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Abstract

Microvascular endothelial cells (MVEC) are a preferred cell source for autologous 

revascularization strategies, since they can be harvested and propagated from small tissue biopsies. 

Biomaterials-based strategies for therapeutic delivery of cells are aimed at tailoring the cellular 

microenvironment to enhance the delivery, engraftment, and tissue-specific function of 

transplanted cells. In the present study, we investigated a modular tissue engineering approach to 

therapeutic revascularization using fibrin-based microtissues containing embedded human MVEC 

and human fibroblasts (FB). Microtissues were formed using a water-in-oil emulsion process that 

produced populations of spheroidal tissue modules with a diameter of 100–200 µm. The formation 

of MVEC sprouts within a fibrin matrix over 7 days in culture was dependent on the presence of 

FB, with the most robust sprouting occurring at a 1:3 MVEC:FB ratio. Cell viability in 

microtissues was high (>90%) and significant FB cell proliferation was observed over time in 

culture. Robust sprouting from microtissues was evident, with larger vessels developing over time 

and FB acting as pericyte-like cells by enveloping endothelial tubes. These neovessels were shown 

to form an interconnected vascular plexus over 14 days of culture when microtissues were 

embedded in a surrounding fibrin hydrogel. Vessel networks exhibited branching and inosculation 

of sprouts from adjacent microtissues, resulting in MVEC-lined capillaries with hollow lumens. 

Microtissues maintained in suspension culture aggregated to form larger tissue masses (1–2 mm in 

diameter) over 7 days. Vessels formed within microtissue aggregates at a 1:1 MVEC:FB ratio were 

small and diffuse, whereas the 1:3 MVEC:FB ratio produced large and highly interconnected 

vessels by day 14. This study highlights the utility of human MVEC as a cell source for 

revascularization strategies, and suggests that the ratio of endothelial to support cells can be used 

to tailor vessel characteristics. The modular microtissue format may allow minimally invasive 

delivery of populations of prevascularized microtissues for therapeutic applications.
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Introduction

Tissues and organs in the body are permeated by a branched microvasculature that is spaced 

to provide efficient mass transfer1. These vascular networks mediate metabolism, immune 

response, homeostasis, regeneration and many other vital functions in tissues. When the 

vascular bed is damaged or non-functional, tissue function is compromised and pathological 

sequelae can result. In critical limb ischemia, severe obstruction of the vascular supply to the 

extremities can result in pain, ulcers, and eventual gangrene. A functioning vascular bed is 

also important when creating larger engineered tissues and organs, to support the metabolic 

load of the tissue-specific cells. Vascularization through incorporation of isolated vascular 

cells or a preformed vascular infrastructure can promote neovascularization and functional 

anastomoses2–4 in both native and engineered tissues. However, there is a need to develop 

strategies for rapid revascularization of ischemic tissues and to enhance the vascular 

engraftment of engineered tissues.

Delivery of cells in defined biomaterial microenvironments has the potential to enhance 

survival, engraftment, and function of transplanted cells. As depicted in Figure 1, modular 

tissue engineering is a biomaterials-based strategy to create thick tissues through bottom-up 

assembly of microscale modules comprised of cells, biomaterials, and biochemical 

supplements5. In addition to facilitating minimally invasive delivery of cells and matrix, the 

modular approach helps to preserve cell functionality and mimics the tissue architecture, 

providing control over the spatial distribution of the cellular components and high mass 

transfer rates. Modular strategies have been developed to generate specific tissues6–10 and 

complex organs11, as well as to address the challenge of vascularization12–15.

An appropriate cell source is a key consideration in engineered revascularization strategies. 

Angiogenesis (new vessels sprouting from a pre-existing vessel)16–17, and vasculogenesis 

(de novo formation of vessels from endothelial progenitor cells)18 are the two principle 

processes by which new blood vessels are formed. To facilitate these processes, endothelial 

cells (EC) rely on the degradative action of a range of secreted and membrane-bound matrix 

metalloproteinases (MMPs) to allow them to move through the extracellular matrix 

(ECM)19–20. Pericytes have been shown to be important in this process, and particularly in 

vessel stabilization and maturation21–22. Other cells including fibroblasts14, mesenchymal 

stem cells23, and smooth muscle cells24 have also been used to replicate the function of 
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pericytes in vascularization strategies, though their exact mechanisms of action are still not 

well understood.

The choice of endothelial cell source is of particular importance because of their critical role 

in guiding and forming new blood vessels. These cells are highly immunogenic and 

therefore autologous sources offer the most promise in therapeutic applications. Human 

umbilical vein endothelial cells (HUVEC) have been used widely as a model system in vitro, 

due to their ready availability and demonstrated ability to form neovasculature. However, 

there is evidence that these macrovascular cells may differ from microvascular endothelial 

cells (MVEC) in terms of cytoskeletal and secreted proteins19–21. Furthermore, it has been 

suggested that there may be phenotypic differences between arterial and venous endothelial 

cells25–27, and that MVEC express specific tight junction proteins required to regulate 

capillary permeability26. Importantly, MVEC can be safely be harvested from a small skin or 

other biopsy28–30, though they require expansion to obtain clinically relevant numbers. They 

therefore present a potential autologous source of cells with a microvascular phenotype 

conducive to creating stable and selectively permeable vessels.

Biomaterial-mediated cell delivery has the advantage that the cellular environment can be 

tailored to promote desired cell functions, as well the engraftment and survival of 

transplanted cells. A variety of natural and synthetic polymers have been used for this 

purpose (reviewed by Nair, et al.31) and the clotting protein fibrin has found particular utility 

in supporting angiogenesis and vasculogenesis14, 32. Polymerized fibrin and its precursor 

fibrinogen play important and overlapping roles in blood clotting, cell adhesion and 

migration (reviewed elsewhere33–34), tissue morphogenesis, and wound healing35. 

Fibrinogen can be harvested from a patient’s own blood, providing an abundant source while 

avoiding immune complications 36. Fibrin has been widely investigated as a matrix in 

creating vascularized engineered tissue constructs, including for bone7, 37–40, cartilage41–43, 

adipose tissue44–46, liver47, pancreas48, skin49–50, muscle51, and cardiovascular tissues52–55. 

In addition, the porosity, mechanical properties 56–57, and degradation rate 58–59 of fibrin can 

be controlled in a variety of ways. These features make fibrin an attractive extracellular 

matrix for the delivery of therapeutic vascularizing cells.

In the present study we fabricated and characterized discrete microtissues composed of 

MVEC and fibroblasts (FB) co-embedded in a fibrin matrix. A water-in-oil emulsification 

technique was used to create these vascular tissue modules, which could be collected and 

cultured as a population. The influence of culture medium volume and cell ratio 

(MVEC:FB) on endothelial sprouting from microtissues was investigated by quantifying cell 

viability, proliferation, as well as neovessel characteristics. Network formation through the 

inosculation of vessels between adjacent microtissues was also assessed. The purpose of this 

study was to investigate the utility of MVEC in creating vascular segments within 

microtissues, and to thereby demonstrate MVEC as a potential autologous cell source in 

modular tissue engineering. Our long term goal is to deliver autologous vascular 

microtissues in a minimally invasive manner for the therapeutic revascularization of 

ischemic tissues.
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Material and Methods

2.1 Biopolymers and Cell culture

Fibrinogen (Fg) from bovine plasma (Sigma, St. Louis, MO) with a molecular weight of 340 

kDa and ≥75 % clottable protein was used for our studies. Fg stock solution of 4.0 mg/ml 

(0.4 wt%) clottable proteins was made by dissolving lyophilized fibrinogen in serum free 

culture media at 37°C. Completely dissolved Fg solution was then sterile filtered using 0.22 

µm low-protein-binding polyethersulfone (PES) membrane filters (Millex, Billerica, MA) 

and used for casting bulk gels and microtissues. Thrombin from bovine plasma (Sigma) with 

a stock concentration of 50 U/mL was used to make fibrin hydrogels.

Human neonatal foreskin microvascular endothelial cells (MVEC) and normal human lung 

fibroblasts (FB, passage 9–12) were obtained from a commercial vendor (Lonza Inc., 

Walkersville, MD). MVEC were expanded using EGM-2MV media supplemented with 

growth factors (BulletKit, Lonza) and FB were expanded using M199 media (Gibco Life 

Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS, Gibco) and 

penicillin (50 U/mL)/streptomycin sulfate (50 µg/100mL, Gibco). MVEC from passage 2–5 

and FB from passage 9–12 were maintained at 37°C in standard cell culture incubators and 

the medium was replenished every two days. For MVEC-FB co-cultures, only MVEC 

growth media was supplied. For suspension cultures, discrete microtissues were suspended 

in 1.0 mL of MVEC growth media and maintained in 15 mL vented polypropylene bio-

reaction tubes (Celltreat, Shirley, MA).

2.2 Bulk gel and microtissue fabrication

Cells were suspended in fibrin hydrogel solution at a total density of 2.0×106 cells/mL and 

made into discrete microtissues (~200 µm in diameter) using a water-in-oil emulsification 

procedure shown schematically in Figure 2 and described previously13. To make 1.0 mL of 

cellular fibrin suspension, the following components were added to a cell pellet: 255 µL of 

serum free culture media, 625 µL Fg stock solution (2.5 mg/mL final), 100 µL of FBS (10 

vol% final), and 20 µL of 50 U/mL thrombin (1 U/mL final. The well-mixed liquid cell-

matrix suspension was then injected quickly into 75 mL of stirred polydimethylsiloxane 

(PDMS, PMX-200, 100 cS; Xiameter Dow Corning, Midland, MI) kept in ice. 

Emulsification was carried out at an impeller speed of 600 rpm for 5 min on ice. The 

temperature of the PDMS bath was then raised to 37°C to facilitate gelation of the protein 

matrix. The resulting microtissues consisted of cells encapsulated in gelled fibrin droplets, 

which were separated from the oil phase by adding 10 ml of 10 mM PBS containing 

surfactant (0.1% L101, BASF, Florham Park, NJ), followed by mixing and centrifugation at 

200 × g for 5 min. Microtissues were washed twice and maintained under standard culture 

conditions for further experiments. Bulk hydrogel constructs served as controls. To prepare 

control bulk hydrogel constructs, 0.5 mL of the cell-matrix suspension with the same 

composition as described above was poured into the wells of a 24-well plate and allowed to 

gel at 37°C for 30–45 min. Complete MVEC growth media was then added on top of the gel 

and maintained under normal culture conditions. For sprouting and proliferation assays, 

discrete fibrin microtissues were embedded in a larger acellular fibrin gel (0.5 ml for each 

well of 24-well plate) with the same composition as described above.
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2.3 Cell viability and proliferation

To determine the viability of cells after encapsulation in microtissues and control bulk gels, 

Live/Dead® Viability/Cytotoxicity Kit (Molecular Probes, Life Technologies, Grand Island, 

NY) was used. DAPI (Molecular Probes).was used as a nuclear counter-stain. Samples were 

collected and washed in 10 mM PBS and incubated in staining solution with a final 

concentration of 1 µM Calcein-AM, 2 µM ethidium homodimer and 2 ng/mL DAPI at 37°C 

for 45 min. After two washes in 10 mM PBS, samples were resuspended in fresh PBS and 

imaged with an inverted fluorescence microscope (Nikon) using appropriate filter sets 

(Excitation/Emission 488/520 for calcein-AM, 528/617 for ethidium homodimer and 

350/470 for DAPI).

Cell proliferation was determined by quantifying total DNA in samples using a 

commercially available double stranded-DNA assay kit (Quanti-iT™ PicoGreen, Invitrogen, 

Life Technologies, Grand Island, NY). To isolate the total DNA from samples, fibrin gels 

containing microtissues were suspended in ice-cold 10 mM Tris-HCL/0.4 M guanidine 

hydrochloride solution (pH-7.5) and homogenized using a probe sonifier (Branson 

Ultrasonics, Danbury, CT) for 20 s, with a 10 s interval to avoid heat denaturation. The 

digested samples were then centrifuged at 104 × g for 10 min and the supernatant containing 

the DNA was aspirated and then diluted with water to reduce guanidine-HCl interference 

with the DNA assay. DNA content was determined using the PicoGreen® DNA assay kit 

(Invitrogen). Calf thymus DNA standards (Invitrogen) were used to generate standard 

curves.

2.4 Confocal imaging and analysis of endothelial sprouts

Confocal images of bulk gels, discrete microtissues, and gel-embedded microtissues were 

captured using a Nikon A1 confocal laser microscope. All the acquired optical sections were 

processed using Fiji (Image J) software (National Institutes of Health). For sprouting 

analysis in bulk gels, the number of sprouts and the average length of the sprouts per unit 

area were measured using a protocol similar to previous studies 56, 60–62. Samples were 

collected in triplicates at specific time intervals and fixed using a buffered alcoholic formalin 

solution (Z-Fix, Anatech Ltd, Battle Creek, MI). After washing twice in PBS, the sprouts 

were stained with the endothelial cell-specific marker Ulex Europaeus Agglutinin I (UEA-I, 

Vector Laboratories, Burlingame, CA). DAPI (Molecular Probes) was used as nuclear 

counter-stain. Samples were washed twice in 10 mM PBS and then incubated in staining 

solution with a final concentration of 1% BSA (non-specific blocker), 10 µg/ml rhodamine-

labeled UEA-I and 2 ng/mL DAPI for 45 min at 4°C. After rinsing twice in 10 mM PBS, 

samples were resuspended in fresh PBS and z-stacked images were captured. Elongated 

tubular structures, positive for UEA-1 and >100 µm in length were considered sprouts and 

quantified for comparison between conditions.

For sprouting analysis of the embedded cultures, discrete fibrin microtissues were embedded 

in a larger acellular fibrin gel. Prior to embedding, microtissues were labelled by incubating 

them in a FITC-conjugated fibrinogen solution (9 µg/mL in PBS, Life Technologies) at 37°C 

for 45 min. The labelled fibrinogen allowed distinction between the microtissues and 

surrounding acellular matrix. After gelation, culture media was added on top of the bulk gels 
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and maintained under normal culture conditions. Samples were collected in triplicates at 

specified time intervals and fixed using a buffered alcoholic formalin solution (Z-Fix). After 

fixation, the sprouts were stained using UEA-1 and DAPI as describe above. After rinsing 

twice in 10 mM PBS, samples were resuspended in fresh PBS and images were captured 

using a confocal microscope (Nikon A1) with appropriate lasers (Excitation/Emission 

488/520 for FITC-AM, 528/617 for UEA-1 and 350/470 for DAPI). Confocal stacks of the 

microtissues (1024px – 1.275 mm2) with sprouts were merged (Z project), and the total 

vessel area and the average diameter of the sprouts were measured using a protocol similar 

to previous studies 56, 60–62. For vessel diameter measurements, the region of interest (ROI) 

was restricted to a 1 mm diameter circular area with the microtissues as its center. Binary 

threshold maps of the images were used to measure area of the vessel regions.

2.5 GFP-transduction

For confocal microscopy and flow analysis, FB were stably transduced with a lentiviral 

vector expressing GFP (sc-108084, Santa Cruz, Dallas, Texas) designed to self-inactivate 

after transduction and integration of copGP constructs into the genomic DNA of target cells. 

The cells to be transduced were seeded into six-well plates at a density of 1000 cells/cm2 

and cultured overnight. The following day, viral particles were added to the cells at a MOI of 

4.0 and incubated at 37°C. A complete media change was done after 24 hours and stably 

transfected cells were then selected using 6.0 µg/mL puromycin treatment. Highly 

fluorescent cells were then sorted out using a MoFlo Astrios EQ (Beckman Coulter) 

instrument, and were subsequently used for further experiments.

2.6 Flow cytometry

Samples were collected at day 0, 7 and 14, washed twice in PBS and digested in 1 mL of 1.0 

mg/mL collagenase (MP Biomedical, Santa Ana, CA) in Ca2+/Mg2+ free HBSS solution at 

37°C in a humidified chamber for 60 min to obtain a single cell suspension. For flow 

analysis, GFP-transduced FB were used. MVEC were labelled with the endothelial cell-

specific marker UEA-I conjugated to rhodamine (Vector Laboratories) and dead cells were 

excluded using 2 ng/mL DAPI (Molecular probes). All cell labelling was done in the dark on 

ice in cold FACS buffer (PBS, 7% FBS, 0.1% NaN3 sodium azide (sigma)). The samples 

were then washed twice in PBS, filtered through 80 µm nylon mesh and analyzed in a 

Coulter Cyan #5 analyzer (Beckman Coulter, Miami, FL). Data were exported as FCS files 

and analyzed using Summit 4.3 (Beckman Coulter, Inc. Fullerton, CA). Pure populations of 

GFP transduced FB and MVEC were used as positive control.

2.7 Histology and immunohistochemistry

Microtissue samples were collected at day 7 and day 14 and fixed overnight using a buffered 

alcoholic formalin solution (Z-Fix, Anatech). The samples were then infiltrated with paraffin 

using an automated tissue processor (TP1020, Leica Biosystems, Buffalo Grove, IL), 

embedded in paraffin blocks and cut into 5 µm sections using a rotary microtome. 

Deparaffinized and hydrated sections were stained with hematoxylin and eosin (H&E) and 

mounted using toluene. For immunohistochemistry (IHC), an antibody against endothelial 

surface marker CD31/PECAM-1 (polyclonal IgG, Santa Cruz) was used at 1:50 dilution. 

Sections were treated with Proteinase K (Digest-All™, Life Technologies) for 10 min to 
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retrieve antigens and blocked with SuperBlock (Life Technologies) to prevent non-specific 

antibody binding, and with Peroxidase Suppressor (Life Technologies) to quench 

endogenous peroxidase. Following primary and HRP-conjugated secondary antibody 

incubation, diaminobenzidine (DAB; Sigma) was used as a chromogen and hematoxylin for 

counterstaining. The sections were then mounted and imaged with a brightfield microscope 

(Nikon).

2.8 Statistics

All measurements were performed at least in triplicate. Data are plotted as means with error 

bars representing the standard deviation. The Pearson correlation coefficient (r) was used to 

evaluate linear correlation between two variables. Statistical comparisons were done using 

Student’s t-test with a 95% confidence limit (two-tailed and unequal variance). Differences 

with p<0.05 were considered statistically significant.

Results

3.1 Characterization of sprout formation in bulk gels

The influence of cell ratio and media volume on MVEC sprouting was initially investigated 

in bulk hydrogel cultures. Three MVEC:FB ratios (1:0, 1:1, and 1:3) and three supernatant 

medium volumes (0.25, 0.50, and 1.0 mL) were examined, using hydrogels made at a total 

cell concentration of 2.0×106 cells/mL and a one week culture period. Figure 3 shows the 

qualitative and quantitative data on the extent of endothelial sprout formation in the nine 

conditions tested. Confocal images (Fig. 3A) showed that MVEC embedded without FB (1:0 

condition) showed essentially no sprout formation, regardless of medium volume. Sprouting 

generally increased as the ratio of MVEC to FB decreased, and as the volume of supernatant 

medium used increased.

Quantification of the extent of sprout formation confirmed the qualitative observations. The 

number of sprouts >100 µm in length (Fig. 3B) was very small in pure MVEC cultures. The 

number of sprouts increased at the 1:1 cell ratio, with significantly higher numbers seen at 

the 0.5 and 1.0 ml medium volumes conditions compared to the 0.25 ml volume (p<0.001). 

The 1:3 cell ratio cultures exhibited the highest number of sprouts per unit area, with 

significantly more sprouts seen in the 1.0 ml medium volume as compared to the 0.25 and 

0.5 ml volumes (p<0.001). The correlation between treatments (Table I) showed a strong 

linear trend between culture medium volume and the number of sprouts at the 1:3 cell ratio 

(r=0.95), while no strong correlation was seen between any other treatments. Although there 

was a general increase in the number of sprouts with decrease in MVEC:FB ratio, the 

observed correlation was not strong.

The total number of sprouts over a week in culture (Fig. 3C) exhibited a trend similar to the 

average sprout length. In pure MVEC cultures, the few sprouts observed were generally less 

than 20 µm in length. When FB were added, sprout length increased markedly. The 1:1 cell 

ratio exhibited robust sprouting with lengths averaging ~140 µm. However, no statistical 

significance across medium volumes was observed. The 1:3 cell ratio generated the longest 

sprouts, generally averaging between 150–250 µm. Cultures maintained in 1.0 ml of medium 
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produced longer sprouts (~240 µm) than those maintained in 0.25 ml (~170 µm, p<0.01) or 

0.5 ml (~195 µm, p<0.05) of medium. The correlation analysis (Table II) between conditions 

showed a strong direct correlation (r>0.94) between a higher FB content and average sprout 

length at all medium volumes. The average sprout length was also positively correlated with 

supernatant medium volume at all ratios, while the linear correlation was statistically 

significant (p<0.01) only in 1:3 cell ratio cultures.

3.2 Cell viability and proliferation of cells within microtissues

Because of the clear positive influence of FB on sprout formation in bulk gels, the 1:1 and 

1:3 cell ratios were used to fabricate 3D fibrin microtissues. The total cell density in 

microtissues was maintained at 2.0×106 cells/ml. Figure 4A shows representative phase 

contrast images of a single microtissue at each cell ratio, with the embedded cells visible in 

the microtissue matrix. The viability of cells immediately after encapsulation was assessed 

using a vital stain (Fig. 4B), and revealed very little cell death. Quantification of a 

population of microtissues (Fig. 4C) showed that cell viability was high and statistically the 

same at both cell ratios (94.6% for 1:1 and 96.1% for 1:3), and was not different from 

viability in corresponding bulk hydrogels (data not shown). Similarly, the total number of 

cells encapsulated per unit volume of the microtissues at day 0, was statistically the same at 

both cell ratios (Fig. 4D).

Proliferation of cells incorporated into the microtissues (Fig. 4E) was examined by 

measuring the total DNA content over time in culture. At day 0, the total DNA content at 1:1 

and 1:3 cell ratios was statistically the same. The amount of DNA in both microtissue types 

increased with time, indicating proliferation of cells within the matrix. However, the rate of 

proliferation was different between cell ratios. By day 7 the 1:1 cell ratio microtissues 

contained 37% more DNA than the 1:3 microtissues (p<0.001), and by day 14 the 1:1 cell 

ratio microtissues contained 52% more DNA than the 1:3 microtissues (p<0.001), indicating 

significantly higher cell proliferation at the higher MVEC:FB ratio.

The population dynamics of MVEC and FB in the microtissues over time was investigated 

using flow cytometric analysis, as shown in Figure 5. UEA-I conjugated with rhodamine 

was used to identify MVEC, while FB were transduced with GFP for easy identification 

(Fig. 5A, B). Flow cytometric analysis of microtissue samples digested immediately after 

seeding revealed cell ratios similar to that of the seeding ratios (Fig. 5C, D), as expected. 

However, over time there was a clear preferential proliferation of FB, such that by day 7 the 

corresponding ratios had decreased to 1:2 (25.8±1.07 % MVEC, 53.9±1.81 % FB) and 1:4 

(15.1±2.5 % MVEC, 63.4±4.4 % FB), as shown in Figures 5E and 5F. This shift was even 

more pronounced by day 14 with the respective ratios further decreasing to 1:2.5 

(21.2±2.8 % MVEC, 54.6±4.33 % FB) and 1:6 (10.8±0.32 % MVEC, 69.4±0.58 % FB), as 

shown in Figures 5G and 5H. Labelled MVEC and FB were also used to examine the spatial 

organization of cells in cocultures, as shown in Figure 6. At both the 1:1 and 1:3 MVEC:FB 

ratios, there was a clear pattern of FB organizing around the periphery of formed and 

forming endothelial tubes.
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3.3 MVEC sprouting from microtissues

Microtissues containing MVEC and FB were embedded in a surrounding acellular fibrin gel 

to examine endothelial sprouting over two weeks in culture. Figure 7A shows representative 

microtissues made with either 1:1 or 1:3 MVEC to FB ratios, in which the fibrin used to 

fabricate the microtissue was labeled green, while the surrounding fibrin was unlabeled. In 

both microtissue types, robust endothelial sprouting into the surrounding matrix was 

observed by day 7. These vessels were maintained over time in culture and at day 14 had a 

more mature appearance than at earlier time points. Quantification of the vessel area relative 

to the microbead area in images (Fig. 7B), showed that vessel size remained relatively 

constant over two weeks in culture in the 1:1 ratio microtissues, but that vessel size 

increased significantly over time in the 1:3 ratio microtissues (p<0.001). The vessels in the 

1:1 ratio microtissues were smaller than those in the 1:3 ratio microtissues at day 7, but by 

day 14 there was no significant difference between the conditions.

The diameter of endothelial sprouts was measured and expressed in box plots in Figure 7C 

to allow examination of the population distribution of the neovessels, and average diameters 

are provided in Table III. At day 7 of embedded culture, sprouts from the 1:1 microtissues 

exhibited a relatively uniform distribution of vessel diameter with a mean of 24±12 µm. The 

microtissues at the 1:3 cell ratio exhibited a slightly wider distribution of vessel sizes with a 

mean diameter of 25±18 µm. By day 14, the size distributions were markedly more skewed 

toward larger vessels. The 1:1 microtissues had mean vessel diameter of 33±26 µm, which 

was not statistically significantly different from day 7. In contrast, by day 14 the 1:3 

microtissues increased in average diameter to 48±38 µm, which was statistically greater than 

the 1:1 microtissues at day 14 (p<0.05) and the 1:3 microtissues at day 7 (p<0.001). Of note 

was the number of larger vessels with diameter greater than 100 µm in the day 14 samples, 

particularly at the 1:3 MVEC:FB ratio.

3.4 Inosculation of neovessels and network formation

Populations of microtissues embedded in acellular fibrin began to form primitive vessel 

networks through the inosculation of endothelial sprouts from adjacent microtissues.

Figure 8 shows representative fluorescence images of vessel networks formed by 

microtissues. Clear interaction between sprouts is seen at day 7 (Fig. 8A), and this process 

continued to form more extensive networks by day 14 (Fig 8B). More detailed examination 

of anastomosing neovessels was performed using higher magnification fluorescence imaging 

and histological sectioning, as shown in Figure 9. A collection of inosculating vessels from 

three different microtissues is shown in Fig 9A(i), and a confocal image stack of a specific 

branch point is shown in Fig 9A(ii). The middle section of the confocal stack is presented in 

Fig 9A(iii), and shows an open lumen lined with MVEC. Fig 9A(iv) shows a histological 

section of a similar vessel, displaying a hollow lumen lined with stained cells. Serial sections 

of inosculating vessels from different two adjacent microtissues are shown in Fig 9B. The 

sequence clearly shows the connection of neovessels, which were observed to traverse 

relatively long distances (1–2 mm) through the matrix by day 14.
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Populations of microtissues were also maintained in suspension cultures (as opposed to 

being embedded in acellular fibrin matrices). These microtissues aggregated into larger 

tissue masses over time, as shown in Figure 10. The size of the tissue mass tended to 

increase with an increase in the initial number of microtissues suspended, and larger masses 

(>300 µL of initial microtissue volume) were observed to exhibit regions of low cell density 

in the central regions of the masses, possibly due to cell necrosis caused by a lack of 

nutrients. Therefore, studies were carried out using tissue masses made with <100 µL of 

initial microtissue volume to achieve uniform cell distribution. Microtissues with both 1:1 

and 1:3 MVEC:FB cell ratios aggregated into macroscopic clusters by day 7. The 1:1 

microtissues produced small and diffuse vessels within the clusters (Fig 10A), whereas the 

vessels produced by the 1:3 microtissues were noticeably larger and formed highly 

interconnected networks within the clusters (Fig 10B) by day 14. Fluorescence imaging 

(Fig. 10E) and IHC (Fig. 10F, CD31) of the 1:3 microtissues at day 7 confirmed that the 

observed vessel formations were produced by MVEC, and also showed a layer of fibroblasts 

on the external surface of the tissue mass. At day 14, the vessel networks were even less 

prominent in the 1:1 microtissue masses (Fig. 10C) than at the earlier time point, while in 

the 1:3 microtissue masses the vessel structures were maintained (Fig. 10D) and suggested a 

robust network.

Discussion

The ability to establish convective mass transfer in an ischemic tissue or in an engineered 

tissue construct is an important step toward developing cell-based therapies for a variety of 

indications. Formation of blood vessels in tissues involves well-orchestrated interactions 

between cells and the extracellular matrix that are further influenced by biochemical and 

mechanical cues. Recapitulating the key aspects of this process through the delivery of 

appropriate cell types and materials is a main goal in vascular tissue engineering. The 

approach presented here incorporates cells and a permissive matrix to create modular 

microtissues that mimic the native microenvironment and can be used as a scalable strategy 

to vascularize tissues. Fabrication of fibrin-based microtissues is rapid and facile, and 

populations of microtissues can be delivered minimally invasively via injection63.

The cell types and sources used in vascular tissue engineering are important considerations 

in developing a therapy, since autologous cells are the most likely to be used clinically. 

MVEC can be isolated from skin biopsies and therefore offer a readily-available source of 

autologous cells28–30. Furthermore, it has been suggested that the endothelium in 

microvessels differs from that of larger vessels in ways that makes it particular non-

thrombogenic. The basement membrane of microvessels is predominantly comprised of 

collagen Type IV64, whereas larger vessels tend to also contain the more thrombogenic 

collagens (Types I, III, and VI)25, 65. Similarly, MVEC may express lower levels of Von 

Willebrand Factor22, 57, making them particularly useful in preventing clotting in vessels of 

small diameter with low flow rates. These characteristics of MVEC make them an attractive 

cell source for tissue engineering applications, and in particular for revascularization 

applications.
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The importance of supporting perivascular cells in promoting and maintaining new vessel 

formation has become increasingly clear66–68. A variety of cell types have been studied in 

this role, and the choice of FB in this study was again motivated by the potential of creating 

a fully autologous therapy. The combination of MVEC and FB in modular fibrin 

microtissues led to robust endothelial sprouting, both in cell-seeded bulk gels and from cell-

laden microtissues embedded in acellular surrounding gels. In the absence of FB, there was 

essentially no endothelial elongation or sprouting, but both the 1:1 and 1:3 MVEC:FB ratios 

produced clear sprouts into a surrounding acellular gel over 2–3 days in culture. Both the 

number and the length of sprouts were positively correlated with an increased proportion of 

FB in the cultures. The role of FB as a source of soluble paracrine factors involved in 

vasculogenesis is well established, in particular as related to vascular endothelial growth 

factor (VEGF)69, platelet-derived growth factor (PDGF)70, and transforming growth factor-β 
(TGF-β,)71. In addition, it has been suggested that FB play an important role in modifying 

and organizing the extracellular matrix72, and that FB secrete characteristic ECM proteins 

that promote endothelial tube formation66, 73–74.

Increasing the volume of medium used to incubate MVEC:FB cultures also tended to 

increase the number and length of sprouts formed. This effect was more pronounced in the 

1:3 MVEC:FB ratio, and may be due to the increased nutrient demand by FB in these 

cultures, such that access to more nutrients allowed greater cellular activity. It has also been 

suggested that the proximity of supporting perivascular cells to endothelial cells plays a role 

in the degree of vasculogenesis60. These heterotypic interactions were presumably enhanced 

in the cultures with a greater proportion of FB. In addition, the observed effects could be 

ECM-mediated, for example through interactions of pericytes with the ECM, which has 

been shown to regulate vessel formation67.

The viability of cells after embedding in microtissues was high (>90%) and comparable to 

that of cells embedded in similar bulk hydrogels, suggesting that the microtissue fabrication 

process was not harmful to the cellular component. Subsequent to encapsulation the 

embedded cells continued to proliferate, as evidenced by a steady increase in DNA content 

of the microtissues. Quantification of total DNA did not differentiate between cell types, 

however flow cytometric analysis revealed that FB proliferation accounted for the bulk of 

the increase in the cell number. In addition, confocal imaging showed that FB were 

organized around the periphery of endothelial tubes, suggesting a pericyte-like function. It 

has been shown that sprouting endothelial cells secrete growth factors that result in 

proliferation and migration of pericytes during maturation68, 75. Because the initial total cell 

number was held constant, the 1:1 microtissues contained more MVEC than the 1:3 

microtissues even after two weeks of culture, as inferred through DNA quantification and 

flow cytometric analysis of cell ratios. It is likely that in this case the increased paracrine 

signaling between MVEC and FB in the 1:1 microtissues promoted greater FB proliferation, 

resulting in higher DNA content in these samples at both day 7 and day 14, compared to 

microtissues with a 1:3 MVEC:FB ratio. It has also been shown that tip cells in particular 

play a role in pericyte recruitment via PDGF signaling, while lumen formation may be 

favored when pericytes are more abundant76–77.
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Examination of endothelial sprouting from microtissues revealed that a higher proportion of 

MVEC (1:1 microtissues) resulted in a greater normalized vessel area at day 7, compared to 

the 1:3 microtissues. However, by day 14 the vessel area was similar between the conditions, 

suggesting that the presence of a greater number of FB accelerated the sprouting process. In 

general, the 1:1 microtissues tended to exhibit a larger number of smaller diameter sprouts 

initially, relative to the 1:3 microtissues. With a greater proportion of FB (1:3 microtissues), 

the vessels tended to be larger and mature more rapidly. Examination of vessel diameter 

showed that the 1:3 microtissues had a wider spread of vessel size, with larger vessels 

dominating, and that by day 14 the average vessel size was significantly greater than in the 

1:1 microtissues. These results suggest that a higher proportion of FB promoted lumen 

formation and maturation in the form of larger vessels. Therefore variation of the endothelial 

cell to pericyte ratio may be a tool that can be used to modulate vessel size in engineered 

tissues, to promote efficient convective flow and mass transfer in hierarchical vascular 

structures.

Inosculation of vessels from adjoining microtissues is an important process for creating 

larger vascular networks, and was observed within one week after embedding of 

microtissues in a surrounding acellular matrix at both MVEC:FB ratios. Further maturation 

of vessel networks over time was also observed, with clear lumens and branching structures 

formed by day 14. Serial optical and histological sections confirmed that the inosculation of 

vessels to form continuous lumens, a process important in forming a functional capillary 

plexus. When microtissues were cultured in suspension and allowed to aggregate into larger 

clusters, similar vascular networks were formed within the tissue mass. The effect of a 

higher proportion of FB was again evident, with the 1:3 microtissues having more robust and 

stable vessel networks. The creation of vascularized microtissue masses offers the possibility 

of including parenchymal cells (e.g. hepatocytes, pancreatic cells, myocytes, etc.) in such 

clusters to generate vascularized organoids. The potential of cell spheroids in engineering 

tissues has been demonstrated in a variety of applications78, and vascularization of such 

structures could improve their utility.

In summary, we have developed and characterized microtissue modules seeded with 

microvascular endothelial cells and fibroblasts, and have demonstrated their capability to 

generate capillary sprouts and subsequent interconnected vessel networks in vitro. The 

presence of fibroblasts as supporting perivascular cells was required to achieve endothelial 

sprouting. A higher proportion of fibroblasts embedded in microtissues favored generation 

of larger vessels, and the MVEC:FB ratio could potentially be used to tailor vessel 

characteristics. Use of MVEC and FB in a fibrin matrix offers the possibility of creating a 

fully autologous cell therapy, and the small size of these modules allows injection of 

populations of microtissues in a minimally invasive manner. Protein-based microtissues can 

be readily fabricated and cultured, and such microtissues could find utility as a 

prevascularization tool for engineered tissues or as a therapy for ischemic disease.
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Figure 1. 
Schematic of a strategy to treat ischemic tissue with modular microtissues containing 

embedded endothelial cells and supporting perivascular cells.
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Figure 2. 
Schematic of microtissue fabrication process.
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Figure 3. 
Endothelial sprouting in bulk fibrin hydrogels. A) Fluorescent images of embedded MVEC 

stained red with UEA-1 in gels made with different MVEC:FB ratios and cultured in 

different medium volumes. B) Quantitation of the average sprout length in bulk gels (n=3). 

C) Quantitation of the number of sprouts >100 µm in length in bulk gels (n=3). Error bars 

represent standard deviation of the mean. * indicates statistical significance (*p<0.05, 

**p<0.01 and ***p<0.001).
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Figure 4. 
Characterization of modular microtissues. A) Single MVEC:FB microtissues (1:1 and 1:3) 

under phase contrast showing microtissue morphology and embedded cells immediately 

after microbead fabrication. B) Single MVEC:FB microtissues (1:1 and 1:3) under 

fluorescence showing cell viability (green = live cells, red = dead cells). C) Quantitation of 

cell viability for a population of microtissues. D) Quantitation of total cells per unit volume 

for a population of microtissues. E) Total DNA in microtissues as a function of time. Best 

viewed in color. Error bars represent standard deviation of the mean. * indicates statistical 

significance (*p<0.05).
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Figure 5. 
Flow cytometry analysis of MVEC and FB cell population in fibrin co-cultures over time. 

A,B) Mono-culture of MVEC and FB. C- H) MVEC and FB cell population in co-cultures 

over time. Error bars represent standard deviation of the mean. * indicates statistical 

significance (*p<0.01).
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Figure 6. 
Maximum intensity projections of confocal stacks showing FB enveloping endothelial vessel 

surface (Day 14).
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Figure 7. 
Sprouting of neovessels from modular microtissues. A) Fluorescence images (green = fibrin, 

red = MVEC) at day 7 and 14 with different MVEC:FB ratios. B) Quantification of vessel 

area normalized to microtissue area. C) Box plot of vessel diameter. The solid center line in 

the box plot represents the median, the dotted center line in the box represents the mean, and 

the lower and upper boundaries of the box represent the 25th and 75th percentiles, 

respectively. Whiskers (error bars) above and below the box indicate the 90th and 10th 

percentiles. Large dots represent outliers.
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Figure 8. 
Fluorescence images showing vessel network (red) formation in between microtissues 

(green) embedded in a surrounding acellular fibrin hydrogel. Best viewed in color.
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Figure 9. 
Inosculation of MVEC neovessels. A) MVEC (red) networks (i) sprouted from microtissues 

(green) and formed branches (ii) with hollow lumens (iii, iv). B) Serial histological sections 

showed inosculation of adjacent MVEC vessels.
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Figure 10. 
Microtissues cultured in suspension aggregated to form larger tissue structures. A, B) By 

day 7, neovessels were evident in tissue masses. C, D) By day 14, networks of vessels had 

formed in tissue masses made with 1:3 MVEC:FB microtissues, but were less evident in 

those made at 1:1. E) Fluorescence staining and F) PECAM/CD-31 IHC confirmed that 

vessels within tissue structures were created by MVEC.
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Table I

Influence of cell ratios and culture media volume on total sprouts.

Media volume. No of sprouts/unit area
(>100 µm)

Cell ratio vs.
No. of sprouts*

MVEC:FB → 1: 0 1:1 1:3 r

0.25 0.2±0 5.2±0.8 14.7±2.0 −0.762

0.5 0.2±0 8.8±0.8 14.9±1.1 −0.910

1 0.2±0 9.3±0.7 22.2±0.9 −0.812

Media vol vs No of sprouts* − 0.829 0.953

*
Pearson correlation coefficients
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Table II

Influence of cell ratios and culture media volume on average sprout length.

Media volume Average sprout length
± Std Error (µm)

Cell ratio vs.
Length*

MVEC:FB → 1:0 1:1 1:3 r

0.25 14.1±9.5 142.5±9.5 172.3±12.1 −0.982

0.5 9.4±1.5 166.6±8.4 194.1±12.3 −0.967

1 14.7±1.4 161.2±13.6 238.3±18.2 −0.941

Media vol vs. Length* 0.286 0.974 0.999#

*
Pearson correlation coefficients,

#
p<0.01
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Table III

Vessel lumen diameter at day 7 and day 14 in embedded microtissue cultures

(MVEC:FB)_Day Dia. (µm) Dia. of top 50% (µm)

(1:1)_Day 7 23.7 ± 12.1 31.4 ± 11.0

(1:3)_Day 7 24.9 ± 17.7 37.3 ± 18.4

(1:1)_Day 14 32.7 ± 25.9 50.3 ± 28.7

(1:3)_Day 14 48.4 ± 38.0 73.4 ± 41.1
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