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In vitro cytocompatibility evaluation of collagen based scaffolds using human endothelial progenitor cells for vascular tissue engineering 
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ABSTRACT 

Vascular tissue engineering attempts to grow blood vessels through the use of different scaffolds that allows 
vascular cells such as endothelial cells to form networks and organized in vascular tissue. Various biomaterials are 
used to produce scaffolds that allow growth and differentiation of stem cells; depending on the cell type and 
applications some materials are more suitable than other. The aim of this study was to evaluate the 
cytocompatibility of collagen based scaffolds and to assess the capacity of endothelial progenitor cells (EPC) 
isolated from human umbilical cord to form vascular networks on these scaffolds. Our results show that after 5 days 
in culture with collagen scaffolds, the EPC remained viable, a sign of biocompatibility with the 3D scaffolds. 
Scanning electron microscopy showed that in the collagen scaffolds EPC organize within networks and presents an 
abundant extracellular matrix that strengthen the links between them. When EPC were cultured on collagen-
chitosan scaffolds, they are more adherent to the scaffolds compared with collagen, exibiting a good capacity to 
form networks. This study shows that the collagen and collagen-chitosan scaffolds are not cytotoxic for EPC and 
they provide the possibility of being used in vascular tissue engineering to help creating blood vessels.  
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INTRODUCTION

 Different types of materials including 
biodegradable synthetic polymers, decellularized 
xenogenous tissues, and natural materials have 
been used in vascular tissue engineering (Sell et al., 
2009). Biodegradable synthetic polymers are 
limited due to inflammation and immune 
response, relatively fast degradation rate, and 
instability in different environments. Therefore 
recent studies focus on the development of natural 
biomaterials for development of blood vessels 
(Deng et al., 2010; Parida et al., 2012; Subramanian 
et al., 2009). Collagens are the most abundant 
mammalian proteins and serves as adhesion 
proteins that enhance cell attachment and 
proliferation through specific interactions between 
RGD (Arg-Gly-Asp) domains in collagen molecules 

and integrin receptors in the cell membrane 
(Constantinescu et al., 2014; Kim et al., 2014; Zhu et 
al., 2014). Collagens also can be used as matrix to 
explore the role of cytokines and growth factors in 
tube morphogenesis and sprouting (Hung et al., 
2014). In addition to collagen, chitosan and its 
derivates are other biomaterials widely used in 
tissue engineering, for the repair of cartilage, liver, 
nerve, and skin (Parida et al., 2012). Due to their 
superior properties in biocompatibility, 
biodegradability, low-toxicity, and low antigenicity, 
chitosan scaffolds can function as growth factors 
delivery carriers to accelerate the tissue and blood 
vessel regeneration (Huang et al., 2014; Parida et 
al., 2012; Yang et al., 2010). Based on the cationic 
nature of the chitosan polymer, an ionic complex 
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can be formed between chitosan and specific 
bioactive compounds. The temporary 
polyelectrolyte complex networks formed without 
covalent cross-linkers are more biocompatible, 
sensitive, and easily controlled and render chitosan 
a competent material for loading and releasing 
bioactive factors in a precisely controlled manner 
(Koc et al., 2014; Sheridan et al., 2014; Wang et al., 
2013; Zhou et al., 2014).  
 Cell sources for vascular tissue engineering 
can be divided into somatic cells, progenitor and 
stem cells. Mature vascular cells like endothelial 
and muscular cells are terminally differentiated 
with limited proliferation capacity and thus limited 
expansion ability. EPC have more proliferation 
potential and plasticity to differentiate down a 
specific lineage. EPC from human umbilical cord 
blood participates to angiogenesis by forming new 

vascular networks and also secreting factors that 
promote vascular expansion in embryo (Lupu et al., 
2011a; Lupu et al., 2011b). This type of cells could 
be a great source of vascular cells for development 
of blood vessels if aided by biocompatible 
scaffolds. There are many approaches that attempt 
to enhance the vascularization such as (i) adjusting 
the pore size of the scaffold; (ii) incorporation of 
glycosaminoglycans; (iii) adding angiogenic factors 
(VEGF, bFGF, PDGF, TGF, angiogenin), all these 
mechanism being controlled by the biomaterials 
properties (Deng et al., 2010; Koc et al., 2014; 
Wang et al., 2013). The aim of this study was to 
evaluate if collagen and collagen-chitosan 
scaffolds are biocompatible with EPC and permit 
the formation of vascular networks by compared 
with collagen basement matrix Matrigel. 

 MATERIALS AND METHODS

Fabrication of collage and collagen-chitosan 
porous scaffolds 
 Collagen (300.000 Da) gel was obtained in 
the Leather and Footwear Research Institute-
Collagen Department starting from calf hides by 
chemical and enzymatic extraction. The collagen 
gel concentration was 2.54 % and pH=7. Cells were 
grown on 2 types of scaffolds: (i) crosslinked 
collagen (Col) and (ii) crosslinked collagen-
chitosan (Col-Chitosan). The scaffolds were 
prepared as follow: 50 mL of chitosan gel (2,54%) 
was added drop by drop onto collagen gel (50 mL; 
2,54%), under vigorous mixing and allowed to 
interact 30 min. For the scaffolds that contain only 
collagen, in the synthesis step, the Chitosan was 
removed. After that, each hydrogel (Col, Col-
Chitosan) was crosslinked in 1% glutaraldehyde, 
kept overnight at 5 oC and then lyophilized.  
Cell culture model 
 The isolation and differentiation of EPCs was 
performed as previously described. Briefly, human 
umbilical cord blood (UCB) samples were collected 
at term delivery by specialized staff at the “Polizu” 
Hospital, Bucharest, Romania with informed 
consent, according to EU and Romanian legislation 
on the collection and handling of human biological 

samples and personal data protection. 
 Mononuclear cells (MNC) were obtained by 
Histopaque (Sigma-Aldrich, Saint Louis, MO, USA) 
density gradient centrifugation at 400g, for 30 
minutes at room temperature. After centrifugation, 
the MNC layer was harvested and washed twice in 
Dulbecco’s Modified Eagle’s Medium (DMEM, 
Sigma-Aldrich St. Louis, MO, USA) supplemented 
with 10% fetal bovine serum (FBS). The MNCs were 
plated on plastic dishes coated with fibronectin (1 
µg/cm3, Biosciences, San Jose, CA, USA) in 
endothelial differentiation EBM2 medium (Lonza, 
Switzerland), supplemented with 15% FBS, 40 
ng/mL VEGF, 100 μg/mL endothelial cell growth 
supplement, 100 U/mL penicillin, 100 µg/ml 
streptomycin, and 50 µg/mL neomycin (Sigma-
Aldrich, MO, USA). Cell cultures were maintained at 
37°C with 5% CO2 and 21% O2 in a humidified 
atmosphere. On day one after plating, the non-
adherent cells were discarded and fresh medium 
was applied. To maintain optimal culture 
conditions, medium was changed twice a week. For 
the proposed studies, were used cells from 
passage 8.  
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Matrigel vascular tubes assay  
 To evaluate the formation of vascular tubes 
in Matrigel, EPC were seeded into 96-well plates at 
a density of 3000 cells per well.  Briefly, 50 μL of 
Matrigel (Sigma-Aldrich, Saint Louis, MO, USA) was 
added in 96-well plates, and allowed to solidify for 
30 min at 37 °C. After Matrigel polymerization, the 
cell suspension was added and incubated for 4-6 
hours. Tube formation was observed using Eclipse 
TE300 microscope (Nikon, Tokyo, Japan).  
MTT viability assay  
 Biocompatibility of EPC on collagen-based 
scaffolds was evaluated by MTT assay (CellTiter96 
Non-Radioactive Cell Proliferation Assay kit, 
Promega, Madison, USA).  EPCs were seeded in 24-
well plate, at a density of 5 x 104 cells/well, in 
DMEM medium, supplemented with 10% FBS. The 
cells suspension was added over collagen scaffolds 
(Col and Col-Chitosan) and incubated for 72 hours. 
Cell viability was performed at different time 
intervals (24-72h), according to the manufacturer’s 
guidelines. Briefly, 15 μL of Solution I was added in 
each well and incubated for 4 hours. Then, 100 μL 
of Solution II was added to the 96-well plate, 
incubated for another hour and 
spectrophotometry measurements were 
performed at 570 nm using Mithras LB 940 
(Berthold Technology, Germany).  
Fluorescent microscopy  
 Biocompatibility of EPC with collagen-based 
scaffolds was assessed by fluorescent microscopy 

using RED CMTPX fluorophore (Life Technologies, 
Invitrogen, USA), a cell tracker for long-term 
tracing of living cells. The RED CMTPX dye was 
added to the culture medium at a final 
concentration of 5 μM, and incubated for 30 
minutes to allow the dye to be up-taken by the 
cells. Then, the cells were washed with PBS and 
visualized by fluorescent microscopy. The nuclei 
were counterstained with 1mg/mL DAPI (4',6-
diamidino-2 phenylindole). Photomicrographs 
were taken with a digital camera driven by the 
Axio-Vision 4.6 (Carl Zeiss, Germany) software. 
Scanning Electron Microscopy 
 In order to observe the behavior of EPC on 
collagen-based scaffolds, scanning electron 
microscopy was used. EPC were grown on Col and 
Col-Chitosan for 72 hours then were washed with 
PBS and fixed in 2.5 % glutaraldehyde for 1 hour at 
room temperature. Glutaraldehyde was then 
removed, and successive dehydration was carried 
out in ethanol (40 %, 60 %, 70 %, 80 %, 90 %, and 
100 %) for 10 minutes each. SEM analysis was 
performed on a HITACHI S2600N electron 
microscope, at 25 keV, on samples covered with a 
thin silver layer. 
Statistical analysis 
 Data were expressed as means ± standard 
deviation (SD) where n represents the number of 
experiments. Statistical analysis was performed by 
one-way ANOVA test; P< 0.05 was considered 
statistically significant. 

RESULTS AND DISCUSSIONS

 Since their initial discovery, EPC have raised 
great enthusiasm given their therapeutic promises 
in a variety of disorders including cardiovascular 
disease, burn wounds, diabetes, and 
atherosclerosis. Flow cytometry analysis showed an 
endothelial phenotype, umbilical cord blood 
derived cells being positive for CD31, CD34, 
CD105, CD133, CD144, VEGFR2 surface markers 
(data not shown). The cells that we isolated from 
umbilical cord blood started developing after 
approximately 2 weeks in cultures and exhibited an 
epithelial-like phenotype, forming colonies of 
adherent cells with a cobblestone shape (Fig. 1a). 
The cells have the ability to form vascular networks 

on Matrigel matrix after 4 hour of cultivation (Fig. 
1b) suggesting that they have the potential to 
differentiate in vascular cells. Matrigel basement 
matrix is most widely used to study angiogenesis 
in vitro; varieties of endothelial cells form capillary-
like structures when are plated on top of this 
extracellular matrix scaffold.  
 The viability and proliferation of cells tested 
by MTT assay revealed that EPC were metabolic 
active in the presence of collagen and collagen-
chitosan scaffolds. A slight but significantly 
increase in proliferation could be observed in EPC 
cultured on collagen-based scaffolds (Fig. 2), 
suggesting that these scaffolds are not cytotoxic 
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for EPC. To test the biocompatibility of EPC on 
collagen scaffolds the cells were labeled with RED 
CMTPX cell tracker that in the presence of viable 

cells become fluorescent (red) due to the activity 
of mitochondrial enzymes that activate the dye.  

 
Figure 1.  Morphology of EPC culture on fibronectin plate and on Matrigel basement membrane matrix. 

 

 
Figure 2.  EPC viability on collagen based scaffolds. MTT test demonstrate no significant difference in viability of EPC cultured on 

collagen and collagen-chitosan compare with cell only. Results are represented as mean ± standard error, n = 3, * p < 0.05.  

 
 Our results showed that after 5 days in 
culture with collagen-based scaffolds, the EPC are 
viable, morphologically intact, the fluorescence of 
the EPC culture on collagen-based scaffolds was 
comparable with control cells (Fig. 3a-c). 
Furthermore, SEM demonstrated that EPC adhered 
and spread on collagen and collagen-chitosan 
scaffolds demonstrating the biocompatibility with 
the 3D scaffolds. In the presence of Col (Fig. 4a) 
and Col-Chitosan (Fig. 4d) scaffolds, EPC become 
fusiform and emit filopodia that allow cells to 
interact each other and with the collagen and 
chitosan fibers, as it shown in Figure 4. In collagen 

scaffold the porous surface and irregular 
topography enable EPC to established links 
between cells and the scaffolds (Fig 4b-c). When 
EPC were cultured on collagen-chitosan scaffolds, 
they were more adherent compared with collagen 
scaffolds, exhibiting a better capacity to form 
networks (Fig 4e-f). 
 Vascular tissue engineering is an 
interdisciplinary field that applies the principles of 
engineering and life sciences towards the 
development of functional substitutes for 
damaged of vascular tissues (Deng et al., 2010). 
Blood vessel diseases such as atherosclerosis, 
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chronic venous insufficiency and thrombosis 
remain the major cardiovascular diseases in the 
modern society (Lupu et al., 2011b). Materials for 
vascular replacements should be biomimetic 
meaning not causes thrombosis, inflammation, and 
permit neointimal proliferation of endothelial cells, 
and for all intents and purposes, they should 
resemble the native vessels.  Therefore it is 
necessary to investigate the physical, chemical, and 
biological properties and modifications of 
materials to further understand the molecular 
mechanism of the cell-material interaction 
(Constantinescu et al., 2014). The formation of a 
microvasculature within a tissue-engineered organ 
or tissue will depend on multiple factors: the 
biochemical environment, endothelial cells type, 
the micro-architecture presented by the scaffold 
material, and mechanical signals (Huang et al., 
2014). 

Recent studies showed that collagen scaffolds 
create an environment that permits differentiation 
of EPC to adult vascular cells. Molecular biology 
data demonstrated that cultured EPC on collagen 
scafolds secrete various proangiogenic cytokines 
such as VEGF, endothelial nitric oxide synthase 
(eNOS), inducible nitric oxide synthase (iNOS), 
insulin-like growth factor 1 (IGF-1), stromal-
derived factor 1 (SDF-1), hepatocyte growth factor 
(HGF), and granulocyte colony-stimulating factor 
(G-CSF). The indirect contribution of EPCs to 
neovessel formation indicates that the cells can act 
as a source of proangiogenic cytokines to induce 
vascularization of tissue-engineered organoids in 
vitro (Deng et al., 2010; Wang et al., 2013). Our 
results showed that collagen and collagen-
chitosan scaffolds support the growth and 
proliferation of EPC, and also allow the cells to 
express their physiological role to form vascular 
networks and contribute to angiogenesis.

 
 

 
Figure 3. Photomicrographs of EPC labeled with vital RED CMTPX cell tracker in the presence of collagen (b) and (c) collagen-chitosan 
scaffolds, shows that cells are viable compared with control cells (a). The levels of fluorescent demonstrate no significant differences 
between cells only and cells culture on collagen-based scaffolds. Nuclei were counterstained with DAPI (1mg/mL). 
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Figure 4. SEM photomicrographs of EPC cultured on collagen based-scaffolds. Collagen scaffolds seeded with EPC that attached and 
interacted with each other, forming network structures (a-c). EPC seeded on Collagen-chitosan scaffolds showed the ability to form 
complex networks, more tight and abundant (d-f).  

CONCLUSIONS

 Our results showed that collagen-based 
scaffolds appear to be ideally designed for vascular 
tissue engineering applications in terms of 
biocompatibility and properties to promote and 
support EPC growth and proliferation. From this 

morphological study, it appeared that EPCs were 
more adherent to collagen-chitosan scaffolds and 
formed tight networks compared with collagen 
scaffolds, rendering chitosan a suitable alternative 
for vascular tissue engineering. 
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ABSTRACT

Vascular tissue engineering attempts to grow blood vessels through the use of different scaffolds that allows vascular cells such as endothelial cells to form networks and organized in vascular tissue. Various biomaterials are used to produce scaffolds that allow growth and differentiation of stem cells; depending on the cell type and applications some materials are more suitable than other. The aim of this study was to evaluate the cytocompatibility of collagen based scaffolds and to assess the capacity of endothelial progenitor cells (EPC) isolated from human umbilical cord to form vascular networks on these scaffolds. Our results show that after 5 days in culture with collagen scaffolds, the EPC remained viable, a sign of biocompatibility with the 3D scaffolds. Scanning electron microscopy showed that in the collagen scaffolds EPC organize within networks and presents an abundant extracellular matrix that strengthen the links between them. When EPC were cultured on collagen-chitosan scaffolds, they are more adherent to the scaffolds compared with collagen, exibiting a good capacity to form networks. This study shows that the collagen and collagen-chitosan scaffolds are not cytotoxic for EPC and they provide the possibility of being used in vascular tissue engineering to help creating blood vessels. 
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	Different types of materials including biodegradable synthetic polymers, decellularized xenogenous tissues, and natural materials have been used in vascular tissue engineering (Sell et al., 2009). Biodegradable synthetic polymers are limited due to inflammation and immune response, relatively fast degradation rate, and instability in different environments. Therefore recent studies focus on the development of natural biomaterials for development of blood vessels (Deng et al., 2010; Parida et al., 2012; Subramanian et al., 2009). Collagens are the most abundant mammalian proteins and serves as adhesion proteins that enhance cell attachment and proliferation through specific interactions between RGD (Arg-Gly-Asp) domains in collagen molecules and integrin receptors in the cell membrane (Constantinescu et al., 2014; Kim et al., 2014; Zhu et al., 2014). Collagens also can be used as matrix to explore the role of cytokines and growth factors in tube morphogenesis and sprouting (Hung et al., 2014). In addition to collagen, chitosan and its derivates are other biomaterials widely used in tissue engineering, for the repair of cartilage, liver, nerve, and skin (Parida et al., 2012). Due to their superior properties in biocompatibility, biodegradability, low-toxicity, and low antigenicity, chitosan scaffolds can function as growth factors delivery carriers to accelerate the tissue and blood vessel regeneration (Huang et al., 2014; Parida et al., 2012; Yang et al., 2010). Based on the cationic nature of the chitosan polymer, an ionic complex can be formed between chitosan and specific bioactive compounds. The temporary polyelectrolyte complex networks formed without covalent cross-linkers are more biocompatible, sensitive, and easily controlled and render chitosan a competent material for loading and releasing bioactive factors in a precisely controlled manner (Koc et al., 2014; Sheridan et al., 2014; Wang et al., 2013; Zhou et al., 2014). 

	Cell sources for vascular tissue engineering can be divided into somatic cells, progenitor and stem cells. Mature vascular cells like endothelial and muscular cells are terminally differentiated with limited proliferation capacity and thus limited expansion ability. EPC have more proliferation potential and plasticity to differentiate down a specific lineage. EPC from human umbilical cord blood participates to angiogenesis by forming new vascular networks and also secreting factors that promote vascular expansion in embryo (Lupu et al., 2011a; Lupu et al., 2011b). This type of cells could be a great source of vascular cells for development of blood vessels if aided by biocompatible scaffolds. There are many approaches that attempt to enhance the vascularization such as (i) adjusting the pore size of the scaffold; (ii) incorporation of glycosaminoglycans; (iii) adding angiogenic factors (VEGF, bFGF, PDGF, TGF, angiogenin), all these mechanism being controlled by the biomaterials properties (Deng et al., 2010; Koc et al., 2014; Wang et al., 2013). The aim of this study was to evaluate if collagen and collagen-chitosan scaffolds are biocompatible with EPC and permit the formation of vascular networks by compared with collagen basement matrix Matrigel.
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Fabrication of collage and collagen-chitosan porous scaffolds

	Collagen (300.000 Da) gel was obtained in the Leather and Footwear Research Institute-Collagen Department starting from calf hides by chemical and enzymatic extraction. The collagen gel concentration was 2.54 % and pH=7. Cells were grown on 2 types of scaffolds: (i) crosslinked collagen (Col) and (ii) crosslinked collagen-chitosan (Col-Chitosan). The scaffolds were prepared as follow: 50 mL of chitosan gel (2,54%) was added drop by drop onto collagen gel (50 mL; 2,54%), under vigorous mixing and allowed to interact 30 min. For the scaffolds that contain only collagen, in the synthesis step, the Chitosan was removed. After that, each hydrogel (Col, Col-Chitosan) was crosslinked in 1% glutaraldehyde, kept overnight at 5 oC and then lyophilized. 

Cell culture model

	The isolation and differentiation of EPCs was performed as previously described. Briefly, human umbilical cord blood (UCB) samples were collected at term delivery by specialized staff at the “Polizu” Hospital, Bucharest, Romania with informed consent, according to EU and Romanian legislation on the collection and handling of human biological samples and personal data protection. 	Mononuclear cells (MNC) were obtained by Histopaque (Sigma-Aldrich, Saint Louis, MO, USA) density gradient centrifugation at 400g, for 30 minutes at room temperature. After centrifugation, the MNC layer was harvested and washed twice in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS). The MNCs were plated on plastic dishes coated with fibronectin (1 µg/cm3, Biosciences, San Jose, CA, USA) in endothelial differentiation EBM2 medium (Lonza, Switzerland), supplemented with 15% FBS, 40 ng/mL VEGF, 100 μg/mL endothelial cell growth supplement, 100 U/mL penicillin, 100 µg/ml streptomycin, and 50 µg/mL neomycin (Sigma-Aldrich, MO, USA). Cell cultures were maintained at 37°C with 5% CO2 and 21% O2 in a humidified atmosphere. On day one after plating, the non-adherent cells were discarded and fresh medium was applied. To maintain optimal culture conditions, medium was changed twice a week. For the proposed studies, were used cells from passage 8. 

Matrigel vascular tubes assay 

	To evaluate the formation of vascular tubes in Matrigel, EPC were seeded into 96-well plates at a density of 3000 cells per well.  Briefly, 50 μL of Matrigel (Sigma-Aldrich, Saint Louis, MO, USA) was added in 96-well plates, and allowed to solidify for 30 min at 37 °C. After Matrigel polymerization, the cell suspension was added and incubated for 4-6 hours. Tube formation was observed using Eclipse TE300 microscope (Nikon, Tokyo, Japan). 

MTT viability assay 

	Biocompatibility of EPC on collagen-based scaffolds was evaluated by MTT assay (CellTiter96 Non-Radioactive Cell Proliferation Assay kit, Promega, Madison, USA).  EPCs were seeded in 24-well plate, at a density of 5 x 104 cells/well, in DMEM medium, supplemented with 10% FBS. The cells suspension was added over collagen scaffolds (Col and Col-Chitosan) and incubated for 72 hours. Cell viability was performed at different time intervals (24-72h), according to the manufacturer’s guidelines. Briefly, 15 μL of Solution I was added in each well and incubated for 4 hours. Then, 100 μL of Solution II was added to the 96-well plate, incubated for another hour and spectrophotometry measurements were performed at 570 nm using Mithras LB 940 (Berthold Technology, Germany). 

Fluorescent microscopy 

	Biocompatibility of EPC with collagen-based scaffolds was assessed by fluorescent microscopy using RED CMTPX fluorophore (Life Technologies, Invitrogen, USA), a cell tracker for long-term tracing of living cells. The RED CMTPX dye was added to the culture medium at a final concentration of 5 μM, and incubated for 30 minutes to allow the dye to be up-taken by the cells. Then, the cells were washed with PBS and visualized by fluorescent microscopy. The nuclei were counterstained with 1mg/mL DAPI (4',6-diamidino-2 phenylindole). Photomicrographs were taken with a digital camera driven by the Axio-Vision 4.6 (Carl Zeiss, Germany) software.

Scanning Electron Microscopy

	In order to observe the behavior of EPC on collagen-based scaffolds, scanning electron microscopy was used. EPC were grown on Col and Col-Chitosan for 72 hours then were washed with PBS and fixed in 2.5 % glutaraldehyde for 1 hour at room temperature. Glutaraldehyde was then removed, and successive dehydration was carried out in ethanol (40 %, 60 %, 70 %, 80 %, 90 %, and 100 %) for 10 minutes each. SEM analysis was performed on a HITACHI S2600N electron microscope, at 25 keV, on samples covered with a thin silver layer.

Statistical analysis

	Data were expressed as means ± standard deviation (SD) where n represents the number of experiments. Statistical analysis was performed by one-way ANOVA test; P< 0.05 was considered statistically significant.
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	Since their initial discovery, EPC have raised great enthusiasm given their therapeutic promises in a variety of disorders including cardiovascular disease, burn wounds, diabetes, and atherosclerosis. Flow cytometry analysis showed an endothelial phenotype, umbilical cord blood derived cells being positive for CD31, CD34, CD105, CD133, CD144, VEGFR2 surface markers (data not shown). The cells that we isolated from umbilical cord blood started developing after approximately 2 weeks in cultures and exhibited an epithelial-like phenotype, forming colonies of adherent cells with a cobblestone shape (Fig. 1a). The cells have the ability to form vascular networks on Matrigel matrix after 4 hour of cultivation (Fig. 1b) suggesting that they have the potential to differentiate in vascular cells. Matrigel basement matrix is most widely used to study angiogenesis in vitro; varieties of endothelial cells form capillary-like structures when are plated on top of this extracellular matrix scaffold. 

	The viability and proliferation of cells tested by MTT assay revealed that EPC were metabolic active in the presence of collagen and collagen-chitosan scaffolds. A slight but significantly increase in proliferation could be observed in EPC cultured on collagen-based scaffolds (Fig. 2), suggesting that these scaffolds are not cytotoxic for EPC. To test the biocompatibility of EPC on collagen scaffolds the cells were labeled with RED CMTPX cell tracker that in the presence of viable cells become fluorescent (red) due to the activity of mitochondrial enzymes that activate the dye. 





Figure 1.  Morphology of EPC culture on fibronectin plate and on Matrigel basement membrane matrix.





Figure 2.  EPC viability on collagen based scaffolds. MTT test demonstrate no significant difference in viability of EPC cultured on collagen and collagen-chitosan compare with cell only. Results are represented as mean ± standard error, n = 3, * p < 0.05. 
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	Our results showed that after 5 days in culture with collagen-based scaffolds, the EPC are viable, morphologically intact, the fluorescence of the EPC culture on collagen-based scaffolds was comparable with control cells (Fig. 3a-c). Furthermore, SEM demonstrated that EPC adhered and spread on collagen and collagen-chitosan scaffolds demonstrating the biocompatibility with the 3D scaffolds. In the presence of Col (Fig. 4a) and Col-Chitosan (Fig. 4d) scaffolds, EPC become fusiform and emit filopodia that allow cells to interact each other and with the collagen and chitosan fibers, as it shown in Figure 4. In collagen scaffold the porous surface and irregular topography enable EPC to established links between cells and the scaffolds (Fig 4b-c). When EPC were cultured on collagen-chitosan scaffolds, they were more adherent compared with collagen scaffolds, exhibiting a better capacity to form networks (Fig 4e-f).

	Vascular tissue engineering is an interdisciplinary field that applies the principles of engineering and life sciences towards the development of functional substitutes for damaged of vascular tissues (Deng et al., 2010). Blood vessel diseases such as atherosclerosis, chronic venous insufficiency and thrombosis remain the major cardiovascular diseases in the modern society (Lupu et al., 2011b). Materials for vascular replacements should be biomimetic meaning not causes thrombosis, inflammation, and permit neointimal proliferation of endothelial cells, and for all intents and purposes, they should resemble the native vessels.  Therefore it is necessary to investigate the physical, chemical, and biological properties and modifications of materials to further understand the molecular mechanism of the cell-material interaction (Constantinescu et al., 2014). The formation of a microvasculature within a tissue-engineered organ or tissue will depend on multiple factors: the biochemical environment, endothelial cells type, the micro-architecture presented by the scaffold material, and mechanical signals (Huang et al., 2014).

Recent studies showed that collagen scaffolds create an environment that permits differentiation of EPC to adult vascular cells. Molecular biology data demonstrated that cultured EPC on collagen scafolds secrete various proangiogenic cytokines such as VEGF, endothelial nitric oxide synthase (eNOS), inducible nitric oxide synthase (iNOS), insulin-like growth factor 1 (IGF-1), stromal-derived factor 1 (SDF-1), hepatocyte growth factor (HGF), and granulocyte colony-stimulating factor (G-CSF). The indirect contribution of EPCs to neovessel formation indicates that the cells can act as a source of proangiogenic cytokines to induce vascularization of tissue-engineered organoids in vitro (Deng et al., 2010; Wang et al., 2013). Our results showed that collagen and collagen-chitosan scaffolds support the growth and proliferation of EPC, and also allow the cells to express their physiological role to form vascular networks and contribute to angiogenesis.









Figure 3. Photomicrographs of EPC labeled with vital RED CMTPX cell tracker in the presence of collagen (b) and (c) collagen-chitosan scaffolds, shows that cells are viable compared with control cells (a). The levels of fluorescent demonstrate no significant differences between cells only and cells culture on collagen-based scaffolds. Nuclei were counterstained with DAPI (1mg/mL).





Figure 4. SEM photomicrographs of EPC cultured on collagen based-scaffolds. Collagen scaffolds seeded with EPC that attached and interacted with each other, forming network structures (a-c). EPC seeded on Collagen-chitosan scaffolds showed the ability to form complex networks, more tight and abundant (d-f). 

CONCLUSIONS

	Our results showed that collagen-based scaffolds appear to be ideally designed for vascular tissue engineering applications in terms of biocompatibility and properties to promote and support EPC growth and proliferation. From this morphological study, it appeared that EPCs were more adherent to collagen-chitosan scaffolds and formed tight networks compared with collagen scaffolds, rendering chitosan a suitable alternative for vascular tissue engineering.
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