts from the dermal explants, these cells were amplified 

in culture and stored in liquid nitrogen as frozen aliquots until use. The epidermis was placed 

with the basal membrane towards the bottom of a new culture plate, it was cut into very small 

pieces and maintained in DermaLife K basal medium (CELLSYSTEMS, # LL-004) 

supplemented with DermaLife K LifeFactors kit containing L-Glutamine, apo-transferrin, 

recombinant human (rh) transforming growth factor alpha (TGF-a), rh insulin, 
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hydrocortisone, epinephrine, bovine pituitary extract-BPE, gentamycin/amphotericin 

included in the kit (CELLSYSTEMS, # LS-1030) at 37 °C in a humidified atmosphere 

containing 5% CO2 to let keratinocytes migrate from the explants. Keratinocytes were then 

frozen in liquid nitrogen until use for the present cell studies experiments. 

2.5.  Flow cytometry analysis 

Fibroblasts cell lines (until passage 2) extracted from the papillary and reticular dermis were 

analyzed for the expression of transmembrane markers. Single cell suspensions were stained 

for FACS according to standard procedures using the FACS CaliburTM flow cytometer (BD 

Biosciences). Briefly, the cells were detached with trypsin and suspended in DMEM 

containing 10% FBS, then centrifuged at 1000 rpm for 5 min and suspended in PBS for 

staining and run. The primary antibodies used for FACS were: mouse monoclonal anti-

human PDPN(E-1) conjugated to FITC (Santa Cruz Biotechnology, # sc-376695) (diluted 

1:100), mouse monoclonal anti-human CD90 clone 5E10 conjugated to PE (BD Pharmingen, 

#555596) (diluted 1:100), mouse monoclonal anti-human CD-36 conjugated to FITC (Bio-

Rad, # MCA722F), (diluted 1:100), 7-AAD (Viability Dye, Beckman Coulter, 

IMMUNOTECH, #IM360C). 

MTT Proliferation assay 

MTT assays were performed in 24-well plates. MTT was used for the comparison of 

proliferation rates between normal human Pfbs versus Rfbs in vitro and for the evaluation of 

cytocompatibility of the collagenous scaffolds (described in supplementary data). Early 

passage (p1) Pfbs and Rfbs from 3 different donors were seeded at 5,000 cells/well of a 96-

well plate, in triplicates. The cells were left to grow until they reached 60% confluency and 

then, they were subjected to MTT proliferation assay. Briefly, the supernatant culture 

medium was removed and 100 ul of MTT (3-[4,5-Dimethylthiazole-2-yl]-2,5-
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diphenyltetrazolium Bromide) at a concentration of 0.5mg/ml in DMEM was added to each 

well for a-4 h incubation at 37 °C, 5% CO2. Upon removal of the MTT, 1 mL/well of DMSO 

was introduced for 30 min at the same conditions. The reduction of MTT was counted at 

wavelengths 570/630 nm (Perkin Elmer).  

2.6. Quantitative Real Time PCR analysis 

Total RNA was isolated from monolayers using a Nucleospin RNA II kit (MACHEREY-

NAGEL EURL, Hoerdt, France) according to manufacturer’s instructions. 100 ng of total 

RNA extracted from fibroblasts of the papillary and reticular dermis (until passage 3) were 

subjected to the first strand cDNA synthesis and QPCR analysis using the KAPA SYBR 

FAST One-Step qRT-PCR KIT (KAPA BIOSYSTEMS). The primers used for the detection 

of gene expression PCNA and PDPN were designed on Primer-BLAST NIH software and are 

listed below. Reactions were performed using a Corbett 6000 real-time PCR cycler 

Rotorgene. The presence of a single dissociation peak was verified by melt curve analysis. 

Relative quantification was determined using the comparative (Ct) method with 

normalization to the housekeeping gene GAPDH.  

PCNA - Forward: 5’ -CTTACTGAGGGCGAGAAGCG- 3’, Reverse: 5’ –

CTGAGACTTGCGTAAGGGAAGA-3’, 

PDPN - Forward: 5’ –ACCAGTCACTCCACGGAGAA- 3’, Reverse: 5’ -

GGCGTAACCCTTCAGCTCTT-3’ 

GAPDH - Forward: 5’ –TGCACCACCAACTGCTTAGC- 3’, Reverse: 5’ -

GGCATGGACTGTGGGTCATGAG- 3’ 

2.7.  Preparation of dermal equivalents (DEs) 
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The scaffolds were disinfected in 70% ethanol overnight, washed 1 time in PBS and 

incubated in DMEM complete medium until use. For the preparation of the DEs, Pfbs or Rfbs 

(up to passage 4) were seeded at 5x104/cm2 in DMEM culture medium containing 1mM 

ascorbic acid 2-phosphate. After 21 days in culture, the DE were collected and fixed in 

neutral buffered formalin 10% for histological analysis.  

2.8. Preparation of epidermalized skin equivalents (SEs) 

For the preparation of epidermalized SE after 21 days of culture, keratinocytes were seeded 

on the DE at a density of 5x104/cm2 in a keratinocyte DermaLife K supplemented medium 

containing 1mM ascorbic acid 2-phosphate. After 7 days, the SE was elevated to the air-

liquid interface and cultured for another 7 days in a differentiation medium consisting of 3:1 

DMEM: Ham’s F12 (BIOWEST) medium supplemented with 2% FBS, BPE (30µg/ml) and 

rh TGFα (10ng/ml). 

2.9.  Histological procedures on DEs  

The DEs were left in 4% paraformaldehyde (PFA) solution for 24 h at 4 oC, then dehydrated 

in ascending alcohol concentrations and embedded in paraffin. Sections of 3µm were stained 

either with hematoxylin-eosin (H&E), using the Weigert-Van Gieson method and examined 

with an Axionlab light microscope. To evaluate collagen, elastin and glycoprotein-containing 

components within the dermal constructs, special histological stainings were performed 

including Masson’s trichrome, orcein and Periodic Acid-schiff (PAS). Initially, the samples 

were subjected to deparaffinization independently on the subsequent staining protocol. 

Briefly, three consecutive xylene baths for 5 min followed by hydration of the sections with 

successive dilutions of alcohols (96%, 80%, and 70%) for 2 min each and finally washed 

under running water. For H&E staining, hematoxylin was added for 2:30 min, followed by 

differentiation with acetate alcohol (15 seconds), washed under running water and stained 
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with eosin for 2 min. To complete the procedure, the sections were dehydrated in ascending 

alcohols (70%, 96%, and 100%) for 2 min each and 3 consecutive xylene baths for 5 min. For 

Masson’s trichrome staining, after deparaffinization and hydration of the sections the 

following staining procedure was performed: hematoxylin for 10 min, washing in running 

water, Ponceau Fuchsin drops for 5 min, washing with distilled water, staining with 

Phosphomolybdic acid for 10 min and staining with aniline blue for 5 min. After 

differentiation into acetic acid for 3 min, the sections were dehydrated in 96% alcohol for 2 

min and 2 consecutive xylene baths for 2 min each. For elastin fibers staining, the slides were 

stained with orcein solution for 30 min, washing the slides in 70% alcohol for 10 min and 

washed with tap water. The sections were stained with hematoxylin for 1 minute, one dip in 

acid alcohol and finally the dehydration process and the 3 consecutive xylene baths described 

above. Finally, for PAS staining, the sections were oxidized for 10 min in periodic acid, 

washed in distilled water, immersed in the reagent Schiff’s (a mixture of pararosaniline and 

sodium metabisulfite) for 20 min, followed by 3 changes in sulfur water for 6 min each, 

washed with running water, stained the sections with hematoxylin for 10 min and rinsed in 

tap water. For the covering and completion of the slides the process of dehydration and the 3 

consecutive xylene baths was performed. Millipore's IHC Select® HRP / DAB detection kit 

(DAB150) and Cytokeratin 5 (Biolegend, # 01-46-9503) was used for immunohistochemical 

staining of the epidermalized samples. Deparaffinization was performed on PT module 

system, with pH retrieval high. Slides then incubated in PBS for 10 min, proteins were 

blocked for 5 min by the Blocking Reagent, antibodies were incubated for 30 min 

(Cytokeratin 5, 1: 200), then slides incubated for 10 min at secondary reagent (biotinylated 

goat anti-mouse IgG and goat anti-rabbit IgG in PBS, containing carrier protein) and finally 

10 min incubation in Streptavidin HRP. Section staining was completed by adding DAB dye 

for 1 minute, washing with distilled water and then adding hematoxylin dye for 2 min. The 
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sections were immersed in 96% alcohol for 2 min, repeated 2 times and xylene baths alike 

and covered with cover strips. 

2.10.  Image analysis and processing 

The H&E images were converted to 8-bit greyscale and manual counting of nuclei was 

performed using the ImageJ NIH software. Briefly, for the counting of cell nuclei/field, 3 

different images per scaffold and fibroblast subpopulation were split in 10 squares of 1x1cm 

and the number of nuclei were counted per square. For each image, the number of nuclei per 

field was calculated as the mean of 10 squares. Each masson, orcein and PAS staining of the 

newly produced ECM was quantified using the ImageJ NIH software. Images were converted 

to 8-bit greyscale and areas containing cells surrounded by thin ECM meshwork were 

selected to overcome the strong non-specific background staining created by the scaffolds. 

After thresholding of the image, large colored surfaces were subtracted, eliminating 

remaining pieces of scaffold and cell bodies. The resulting small fibers were quantified. For 

each image, fibers quantification was related to the number of cells.  

2.11.  Statistical analysis 

Data were presented as mean ± SD and the student’s t-test (unpaired, two-tailed) was used for 

two groups comparisons. The exact sample size (n) and replicate measurements are specified 

in each graph legend. Differences were considered statistically significant at a value of 

P<0.05. The analysis was performed on the Graphpad Prism8 graphing and statistics 

software.   
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3. Results 

3.1 Physicochemical and morphological characterization of the scaffolds 

We produced the following scaffolds with different combinations of components mentioned 

above: (1) collagen I without cross-linking (Coll I) (2) crosslinked collagen I, using 1-ethyl-

3-(3-dimethyl aminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) (Coll I-

Cross), (3) EDC/NHS crosslinked collagen I with covalently combined heparin (Coll I-Cross-

Hep), (4) collagen I+III (Coll I/III) (20:1 initial weight ratio) and (5) EDC/NHS crosslinked 

collagen I+III (Coll I/III-Cross-Hep) (20:1 initial weight ratio) with covalently combined 

heparin. A list of the prepared scaffolds, their abbreviations and compositions are presented 

in Table 1.  

Table 1. Abbreviations and composition of the prepared collagen scaffolds. 

Name Collagen type Cross-linking Heparin immobilization 
Coll I I No - 
Coll I-Cross I + - 
Coll I-Cross-Hep I + + 
Coll I/III I, III No - 
Coll I/III-Cross-Hep I, III + + 

 

The crosslinking reaction and subsequent heparin immobilization step are detailed in Scheme 
1. 

 

Scheme 1. Crosslinking reaction of collagen with NHS/EDC and immobilization of heparin. 
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Crosslinking of polymers with carboxylic end groups with NHS/EDC is widely used 

because of the non-cytotoxicity of the resulting products. The chemical structure of our 

scaffolds was examined by FTIR spectra as shown in Figure 1. Like all proteins, the peptide 

group is the one that gives the most characteristic bands in the spectrum of collagen. In the 

Coll I and the Coll I/III scaffolds, the amide A (N-H stretching vibrations) and amide B bands 

(asymmetrical C-H stretching) appear at ~3400 and 2930 cm-1, respectively [33]. The amide I 

band that is associated mostly with C=O stretching appears at 1640 cm-1 and the amide II 

band of the N-H bending and the C-N stretching appears at 1550 cm-1 [34]. All these bands 

are also present in the spectra of the crosslinked scaffolds, with small shifts, and their 

presence after crosslinking witnesses the preservation of the secondary structure of collagen 

[35], [36], while the shift of the peak of amide I from 1640 cm-1 to 1635 cm-1 and 1638 cm-1 

for Coll I-Cross and Coll I-Cross-Hep respectively suggests the weakening of the C=O bond 

of the peptide due to the formation of new bonds [37]. The band associated with amide II 

almost disappears in the Coll I-Cross-Hep scaffold, which is characteristic for crosslinked 

hydrogen scaffolds [35], [38].  

 

Figure 1. FTIR spectra of collagen scaffolds and heparin. 



18	
	

 Heparin shows characteristic FTIR in the same regions as collagen [39]–[41], so no 

major differences can be observed between the spectra of Coll I and Coll I-Cross-Hep. 

However, a shoulder at 3550 cm-1 emerges and the peak at 1740 cm-1 increases greatly in 

intensity after the incorporation of heparin in collagen. This peak might be a result of the 

stretching vibration of carbonyls of side chains of amino acids or COOH terminal groups 

contained in the peptide chain of collagen [42], and its relative increase in relation to the 

amide I peak can be a result of the contribution of heparin’s carboxyls to the crosslinking 

process, leaving more collagen’s terminal carboxyl groups free. In summary, all the scaffolds 

produced in this study are found to have a preserved collagenic structure after their successful 

crosslinking.  

 The characteristics of the scaffolds were determined after SEM analysis, as presented 

in Figure 2. The micrographs of the Coll I scaffold (Figure 2a) illustrate the existence of an 

extensive, dense network of pores in 3D structures with heterogeneous pore size. The pores 

of Coll I/III are smaller, likely due to extensive shrinking during the preparation of the 

sample for analysis. Heterogeneity in the scaffold’s microstructure, where pores of different 

sizes (i.e., larger localized density) are found in certain areas, can be attributed to the 

relatively high collagen concentration in the suspension used for scaffold preparation. In 

addition, some exposed collagen fibrils, which have not been reconstituted, are visible on the 

inner walls of the pores. The scaffolds possess pores smaller than 100 µm, enough to support 

the proliferation of reticular fibroblasts. Collagen matrices with pore diameters ranging from 

50 to 100 µm are considered suitable for achieving biological activity [43]. 
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Figure 2. SEM micrographs of scaffolds (a) Coll I, (b) Coll I-Cross, (c) Coll I-Cross-Hep, (d) 
Coll I/III, (e) Coll I/III-Cross-Hep. 
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 After crosslinking with EDC/NHS and EDC/NHS and heparin, extensive shrinking of 

the scaffolds occurred. It can be seen in the SEM micrographs that the extra steps of freezing 

and lyophilization resulted in aggregation of the collagen fibers, leading to the formation of 

some smaller pores while in other areas eventually larger pores are observed. The pore 

structure is more irregular but still present. Subsequently, SEM micrographs showed that 

crosslinking and heparin immobilization had a significant effect on the porosity of the 

scaffolds.  

 In the context of the evaluation of morphological characteristics and structural 

stability of the scaffolds, the swelling ratio after immersion in SBF was determined. The 

ability of the scaffold to retain water is an important parameter, as increased swelling rates 

are associated with increased cell adhesion and proliferation [44]. The test continued until the 

weight values stabilized after 2 h, when equilibrium was reached. The results are presented in 

Figure 3a. The porous scaffolds prepared are capable of absorbing large amounts of SBF, 

with swelling ratios up to ~ 1000 %. A rapid increase in the swelling rate was observed in all 

scaffolds during the first few min of immersion, and afterwards the weight values stabilized 

for longer immersion times. Coll I/III scaffolds presented the highest swelling abilities. 

Crosslinking with EDC/NHS resulted in a significant reduction in their swelling capacity. 

Coll I swelled up to ~ 623 %, whereas this value decreased to ~ 390 % for Coll I-Cross and ~ 

490 % for Coll I-Cross-Hep. Coll I/III swelled up to ~ 1100%, and after crosslinking its 

swelling decreased to ~ 1000 %. The collagen’s swelling properties can be attributed to 

changes in the hydrophilicity caused by the decrease in the number of free amino and 

carboxyl side groups available for the formation of hydrogen bonds with water [45]. Next, the 

formation of additional amide bonds results in an extensive crosslinking network that gives a 

more compact structure with reduced fluid retention capacity. The crosslinking and 

subsequent lyophilization caused shrinking and reduction of the porosity as previously 
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mentioned, therefore as smaller amounts of water can be retained in the structure of the 

scaffolds, the overall swelling ability reduced. As for the slightly higher swelling ratio value 

of Coll I-Cross-Hep compared to Coll I-Cross, it can be attributed to the hydrophilicity of the 

heparin’s sulfate groups and its subsequent retention of excess water [46], [47].  

 

Figure 3. Swelling ratio % in SBF and (b) mass loss % of the collagen scaffolds during 
enzymatic hydrolysis (n=3). 

 

 In Figure 3b, the mass loss % of the scaffolds during enzymatic hydrolysis at 37 °C is 

depicted. The non-crosslinked scaffolds fully degraded after 2 days of soaking in the 

hydrolysis media, while the crosslinked scaffolds presented a much slower mass loss rate, in 

agreement with previous studies [47]–[49]. After 2 days, Coll I-Cross and Coll I-Cross-Hep 

lost 19.4±2.5 % and 34.7±5.4 % of their mass. Coll I/III-Cross-Hep lost 75±7.9 % of its 

initial mass. The extent of collagen’s degradation depends on the density of crosslinks and 

the accessibility of enzymes to cleavage sites. The crosslinks block the access of the enzymes 

to specific cleavage sites stereochemically, as they are “hidden” by the introduction of new 

bonds, thereby reducing the rate of degradation. Typically, the affinity of the enzyme for the 

substrate is reduced due to the presence of new amide bonds, which affect the electrostatic 

interactions that develop and therefore the enzyme activity. Subsequently, fragments from the 
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collagen matrices are retained by the crosslinking molecules and therefore additional 

cleavage is necessary for the release of peptide fragments [50]. The crosslinking process of 

our Coll I scaffolds enhanced their bio-stability. It should be noted here that Coll I-Cross-Hep 

is slightly more prone to enzymatic degradation than Coll I-Cross, most likely due to its 

increased hydrophilicity. Both the increased swelling and faster enzymatic hydrolysis of the 

scaffolds that contain both types of collagen can be attributed to the structural differences 

between collagen I and III. The lack of helicity in the trypsin-susceptible region and the 

variation in its helicity in general could be the underlying reasons for the observed 

differences [51].  

3.2 Distinct morphology, proliferation profile and expression of surface markers of 

fibroblast subpopulations extracted from the papillary and reticular dermis. 

In this study, dermatome was used to dissect the papillary and reticular dermis from 

human skin biopsies. The fibroblasts were maintained in culture until passage 3 (Figure 4). 

The isolated fibroblasts subpopulations were characterized after their expansion in vitro, 

based on their morphological characteristics according to previously validated criteria [4]. 

Representative images are shown in Figure 4a, Pfbs presented a spindle-shaped morphology 

while Rfbs were flattened cells. Pfbs responded immediately to post-seeding in vitro cell 

culture expansion reaching confluency after three days. Instead, Rfbs only started to 

proliferate three days after seeding. The increased proliferative capacity after 3 days in 

culture, as shown by the MTT analysis, was confirmed at the gene transcription level by 

QPCR analysis of the expression of the proliferating marker PCNA (Proliferating Cell 

Nuclear Antigen) (Erreur ! Source du renvoi introuvable.b). We further assessed the 

expression of PDPN in Pfbs by flow cytometry as well as gene transcription level by QPCR 

(Figure 4c). Another test was also performed to analyze the presence of CD90+/CD36+ cells 

with pre-adipogenic capacity as suggested recently [11] that are normally found at the deeper 
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reticular dermis adjacent to the underlying adipose tissue (Figure 4d). These results 

confirmed the efficient isolation and expansion of two enriched subpopulations of fibroblasts 

to be used for the purposes of this study despite the fact that we do not have pure populations 

of Pfbs and Rfbs but rather two groups of cells into which one subtype predominates.  

 

Figure 4. Confirmation of fibroblasts subpopulations. (a) Bright field images showing 
different morphologies of fibroblasts extracted from the papillary and reticular dermis. (b) 
Histograms showing the cell proliferation rates of fibroblasts from the papillary and reticular 
dermis analyzed by MTT and QPCR analysis of PCNA in matched pairs of passage 3 
fibroblasts from three donors in duplicates. For PCNA analysis RNA was collected from cells 
after 72 hours (3 days) of culture. (c) QPCR and flow cytometry analysis of the papillary 
marker PDPN (podoplanin) in matched pairs of third passage fibroblasts from three donors in 
duplicates. Control corresponds to fibroblasts extracted from full dermis (d) Flow cytometry 
analysis of CD90+/CD36+ fibroblasts. Error bars represent mean±SD. (Asterisks indicate P-
values; <0.05*, <0.01**, <0.0001****, n_donors=3). 

	

3.4 Evaluation of dermal equivalents obtained from Pfbs and Rfbs 3D cultures.  
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Pfbs or Rfbs were seeded within the scaffolds and left to grow in cell culture. After 4 weeks, 

DEs were fixed and embedded in paraffin for basic histological examinations to visualise and 

quantify general cell distribution and ECM deposition (Figure 5 and 6). Masson and PAS 

stainings already revealed discernible thin, differentially stained tissue intertwined in the 

large scaffold meshes in all conditions, desmonstrating that cell culture conditions were 

viable and allowed ECM deposition (Figure 5 a, b). Coll I scaffolds without crosslinking 

could not support dermal formation due to the loss of stability during culture and therefore 

they could not be further evaluated but they only served as a control of biocompatibility 

(Supplementary data). 

 

Figure 5. Histological staining of Coll I-Cross, Coll I-Cross-Hep, Coll I/III and Coll I/III-
Cross-Hep based DEs. Scale bar: 50µm (a) Masson staining was used for the visualization of 
new collagen material synthetized and deposited by Pfbs and/or Rfbs on each scaffold. (b) 
PAS staining was used for the visualization of new material containing carbohydrates. 
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Haematoxylin and eosin staining was then performed to visualize the overall structure of both 

Pfbs- and Rfbs-DEs and evaluate cell colonisation (Figure 6). As shown in Figure 6a-b, the 

numbers of Pfbs found in the scaffolds were higher than those of Rfbs, which is in line with 

their different rates of proliferation. In the crosslinked scaffolds containing heparin, these 

differences were statistically significant independent on the presence of collagen III, 

suggesting that heparin is favourable to the preservation of each of the 2 fibroblasts 

populations’ proliferative phenotype.  
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Figure 6. Evaluation of different collagen-based porous scaffold to support Rfbs- and/or 
Pfbs- derived dermis. (a) Presentation of the method of quantification of cell nuclei in the 
DEs after H&E staining of histological sections. (b) Statistical analysis of nuclei counting. 
For nuclei counting each image was divided in 10 equal squares and the mean number of 
nuclei per image is presented on the graph. At least 2 independent experiments were 
performed per scaffold condition. (c) Evaluation of newly synthetized ECM on the DEs after 
quantification of the applied staining on histological sections. Quantification is expressed as 
ratio of Masson stained area/cell area and ratio of PAS stained area/cell area. Each counting 
is presented on the graph. (Asterisks indicate P-values; <0.05*, <0.001***). 

 

The higher number of nuclei found in the Coll I/III scaffold for both Pfbs and Rfbs is 

likely an artefact derived from the contraction imposed by the cells on these scaffolds that 

resulted in an important shrinkage at the end of the procedure. Therefore, the high amount of 

cell nuclei is not indicative of the higher proliferating ratio but it is likely a result of the 

decrease of the surface area as a function of the number of nuclei.  This can be due to the lack 

of collagen crosslink causing, as we shown in Figure 3b, a lack of stability and stiffness 

followed by a rapid degradation. In contrast, crosslinked scaffolds maintained their 

architecture all along the growth procedure.  

In order to evaluate the deposition of ECM components by Pfbs and Rfbs into the different 

scaffolds, specialized histological staining techniques were applied. Collagen and 

glycoprotein were stained by Masson’s trichrome and PAS respectively. Quantification of 

each individual staining was expressed as mean stained area / cell for each histological 

section (Figure 6c). Data were collected from at least 3 independent experiments per 

fibroblast subpopulation, unless otherwise mentioned. Rfbs produced more, although not 

statistically significant, collagen after culture within Coll I/III and Coll I/III-Cross-Hep 

scaffolds. In the Coll I-Cross scaffold, the amount of collagen detected around Pfbs was 

significantly higher than that detected in the Rfbs environment. Quantification of PAS 

staining, used to visualize carbohydrates, glycogen, glycoproteins and basement membranes, 

demonstrated that Pfbs cultured in the tested cross-linked scaffolds deposited more 
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carbohydrate material/cell than Rfbs. This difference was significant when the Coll I/III-

Cross-Hep and Coll I-Cross-Hep were used suggesting that heparin had an advantageous 

impact on glycoprotein synthesis. The very low amount of protein found within the Coll I/III 

scaffold may be linked to the high proliferative rate of the cells in this non-crosslinked 

scaffold. 

As a first attempt on evaluating the Coll I/III-Cross-Hep scaffold to support epithelialization, 

we added human keratinocytes to assay the formation of an epidermis on “papillary” dermal 

equivalent produced by using Pfbs (Figure 7). Our preliminary keratin 5 staining suggests 

that a viable epithelium was formed indicating that production of skin equivalents including a 

Pfbs-colonized dermis will be possible in the future.  

 

Figure 7. Evaluation of epidermal growth over Coll I/III-Cross-Hep based-DE. 

 

4. Discussion 

The use of 3D cell cultures gains progressively ground over 2D cultures in both 

pharmacological assays and basic research because a 3D microenvironment provides more 
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reliable outcomes [52]. Dermo-epidermal or epidermal-engineered skin grafts have long been 

used for the treatment of burns and chronic wounds as clinical skin substitutes but also as 

models in applied and basic research [53][54]. Skin tissue engineering requires a 3D 

biomaterial serving as a scaffold for fibroblasts to expand and form dermal tissue and 

subsequent seeding of keratinocytes to form an epidermis. Engineering of skin equivalents is 

challenging technically and demands detailed optimization of every parameter of this step-

by-step procedure resulting in a multilayered structure. 

Biomaterials offer more than a mechanical support for the attachment and growth of 

cells; they also provide biochemical signals that modulate their behavior. Therefore, one 

major issue for an efficient biomaterial is to mimic as closely as possible the structure and 

composition of the native ECM of the tissue [54] consisting of collagens, elastin, GAGs and 

hyaluronic acid [55]. The ECM also works as a deposit for GFs controlling their 

bioavailability. The ECM architecture influences material stiffness and thus, regulates 

cellular behavior through rearrangements of the cytoskeleton and cell signaling, while 

regulates/facilitates cell infiltration [55]. Considering the complexity and the incomplete 

understanding of ECM composition and structure, it is understandable that creating a scaffold 

that fully mimics the biochemistry and architecture of native tissue is rather unlikely [54]. 

Acellular dermal matrices (ADMs) derived from decellularized skin and other tissue sources 

have shown promising clinical results in tissue repair and their preparation requires several 

processings to reduce immunogenicity and prevent infection [22]. At the same time, the 

techniques used should preserve the structural and biochemical properties of the ECM which 

is not always the case since every decellularized method disrupts to some degree the ECM 

[54], [55]. Besides, standard criteria for tissue decellularization have not been officially 

described [54]. Human de-epidermized dermis (DED) presents the advantage of retaining the 

native structure of the dermal ECM by containing the papillary and reticular layers, a 
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technical challenge in 3D scaffolds [56]. However, DEDs are donors-derived which limit 

their availability and display low reproducibility related to individual donor differences. 

Synthetic scaffolds are less representative of the native dermal structure, but they are 

reproducible; they can be easily modified and are available for in vitro model settings and 

development. Stuart and Panitch found that adding collagen III in gels of collagen I resulted 

in decreased fibril diameter and stiffness, and increased rate of collagen fibrillogenesis [57]. 

ChondrogiteTM, a commercial collagen I/III sponge is being used in chondrogenesis [58], 

while reports have been published on the successful vocal fold tissue regeneration [59], nerve 

reconstruction [60] and corneal regeneration with collagen I/III scaffolds [61]. Fibroblast 

grown on ChondrogiteTM present with a spinocellular shape, and form a thick layer of large 

cells that is strongly adhered to the matrix [62]. Heparin is a sulphate polysaccharide with 

binding affinity for several GFs including platelet-derived growth factor (PDGF), FGF and 

others. GFs are important regulators of cellular behaviour such as proliferation, but they are 

often unstable in aqueous solutions. Therefore, it is difficult to maintain their high local 

concentration in culture conditions. To solve this problem, several groups assayed 

crosslinking collagen in sponge scaffolds using heparin with very encouraging results 

[58][59][60]. 

In this study, we produced and evaluated collagen-based porous scaffolds with the 

aim to mimic papillary and reticular dermis features. The scaffolds were designed based on 

the hypothesis that by controlling the stiffness and pore size within the scaffolds by using 

crosslinking methods we might be able to control the rate of cell growth and density of each 

fibroblast subpopulation with the aim to mimic the physiological conditions. Pfbs are more 

spindle-like and they reside within a more loosen ECM as compared to Rfbs that are quite 

bigger cells and reside in a dense network of collagen. Then, by adding Collagen III was 

thought to likely favor Pfbs since some studies, as mentioned earlier, have shown that 
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collagen III predominates within the papillary dermis as compared to collagen I which is the 

predominant type in the reticular dermis. Therefore, different collagen composition and 

crosslinking methods were used to regulate scaffolds’ architecture, stiffness and pore size.  

The scaffolds were produced and evaluated progressively. Firstly, Coll I, ColI I-Cross 

and Coll I-Cross-Hep were produced and examined for cytocompatibility. Coll I alone 

without any crosslinking although presented good cell viability it could not stand long cell 

culture as it was extremely contracted by the cells. Therefore, it was not chosen for the future 

experiments but served as a control of cytocompatibility for the first experiments. Then, 

Collagen III was introduced in the scaffolds and Col I/III without crosslinking was produced. 

The cells were successfully cultured in those scaffolds and although there was a lot of 

contraction it was still possible to further process them and assess them for new ECM 

deposition. Coll I/III-Cross-Hep was the scaffold produced next. The evaluation of the first 

three scaffolds for both fibroblasts subpopulations concluded that the presence of heparin is 

beneficial for the growth of both fibroblast types, while crosslinking is also necessary 

because of the contraction problems. Therefore, and in order to limit the cost, Coll I/III-

Cross-Hep was produced next and Coll I/III-Cross was excluded.  

 To sum up, all the selected scaffolds were tested for their ability to support Pfbs and 

Rfbs culture and formation of dermal tissue. We could show that all the scaffolds assayed in 

this study were successful in supporting 3D fibroblast growth from both dermal 

compartments and we confirmed the importance of material crosslinking for scaffold stability 

and tissue growth independent on the fibroblasts subtype. However, the fibroblasts subtypes 

populations we obtained were not of total purity due to the extraction method we used, each 

of the papillary and reticular were sufficiently enriched to display the expected and 

previously validated phenotype characteristics. By adding collagen III at a ratio of 1:20 to 

scaffolds without crosslinking we could improve stability without obtaining more specific 
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results after further evaluation of the dermal equivalents.  This preliminary result suggests a 

positive effect of the presence of collagen III on the scaffolds stability. However, a more 

specific biological effect on Pfbs and/or Rfbs cannot be excluded since we only used one and 

very low concentration of collagen III in our scaffolds, the potential impact of a specific 

collagen I/III ratio on cells’ behavior was not examined here and last but not least we did not 

use pure populations of Pfbs and Rfbs. In contrary, the use of heparin as a linker in the 

scaffolds resulted in reproducible dermal equivalents with distinct cell growth and ECM 

deposition characteristics after seeding of Pfbs or Rfbs independent on scaffolds’ collagen 

composition. We revealed for the first time a potential impact of heparin on the preservation 

of Pfbs and Rfbs respective proliferative phenotype in crosslinked collagen scaffolds. Our 

preliminary examination of new deposited ECM revealed that Pfbs produced significantly 

more glycoproteins than Rfbs, while Rfbs produced more even non-significant collagen than 

Pfbs, which is compatible with protein synthesis by Rfbs in human skin [6][19].  A 

hypothesis might be that the presence of heparin functions as a reservoir for the GFs present 

in the culture medium and/or produced by the fibroblasts regulating their balanced disposal to 

the cells thus, driving their behaviour. Altogether, results obtained with the Coll I/III-Cross-

Hep scaffolds appeared more reproducible for both Pfbs and Rfbs. To further evaluate our 

Coll I/III-Cross-Hep based ‘papillary’ dermal equivalents we assayed the formation of an 

epithelium after seeding human keratinocytes. Our preliminary results showed the formation 

of a viable yet not properly differentiated epidermis. Although encouraging these experiments 

require improvement and standardization. 

Our study is the first to report a beneficial impact of heparin as a linker in crosslinked 

collagen I/III scaffolds on the formation of papillary and reticular dermal equivalents.  

 

5. Conclusions 
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 To our knowledge, this is the first study that attempted to create and evaluate different 

collagen porous scaffolds for the specific papillary or reticular dermal formation upon 

seeding of human skin Pfbs or Rfbs. This study demonstrates that fibroblasts from different 

dermal compartments may respond differently when seeded onto scaffolds of the same 

composition and mechanical properties and vice versa. Our findings are also confirmatory 

and/or complementary of other recent matrisome analysis research studies which demonstrate 

that Pfbs and Rfbs present a different ECM synthesis profile due to different factors including 

genetics, microenvironment, aging, etc [19][6]. Our principal conclusions on the different 

scaffolds used for this study are summarized as follows: (1) Crosslinking is necessary for the 

maintenance of scaffolds stability during the long tissue culture procedure independent on the 

cell subtype, (2) collagen III at the concentration used for these experiments seemed to have 

only a non-specific positive effect on the maintenance of scaffolds architecture. (3) The 

presence of heparin had a significant, reproducible and specific effect on the generation of 

papillary and reticular dermal equivalents presenting higher Pfbs than Rfbs cell densities at 

the same culture conditions and distinct ECM components deposition. This study highlights 

the benefit of heparin presence as a linker in collagen porous scaffolds independent on the 

presence of collagen III and the cell subtype. This effect may be attributed to the property of 

this GAG to act as a deposit and regulator of GFs release in the scaffolds. The importance of 

collagen III for the production of papillary and reticular dermal equivalents deserves to be 

further investigated in the future by producing and evaluating scaffolds with different 

collagen I/III ratios and by using pure Pfbs and Rfbs populations. 
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