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Abstract

The generation of functional microvascular networks is critical for the development of advanced 

in vitro models to replicate pathophysiological conditions. Mural cells provide structural support 

to blood vessels and secrete biomolecules contributing to vessel stability and functionality. We 

investigated the role played by two endothelium-related molecules, angiopoietin (Ang-1) and 

transforming growth factor (TGF-β1), on bone marrow-derived human mesenchymal stem cell 

(BM-hMSC) phenotypic transition toward a mural cell lineage, both in monoculture and in direct 

contact with human endothelial cells (ECs), within 3D fibrin gels in microfluidic devices. We 

demonstrated that the effect of these molecules is dependent on direct heterotypic cell-cell contact. 

Moreover, we found a significant increase in the amount of α-smooth muscle actin in 

microvascular networks with added VEGF and TGF-β1 or VEGF and Ang-1 compared to 

networks with added VEGF alone. However, the addition of TGF-β1 generated a non-

interconnected microvasculature, while Ang-1 promoted functional networks, confirmed by 

microsphere perfusion and permeability measurements. The presence of mural cell-like BM-

hMSCs coupled with the addition of Ang-1 increased the number of network branches and 

reduced mean vessel diameter compared to EC only vasculature. This system has promising 

1J.S.J. and S.B. equally contributed to the present work.
2M.M. and R.D.K. contributed equally.
†Electronic Supplementary Information (ESI) available. See DOI: 10.1039/b000000x/

NIH Public Access
Author Manuscript
Integr Biol (Camb). Author manuscript; available in PMC 2015 May 01.

Published in final edited form as:
Integr Biol (Camb). 2014 May ; 6(5): 555–563. doi:10.1039/c3ib40267c.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



applications in the development of advanced in vitro models to study complex biological 

phenomena involving functional and perfusable microvascular networks.

Introduction

A functional microvascular network is essential to deliver nutrients, oxygen and immune 

cells to tissues and organs.1 Endothelial cells (ECs) contribute to the maintenance of 

vascular integrity by developing tight and adherens junctions2 and express a broad spectrum 

of receptor molecules such as selectins, vascular cell adhesion molecules and intercellular 

adhesion molecules involved in multiple cell-cell interactions.3–4 However, the generation 

of a functional vasculature involves the recruitment of mural cells, and the development of 

organ-specific matrices and elastic laminae surrounding blood vessels.1, 5

There are numerous factors that are involved in vessel development and maturation. A 

variety of endothelium-specific molecules cooperate to promote the generation of 

microvascular networks, including five members of the vascular endothelial growth factor 

(VEGF) family, four molecules belonging to the angiopoietin group and one of the large 

ephrinfamily.6 Other non-endothelium specific growth factors are also required for blood 

vessel formation, such as proteins of the transforming growth factor (TGF-β) family.7 The 

newly formed microvessels are stabilized by recruited mural cells, i.e. pericytes, smooth 

muscle cells and fibroblasts, which contribute to the deposition of local extracellular matrix 

(ECM).1 ECs secrete specific proteins, such as platelet derived growth factor (PDGF-B), 

promoting mural cell recruitment,8 while mural cells secrete multiple factors including 

angiopoietin (Ang-1), which leads to lower vascular permeability by maximizing the 

interactions between ECs and surrounding support cells.9 Moreover, it is known that 

signalling involving sphingosine-1-phosphate-1 (S1P1) expressed by both ECs and mural 

cells represents a key pathway for mural cell recruitment.10–11 TGF-β1 is a multifunctional 

cytokine produced by mural cells and ECs which is involved in multiple processes, 

including ECM production and mesenchymal cell differentiation into mural cells, with both 

pro- and anti-angiogenic properties depending on concentration and local 

microenvironment.12–14

The generation of physiological-like microvascular systems is required for the development 

of both in vivo long-lasting blood vessels15–16 and advanced in vitro models able to better 

replicate multiple biological phenomena where the interaction between capillaries and 

organ-specific tissues is critical. Several 2D in vitro models were recently developed to 

investigate vascular network related phenomena, such as mesenchymal cell differentiation 

into smooth muscle cells upon co-culture with ECs17–18 or VEGF-induced vessel 

permeability.19 However, the importance of 3D in vitro models lies in the possibility to 

mimic physiological cell-cell and cell-matrix interactions within biological or synthetic 

matrices where cells show morphologies and differentiation abilities considerably different 

from those observed on 2D surfaces.20–24 3D microfluidic assays were performed to study 

angiogenesis25–30 and different methods were applied to replicate microvessel 

structure.31–35 Furthermore, other studies analysed the effect of endothelial secreted factors 

such as PDGF-B in the regulation of pericyte recruitment36 and the influence these 
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stabilizing cells provide in terms of endothelial basement membrane generation and 

expression of integrins that recognize the newly deposited matrix.37 Moreover, our group 

has recently developed an in vitro model to generate microvascular networks by 

vasculogenesis to study cancer metastases.38–39

The present study is focused on the generation of functional, perfusable 3D human 

microvascular network, co-culturing ECs and bone marrow-derived human mesenchymal 

stem cells (BM-hMSCs) within a microfluidic device by vasculogenesis-like process. The 

ability of stem cells to acquire a mural phenotype is critical in developing physiological 

microvessels. In this framework, we investigated the effect of Ang-1, a key molecule in 

vessel stabilization,7 whose role could be related to the recruitment of mesenchymal 

cells.40–42 Our model represents a significant step forward toward the generation of more 

physiological microvessels compared to endothelialized microchannels or micronetworks 

generated within 3D gels or spheroids suspended in standard multiwell plates.31, 35, 37 We 

demonstrate that the co-culture of ECs and BM-hMSCs leads to the generation of realistic 

human microvascular networks in which readily-available bone marrow multipotent cells 

show a phenotypic transition toward a mural cell lineage and co-localize with ECs. 

Particularly, we show the dual role of Ang-1 as vessel stabilizer and promoter of phenotypic 

transition toward mural cells. This system could potentially be used to develop advanced in 

vitro models to study and characterize complex biological phenomena such as intra- and 

extravasation of circulating tumor cells (CTCs) or immune cells,43 and better clarify 

pathophysiological shear stress conditions on in vivo-like capillaries.44–45

Experimental

Microfluidic system

A microfluidic device consisting of two lateral media channels and a central gel channel was 

adopted in the present work. Microfabrication details were previously reported for other 

systems developed by our group.46–47 Briefly, the microfluidic device was made of PDMS 

(poly-dimethyl-siloxane; Silgard 184, Dow-Chemical) through soft lithography techniques 

and SU-8 micropatterned silicon wafers. Inlet and outlet ports were bored by means of 

disposable biopsy punches and the PDMS structure was bonded to a glass coverslip after 60 

s oxygen plasma treatment to create 200 μm deep microchannels. Trapezoidal posts with an 

inter-post distance of 330 μm were employed to separate the 1,300 μm wide gel channel 

from the lateral media channels and promote an ideal gel filling. Microfluidic channels were 

coated with PDL (poly-D-lysine hydrobromide; 1 mg/ml; Sigma-Aldrich) solution to 

promote matrix adhesion. Next, a thrombin solution, obtained dissolving 20 μl thrombin 

(100 U/ml) within 500 μl cell culture medium, was used to resuspend cells and 10 μl aliquots 

were mixed with 10 μl fibrinogen solution (5.0 mg/ml) to generate a fibrin gel. A 10 μl 

pipette was used to fill the gel channel and microdevices were incubated within humid 

chambers for 10 min at room temperature to form the hydrogel. Following gelation, cell 

culture medium was added to the media channels and microfluidic devices were cultured for 

at least 7 days under static conditions with daily medium replacement.
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Cell culture

BM-hMSCs were harvested from patients undergoing hip arthroplasty and selected by 

plastic adherence according to a previously optimized protocol.48 Cells of passage 6 or 

lower were cultured in standard alpha-minimum essential medium (αMEM; 

Invitrogen)containing non-essential aminoacids, sodium pyruvate and L-glutamine, 

supplemented with 10% fetal bovine serum (FBS; Invitrogen), biological buffer and 

antibiotics. Red fluorescent protein (RFP)-transfected human umbilical vein endothelial 

cells (HUVECs) were commercially obtained (Angio-Proteomie) and cultured in endothelial 

growth medium (EGM-2MV; Lonza) with full supplements (EGM-2MV bullet kit; Lonza), 

which was considered as standard endothelial growth medium. All the experiments were 

conducted using HUVECs of passage 6. HUVECs were suspended at 12×106 cells/ml in 

standard endothelial growth medium+thrombin and mixed with BM-hMSCs (6×106 cells/ml 

suspension in BM-hMSC growth medium+thrombin). The obtained suspension was mixed 

with fibrinogen solution (1:1 ratio) and injected into the gel channel. After gelation, lateral 

media channels were filled with standard endothelial growth medium supplemented with 50 

ng/ml VEGF (Peprotech). The medium was replaced every 24 hours. All cultures were kept 

in a humidified incubator maintained at 37°C and 5% CO2. After day 1, selected 

microdevices were cultured with standard endothelial growth medium supplemented with 50 

ng/ml VEGF and 100 ng/ml Ang-1 (Peprotech) or 1 ng/ml TGF-β1 (Peprotech) to analyse 

the effect of these molecules on microvascular network generation and BM-hMSC 

phenotypic transition toward a mural cell lineage. In order to promote the generation of 

perfusable microvascular networks, HUVECs were seeded at day 2 within lateral media 

channels of the identified optimal configuration, introducing 40 μl cell suspension at 1×106 

cells/ml cell density. Non adhered cells were washed away flowing fresh medium after 1 h. 

A schematic representing the microfluidic device and the cell culture model is shown in Fig. 

1. Control experiments were performed seeding HUVECs without BM-hMSCs at the same 

cell density applied in co-culture assays and the vasculatures generated were analysed in the 

same manner. Furthermore, BM-hMSC phenotypic transition control experiments were 

conducted seeding mesenchymal stem cells alone at the same cell density set for co-cultures. 

The influence of the direct contact between ECs and BM-hMSCs was assessed seeding 

mesenchymal stem cells into the gel region and a HUVEC monolayer on the interface 

between gel and media channel.

Immunofluorescent staining

Samples were washed with phosphate buffered saline (PBS; Invitrogen) and fixed with 4% 

paraformaldehyde (PFA) for 15 min at room temperature. Next, cells were washed twice 

with PBS and incubated with 0.1% Triton-X 100 solution for 5 min at room temperature. 

After washing twice with PBS, cells were blocked with 5% bovine serum albumin (BSA) + 

3% goat serum solution for at least 3h at 4°C. Alpha-smooth muscle actin (α-SMA) was 

labeled with mouse monoclonal antibody (abcam7817) at 1:100 dilution, SM22α was 

labelled with rabbit polyclonal antibody (abcam14106) at 1:1000 dilution, vascular 

endothelial-cadherin (VE-cadherin) and laminin were labeled with rabbit polyclonal 

antibody (abcam33168 and abcam30320, respectively) at 1:100 dilution, zonula occludens-1 

(ZO-1) was labeled with mouse polyclonal antibody (Invitrogen; 339100) at 1:100 dilution, 

and NG2 was labelled with rabbit polyclonal antibody (abcam83178) at 1:200 dilution. 
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Fluorescently labeled secondary antibodies (Invitrogen) were used at 1:200 dilution. Cell 

nuclei were stained with 4′6-Diamidino-2-Phenylindole (DAPI;5 mg/ml; Invitrogen)at 1:500 

dilution while F-actin filaments were stained with AlexaFluor633 phalloidin (Invitrogen) at 

1:100 dilution. If not differently specified, all the images were captured using a confocal 

microscope (Olympus IX81) and processed with Imaris software (Bitplane Scientific 

Software).

Data analysis

Microvascular network morphology—Microvascular networks were analysed using 

Fiji software (http://fiji.sc/Fiji). The endothelial cell RFP signal was used to compute 

projected 2D areas of the network and the Fiji 2D skeletonize plugin was applied to 

determine number of branches, average branch length and total network length. Projected 

3D stacks representing each region of interest (ROI, 533x426 μm2) were pre-processed with 

Fiji software to enhance contrast (10%), filter noise (application of “despeckle” algorithm 

and “gaussian blur” filter) and convert the images to a binary format by applying the 

“triangle” threshold method.49 In addition, the Fiji 3D skeletonize plugin was used to further 

analyse the number of branches in the longest structure detected within each ROI, according 

to the abovementioned protocol. Moreover, 3D skeletonize data were noise filtered applying 

a 25 μm threshold value to remove image artefacts. The threshold value was calculated by 

averaging multiple measurements and comparing 3D confocal images to3D skeleton 

reconstructions.

Note that to the extent that vessels cross at different z-planes, this could lead to errors in 

estimating the number of branches and vessel segments. To quantify this effect, 2D and 3D 

skeletons were compared as described in the “Generation of microvascular networks” 

section.

Finally, average vessel diameter was quantified with Imaris software. The temporal 

evolution of the network was assessed through daily monitoring by phase-contrast and 

fluorescence microscopy (Nikon Eclipse Ti).

Quantification of BM-hMSC phenotypic transition—BM-hMSC phenotypic 

transition was quantified through the α-SMA signal in terms of percentage of active pixels, 

mean signal intensity and total signal intensity (normalized by the minimum value among 

the three conditions, i.e. VEGF, VEGF+Ang-1 and VEGF+TGF-β1) within each ROI. All 

intensity values were obtained after subtracting the background signal.

Microvascular network perfusion and permeability quantification—Vessel 

permeability was quantified according to a previously described method.50 Briefly, the 

medium in all reservoirs was aspirated and two reservoirs of the opposite media channels 

were injected with 40μl of fluorescent dextran (70kDa,green, Invitrogen) diluted with 

endothelial growth medium for a final concentration of 25 μg/ml. Concentrations were then 

determined by confocal imaging every 1 min for 5 min once equilibrium was established 

(i.e. constant intensity within the vessels, 5–10 min). Permeability was quantified by 

obtaining the average intensity at the initial and final time points considering a region of 

interest including both the vessel and the surrounding ECM. Permeability was computed 
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from vessel segments in the central region of the gel channel to avoid border effects 

according to the following formula:50

where Ii, If and Ib represent the initial, final and background average intensities, respectively, 

Δt is the time interval between two captured images and d is the average diameter of the 

vessel.

Finally, 40 μl of medium containing 10 μm diameter fluorescent microspheres were 

introduced within a single reservoir (medium was aspirated from the other reservoirs) of a 

live sample to demonstrate the presence of a perfusable microvascular network connecting 

lateral media channels.

Statistics

Microvascular network and differentiation data are averages of measurements of 6(min) to 

9(max) regions from 3 independent devices. Results are shown as mean ± standard error of 

the mean (SEM). The comparisons between groups were assessed using unpaired Student’s 

t-test. Statistical significance was assumed for p<0.05. All tests were performed with 

SigmaPlot12.

Results and discussion

BM-hMSCs phenotypic transition toward mural cells

The ability of BM-hMSCs to get a transition toward mural cells was increased in the 

presence of HUVECs (Fig. 2). Phenotypic transition was visualized by staining with mural 

cell marker, α-SMA (Fig. 2A–C, green). Addition of Ang-1 or TGF-β1 to VEGF rich 

standard endothelial growth medium further increased phenotypic transition, as quantified 

by both percentage area covered and signal intensity of α-SMA marker. α-SMA+ BM-

hMSCs covered 4.63 ± 0.77% of the entire area imaged on devices supplemented with 

VEGF only while devices with added VEGF + Ang-1and VEGF + TGF-β1 showed 

significantly higher values: 14.2± 1.52% and14.3 ± 1.13%, respectively (Fig. 2D). The mean 

intensity of α-SMA marker was 2.11 ± 0.32 fold higher with VEGF + Ang-1 devices and 

2.36 ± 0.32 fold higher with VEGF + TGF-β1 than VEGF only devices (Fig. 2E). The total 

sum of α-SMA signal was 4.72 ± 0.99 fold higher with VEGF+Ang-1 whereas VEGF + 

TGF-β1 devices showed values5.06 ± 0.79 fold higher when normalized to VEGF only 

devices (Fig. 2F).

α-SMA + BM-hMSCs co-localized with HUVECs and wrapped around the newly formed 

microvascular network (Fig. 3A, α-SMA labelled in green). Culturing BM-hMSCs in VEGF 

supplemented standard endothelial growth medium did not induce phenotypic transition nor 

did the addition of VEGF + Ang-1 or VEGF + TGF-β1 without HUVECs (Fig. 3B–D, α-

SMA labelled in green, F-actin stained with phalloidin, yellow). The generation of HUVEC 

monolayers on the interface between gel and media channel showed that only those BM-
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hMSCs that reached ECs were α-SMA+ (Fig. 3E, α-SMA labelled in green; F-actin stained 

with phalloidin, yellow), thus demonstrating that direct contact is required to induce a 

phenotypic transition toward a mural cell lineage.

Several studies investigated mesenchymal cell differentiation, testing the necessity for direct 

contact with endothelial cells,51 the effect of mechanical stress52 and the addition of 

different molecules, including TGF-β153 and sphingosylphosphorylcholine (SPC).54 

However, these previous studies were not conducted in a 3D microenvironment, which plays 

a critical role.22

In our study we examined the influence of direct EC contact and the effect of additive 

molecules, i.e. Ang-1 and TGF-β1, on BM-hMSC phenotypic transition in a more 

physiological-like 3D microenvironment compared to previously reported 2D assays.17–18 

Although the role of Ang-1 in vessel stabilization is well known,6 only a few studies 

investigated its effect on smooth muscle-like cell recruitment. However, they did not analyse 

the role of Ang-1 on mesenchymal stem cell phenotypic transition toward a mural 

lineage.40–42 In this framework, we have shown addition of Ang-1 (100 ng/ml) not only 

recruits but also induces BM-hMSC phenotypic transition toward mural cells when mediated 

by EC co-culture. Furthermore, our results show that the addition of TGF-β1 (1 ng/ml) in the 

absence of ECs does not exert a significant influence on BM-hMSC commitment toward a 

mural cell lineage, in agreement with results shown by Au and coauthors,15 which used even 

higher concentrations (10 ng/ml). However, other studies highlighted the effect of this 

molecule on the expression of mural cell markers,12, 55 thus the role of this multifunctional 

cytokine is not entirely clear and could promote different responses in different conditions 

(e.g. concentrations, cell type, cell microenvironment).1 Addition of TGF-β1 exerted a 

strong influence on BM-hMSC phenotypic transition only when BM-hMSCs were in direct 

contact with ECs, emphasizing the need for close interaction with ECs.

Generation of microvascular networks

As we found that HUVECs had crucial role in BM-hMSCs phenotypic transition toward 

mural cells, we investigated, in reverse, the role of α-SMA+ BM-hMSCs in the 

vasculogenesis-like process. Formation of microvascular networks was monitored over time 

during 6 days of culture in microfluidic system (Fig. 4). HUVECs and BM-hMSCs were 

uniformly distributed in fibrin gel at the time of gel filling (12×106 cells/ml and 6×106 

cells/ml, respectively), and remained mixed. RFP-transfected HUVECs enabled to 

distinguish between the two cell types throughout the culture and to monitor the 

vasculogenesis-like process. HUVECs did not generate cell sheets when suspended in gel, 

and connected to each other to form pieces of vessel structures and gradually formed 

anastomoses of vessels so that most microvasculature was composed by either one or two 

continuous microvascular networks by day 6 of culture. The presence of BM-hMSCs did not 

result in gel contraction problems.

The effect of mural cell-like BM-hMSCs on vasculogenesis-like processes was investigated 

by first comparing the networks generated with and without BM-hMSCs in standard 

endothelial growth medium supplemented with 50 ng/mlVEGF. Networks formed with BM-

hMSCs under VEGF only, VEGF+Ang-1, and VEGF+TGF-β1 conditions were compared as 
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done in BM-hMSC phenotypic transition experiments, since each condition gave rise to a 

different degree of transition. Clear differences were observed in the morphology of vascular 

networks for different conditions (Fig. 5A–D). HUVEC only devices exhibited 

interconnected and perfusable microvessels that had the largest diameter, whereas all 

networks generated in presence of BM-hMSCs retained smaller vessel diameters, while still 

forming a network. Differences in the size of the microvascular networks were quantified by 

measuring the percent area that HUVECs occupied. This value varied from 51.9 ± 1.1%for 

HUVEC only to 37.1 ± 0.97% for HUVECs with BM-hMSCs in VEGF only, and 35.5 ± 

0.81% and 26.1 ± 0.72% for VEGF+Ang-1 and VEGF+TGF-β1 (Fig. 5E). Average vessel 

diameters were also measured (Fig. 5F): networks formed by HUVEC only had an average 

diameter (84.2 ± 2.7 μm) that was more than two fold larger than the networks that were co-

cultured with BM-hMSCs, regardless of added factors (40.8 ± 1.5 μm VEGF only; 36.2 ± 

1.6 μm VEGF+Ang-1; 21.5 ± 0.68 μm VEGF+TGF-β1). This is possibly due to the presence 

of BM-hMSCs in the gel which restricted the 3D volume that HUVECs could occupy, 

therefore limiting vessel size and network area and mimicking a more physiological 

microvasculature.1, 15 Interestingly, VEGF+Ang-1 and VEGF+TGF-β1 supplemented 

systems showed significantly smaller diameters compared to VEGF devices but the area 

covered with the addition of VEGF+TGF-β1 was statistically lower compared to the other 

HUVEC+BM-hMSC conditions.

We further compared networks by quantifying them using different metrics. The HUVEC 

only condition had 93.8 ± 9.4 branches, while HUVEC+BM-hMSC microfluidic devices 

resulted in nearly a 1.5 fold increase (142.2 ± 5.9) with VEGF, 122.0±4.6 branches with 

VEGF+Ang-1 and 112.2 ± 9.1 branches with VEGF+TGF-β1 (Fig. 5G). When we used 

the3D skeletonize plugin we obtained on average a 7.7% increase in the number of branches 

compared to the 2D flat projection method. This difference was due both to the presence of 

small vessel protrusions, which were not detected with the 2D plugin, and the increased 

impact of background noise in 3D imaging, the effect of which was attenuated by applying 

the 2D protocol. However, the general trends resulting in a decrease of the number of 

branches comparing VEGF, VEGF+Ang-1 and VEGF+TGF-β1conditions were confirmed 

(Fig. S4). The length of all branches was also measured, resulting in an average branch 

length of 114.3 ± 7.9 μm for HUVEC only and lower values for co-culture conditions, with 

91.6± 1.8 μm for VEGF, 92.5 ± 1.9 μm for VEGF+Ang-1 and 75.1 ± 4.8 μm for VEGF

+TGF-β1 (Fig. 5H), accrued in a total length of 10.13 ± 0.39 mm, 12.86 ± 0.35 mm, 11.26 ± 

0.28 mm, and 8.28 ± 0.60 mm for HUVEC only and co-cultured with BM-hMSC in VEGF 

only, VEGF+Ang-1 and VEGF+TGF-β1, respectively (Fig. 5I).

While the addition of TGF-β1 during culture enhanced BM-hMSCs phenotypic transition 

toward a mural cell lineage, there seemed no advantage in terms of generating a 

microvascular network. Systems with added TGF-β1 generally resulted in fragmented 

networks with unconnected vessel segments throughout the duration of the experiment (Fig. 

5D), showing that the presence of α-SMA+ BM-hMSC does not necessarily lead to the 

generation of a well-formed, perfusable vasculature. However, as previously reported,13 

TGF-β1 was shown to behave as a pro- or anti-angiogenic molecule depending on 

concentration and microenvironment. Moreover, it was demonstrated to be a positive 

regulator of endothelial cell migration and proliferation or vessel maturation.56 Based on 
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these observations and according to our results, we hypothesize TGF-β1 played a critical and 

negative role on the generation of the microvascular network, compromising any potential 

stabilizing effect of αSMA+ BM-hMSCs.

The addition of VEGF+Ang-1 in co-culture promoted the generation of microvascular 

networks characterized by total lengths comparable to HUVEC monoculture while VEGF 

conditioned co-cultures attained even greater total lengths. However, the sub-structure of the 

network showed more branches and reduced average branch lengths for VEGF+Ang-1 and 

VEGF only co-culture conditions, compared to HUVEC only. This seems to be related to 

the formation of cell aggregates resembling small islands connected by microvessels with a 

reduced number of sprouts in the HUVEC only condition, which contributes to the 

generation of a less organized and less physiological structure.57 Furthermore, we found 

significant differences comparing some network parameters, including average vessel 

diameter and number of branches within VEGF and VEGF+Ang-1 conditions. We speculate 

the reduced number of branches within VEGF+Ang-1 devices could be due to the stabilizing 

role of Ang-1,58 while the presence of BM-hMSCs with a differentiation toward a mural cell 

lineage could promote lower diameters, as previously showed with pericytes by Stratman 

and colleagues36. However, we would also like to highlight data reported by Richardson and 

co-authors, who did not correlate the presence of α-SMA+ cells with vessel cross-sectional 

area59.

Interestingly, VEGF+Ang-1 added systems not only promoted formation of microvascular 

networks with small vessel diameters, but also strongly induced phenotypic transition of 

BM-hMSCs toward mural cells, at a level comparable to the VEGF+TGF-β1 condition. For 

these reasons the addition of VEGF+Ang-1 was considered the optimal condition, leading to 

interconnected microvessels surrounded by α-SMA+ BM-hMSCs (Fig. S3). However, this 

condition alone did not allow perfusion, because while vessel network had formed inside the 

fibrin gel, there were no openings into the media channels. To compensate, EC monolayers 

were grown within the lateral channels to create anastomoses with the fibrin gel embedded 

network; this eventually allowed for perfusion of 10μm diameter fluorescent microbeads 

into the vascular network (Movie S1). Upon encountering an opening of the network in the 

gel, microbeads flowed from the media channel into the vessel, travelled through the 

vascular network and exited from the other side of the gel into the opposite media channel. 

These experiments confirmed that even the narrowest network generated with VEGF+Ang-1 

was continuous and perfusable. Perfusion of the microvascular network with 70 kDa dextran 

(Fig. S5) confirmed the presence of lumens and showed a diffusive permeability of 

6.7×10−7± 2.74×10−7 cm/s at day 6 after seeding (n=5 within 2 independent devices). Our 

values are in the range of other previously reported in vitro data31, 35, 60–61 but closer to in 

vivo venular vessel permeability.62

Finally, the optimized VEGF+Ang-1 added model was characterized through 

immunofluorescence assays to demonstrate the presence of a functional microvasculature. 

Endothelial adherens and tight junctions were stained with anti-VE-cadherin antibody and 

anti-ZO-1 antibody, respectively, showing that the initially dispersed single cell mixture of 

HUVECs elongated and migrated to form microvessels in which endothelial cells are tightly 

adhered(Fig. 5J and L and Movie S2).Furthermore, functionality of the microvessels was 
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confirmed by staining for laminin (Fig. 5K), which represents one of the major ECM protein 

secreted by vasculature.63 The presence of laminin, surrounding the entire network, is a 

clear indication of a functional microvasculature.

To reach a complex level of organization, microvascular networks should mature both at the 

vessel wall and at the network level. Maturation of the vessels includes the recruitment of 

mural cells and the development of surrounding matrix, while maturation of the network 

involves an optimal patterning through branching and pruning.1 Although our data on 

average vessel diameters do not show the existence of a hierarchical organization 

characterized by different vessel sizes, the presence of vascular endothelial adherens and 

tight junctions (Fig. 5J and L), BM-hMSC phenotypic transition toward a mural cell lineage 

confirmed by positive SM22α and NG-2 stainings (Fig. 3A, S2A and S2B), laminin 

deposition (Fig. 5K) and vessel permeability measurements close to in vivo values suggest a 

maturing microvascular network, at least at the vessel wall level. Particularly, NG-2+ cells 

represent a clear indication of a specific phenotypic transition toward pericytic cells.

Overall these results demonstrate the ability to generate perfusable microvascular networks 

combining ECs and BM-hMSC phenotypically transitioning toward a mural cell lineage, 

overcoming limitations of previously reported models such as the lack of connections 

between microvessels and perfusion channels in the presence of supportive cells (e.g. 

fibroblasts)60 or the sparse association of pericytes with ECs within templated 

vasculatures.35 Particularly, the absence of high density fibroblast-containing regions within 

the microfluidic device might enhance the use of this model to study complex biological 

phenomena within vascularized systems with greater control over the activation of specific 

signalling pathways.

Conclusions

We developed 3D functional, perfusable microvascular networks composed of human ECs 

and BM-hMSCs phenotypically transitioning toward mural cells by vasculogenesis-like 

approach. The role of several critical factors, i.e. Ang-1 and TGF-β1, in BM-hMSC 

transition toward a mural cell lineage was investigated, showing their effect is influenced by 

co-culture with ECs. TGF-β1 was found to exert a significant effect on BM-hMSC 

phenotypic transition, but its presence does not allow the generation of functional 

microvascular networks. On the other hand, Ang-1 supplemented systems formed 

interconnected and perfusable microvessels, surrounded by α-SMA+ BM-hMSCs and a 

laminin rich ECM. This approach can be used to develop advanced in vitro models where 

the interactions between a functional vasculature characterized by mature vessel walls and 

tissue parenchyma is critical to mimic pathophysiological processes (intra- and extravasation 

processes involving leukocytes and cancer cells) and test diffusion and effects of 

therapeutics in complex microenvironments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic of the microfluidic system. Microfluidic device composed of two lateral media 

channels and one interposed 1,300 μm wide gel channel embedding HUVECs and BM-

hMSCs in a 2:1 ratio (A). A vasculogenesis-like approach allows the generation of 

functional, perfusable microvascular networks with ECs (red) surrounded by BM-hMSCs 

(green) characteristics of a mural cell lineage in a fibrin matrix (B).
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Fig. 2. 
BM-hMSCs phenotypic transition in presence of HUVECs. When co-cultured with 

HUVECs, BM-hMSCs undergo a transition toward mural cells. Phenotypic transition can be 

visualized by staining with mural cell marker, α-smooth muscle actin (green). Cell nuclei 

were stained with DAPI (blue) (A–C). Addition of Ang-1 or TGF-β1 in VEGF 

supplemented standard endothelial growth medium induces even more phenotypic 

transition, as quantified by both percent area covered and αSMA intensity (D–F). Scale bars 

represent 100 μm.
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Fig. 3. 
Co-localization of HUVECs and BM-hMSCs enabled BM-hMSCs phenotypic transition 

toward mural cells. Most of α-SMA+ BM-hMSCs (green) co-localized with vasculature 

formed by RFP-transfected HUVECs (red) in fibrin gel (A). Culturing BM-hMSCs in VEGF 

supplemented standard endothelial growth medium did not induce phenotypic transition, nor 

did addition of VEGF+Ang-1 or VEGF+TGF-β1 without HUVECs (α-SMA green, F-actin 

stained with phalloidin, yellow) (B–D). When HUVECs (red) were cultured within a lateral 

media channel and BM-hMSCs in the fibrin gel, only those BM-hMSCs that reached the 

HUVEC monolayer showed signs of phenotypic transition (α-SMA, green; F-actin, yellow) 

(E). Cell nuclei were stained with DAPI (blue). Scale bars =100 μm.
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Fig. 4. 
Formation of microvascular networks by vasculogenic-like process. HUVECs as well as 

BM-hMSCs are uniformly distributed within the gel at the time of gel filling and remain 

mixed by day 1 (RFP-HUVECs, red). HUVECs gradually interconnect to form a mostly 

continuous microvascular network by day 6 of culture. Scale bars =100μm.
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Fig. 5. 
Generation of microvascular networks in the presence of BM-hMSC and different 

biomolecules. Initially uniformly dispersed HUVECs form perfusable networks by 

vasculogenesis-like process in VEGF supplemented standard endothelial growth medium 

with and without BM-hMSCs or with VEGF+Ang-1 and BM-hMSCs (A–D). Microvascular 

networks under various conditions are quantified E–I). Functionality of microvessel sare 

confirmed by staining with VE-cadherin (J, green) for adherens junctions, laminin (K, 

green) for matrix secretion, and ZO-1 (L, green)for tight junctions. Cell nuclei were stained 

with DAPI (blue). Scale bars = 200μm, unless noted.
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