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Abstract

Ischemic heart disease is the leading cause of death worldwide. Recent studies suggest that

adipose tissue-derived stem cells (ASCs) can be used as a potential source for cardiovascular

tissue engineering due to their ability to differentiate along the cardiovascular lineage and to adopt

a proangiogenic phenotype. To understand better ASCs’ biology, we used a novel 3D culture

device. ASCs’ and b.END-3 endothelial cell proliferation, migration, and vessel morphogenesis

were significantly enhanced compared to 2D culturing techniques. ASCs were isolated from

inguinal fat pads of 6-week-old GFP+/BLI+ mice. Early passage ASCs cells (P3-P4), PKH26-

labeled murine b.END-3 cells or a co-culture of ASCs and b.END-3 cells were seeded at a density

of 1 × 105 on three different surface configurations: (a) a 2D surface of tissue culture plastic, (b)

Matrigel, and (c) a highly porous 3D scaffold fabricated from inert polystyrene. VEGF expression,

cell proliferation, and tubulization, were assessed using optical microscopy, fluorescence

microscopy, 3D confocal microscopy, and SEM imaging (n = 6). Increased VEGF levels were

seen in conditioned media harvested from co-cultures of ASCs and b.END-3 on either Matrigel or

a 3D matrix. Fluorescence, confocal, SEM, bioluminescence revealed improved cell, proliferation,

and tubule formation for cells seeded on the 3D polystyrene matrix. Collectively, these data

demonstrate that co-culturing ASCs with endothelial cells in a 3D matrix environment enable us to

generate prevascularized tissue-engineered constructs. This can potentially help us to surpass the

tissue thickness limitations faced by the tissue engineering community today.
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INTRODUCTION

Ischemic heart disease is the leading cause of death worldwide.1–5 It is characterized by

reduced blood flow to the damaged heart muscle followed by death of cardiomyocytes.6,7

Despite the reduction in mortality rates, as a result of the use of pharmacological agents and

percutaneous and surgical coronary intervention, the permanent net loss of contractile

cardiac tissue initiates sequelae of congestive heart failure, life threatening arrhythmias, and

ultimately death.8–10 At present, the only curative treatment for end stage congestive cardiac

failure is cardiac transplantation with its obvious limitations and complications.11–14 There

is a medical necessity to improve traditional treatments and develop alternatives to current

organ transplantation given the worldwide mismatch between patients waiting for

transplants and the availability of donor organs as well as infectious and malignant

consequences of long-term immunosuppression.

Alternative multidisciplinary approaches, such as the combination of cardiac stem cell

therapy with tissue engineering, have attracted considerable attention and expectations.15–19

One of the fundamental principles of this approach is that the newly formed tissue must

maintain its own blood supply to support cellular proliferation, induce structural support and

promote tissue regeneration.20–22 To promote tissue-engineered scaffold vascularization, a

number of strategies can be employed. Prominent amongst these strategies is the use of

growth factors or cytokines to promote endothelial progenitor cell migration within the

engineered construct.23–25 This has resulted in significant improvement of vascular ingrowth

within the newly formed tissue.24,26 However the short half-life of these growth factors in

vivo, along with the limited control over their spatial and temporal distribution within the

scaffolds, have compelled investigators to seek alternative methods for incorporating

vasculature within these engineered constructs.27,28

Recently, it has been shown that adipose tissue can be an ideal source for autologous stem

cell therapy, since it is easy to obtain from a processed lipo-aspirate and is capable of

yielding substantial numbers of adipose tissue-derived stem cells (ASCs) for

transplantation.29–31 Adipose tissue contains an abundant population of stem cells including

mesenchymal stem cells and endothelial progenitor cells that under the influence of the

appropriate stimuli can differentiate into several lineages,32 including cardiomyocytes,33

smooth muscle cells,32,34 and endothelial cells.32,35 In addition to this ASCs have been

shown to escape immune recognition as they do not express major histocompatibility

complex (MHC) class II antigens, thus highlighting their potential to be used in allogeneic

transplantations.36 Under hypoxic conditions such as in the ischemic hind limb model and

myocardial infarction models, ASCs have been shown to stimulate blood vessel growth due

to their secretion of many angiogenic and anti-apoptotic growth factors.37,38

In previous studies, we showed the capability of ASCs to adopt a proangiogenic phenotype

on a Matrigel scaffold.39,40 We also showed the adoption of a similar phenotype for bone-
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marrow derived MSCs when they were seeded onto synthetic bone grafts.41,42 In this study,

we aimed to build upon these initial findings and exploit the high proliferative and

angiogenic potential of ASCs. To develop in vitro proangiogenic tissue structures, we used

an approach where undifferentiated ASCs were co-cultured with mouse brain endothelial

cells (b.END-3) on an inert highly porous polystyrene scaffold to produce a pre-vascular

tube-like tissue constructs. We used b.END-3 cells for these experiments as these cell-lines

behave as endothelial cells and are amenable to maintenance and growth in culture media.

The b.END-3 cells express von Willebrand factor and uptake fluorescent-labeled low

density lipoprotein. We believe this to be the initial steps towards the generation of

vascularized tissue engineered constructs that can be used effectively in cardiovascular

tissue engineering.

MATERIALS AND METHODS

Basic research design for co-culturing experiments

ASCs were isolated from the inguinal fat pads of BLI and GFP-positive mice as previously

described.43 To make red fluorescent cells, b.END-3 cells were labeled with PKH26 tomato

red dye. On day 0, scaffolds were seeded with ASCs and b.END-3 according to the cell

seeding protocol described below. Additionally, ASCs and b.END-3 were seeded in

polystyrene 2D culture flasks on day 0 (control) and matrigel (positive control). Co-cultures

were cultivated for up to 7 days, in which scaffolds were assayed on days 3 and 7 (see

Supporting Information Fig. 1). Fully supplemented DMEM containing 10% FBS was used

as growth media and was changed every 3 days during the entire duration of the experiments

(see Supporting Information Fig. 1).

ASCs harvest and culture

Wild-type C57/BL6 were purchased from Jackson Laboratory (Bar Harbor, ME) and

transgenic mice with β-actin promoter driving firefly luciferase and green fluorescent

protein (Fluc-GFP) double fusion reporter gene were bred on FVB background. Inguinal fat

pads were excised from 6-week-old mice and washed in serial dilutions of Betadine (Purdue

Frederick Co., Norwalk, CT). Fat pads were finely minced and the resulting tissue was

digested with 0.075% type II collagenase (Sigma-Aldrich, St. Louis, MO) dissolved in

Dulbecco's Modified Eagle’s Medium, DMEM, (4.5 g/mL glucose; Gibco, Carlsbad, CA,)

for 30 min at 37°C. Collagenase was inactivated by adding two volumes of cell culture

media (DMEM, 10% fetal bovine serum [FBS], 1% penicillin/streptomycin; Gibco) and the

solution was subsequently pelleted to separate mature adipocytes from the remaining

stromal-vascular fraction. The supernatant was discarded, and the pellet was re-suspended

and filtered through a 100-µm cell strainer to remove undigested tissue fragments. Cells

were pelleted, re-suspended in cell culture medium, and plated at 3 × 106 cells per 100 cm2

culture plate. Fully supplemented DMEM (Gibco, Carlsbad, CA) containing 10% FBS 1%

penicillin/streptomycin; (Gibco) was used as growth media, it was changed 24 h after the

initial plating and every 3 days thereafter. ASCs were allowed to grow to sub-confluence

before detachment using 0.25% trypsin-ethylenediaminete-traacetic acid (Sigma-Aldrich).

Early passage cells (P3-P4) were used in all experiments as specified below.
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Animal care was provided in accordance with the Stanford University School of Medicine

guidelines and policies for the use of laboratory animals. All protocols were approved by the

Administrative Panel on Laboratory Animal Care at the Stanford University School of

Medicine.

PKH26 fluorescent labeling

The b.END-3 cells were labeled with the fluorescent dye PKH26 (MINI26 cell linker kit,

Sigma-Aldrich), which is a lipophilic fluorescent that binds irreversibly to the cell

membrane and is not transferable to other cells. The cells were prepared according to the

manufacturer (Sigma). Briefly, the cells were re-suspended in a concentration of 107

cells/mL, followed by the addition of fluorescent dye PKH26 to a final concentration of 2 ×

106 M. Two minutes later the reaction was stopped by addition of fetal bovine serum.

Finally, cells were washed three times with the medium and finally re-suspended in fully

supplemented DMEM containing 10% FBS cell medium. Onto 3D membranes, 1 × 105 cells

were seeded immediately and cultured at 37°C with 5% CO2.

Structure of Alvetex® 3D polystyrene scaffolds

The Alvetex® 3D polystyrene scaffolds were purchased from Reinnervate (Durham, UK).

The scaffolds were developed using emulsion template technique to control the size of the

highly interconnected pores ~40 µm in size [Fig. 1(e)]. These thin microcellular scaffolds

were initially cast as a monolith and subsequently sliced into 200 µm thick membranes [Fig.

1(b)]. The highly porous thin membrane enabled cells to proliferate within the membranes

as wells as allowing for sufficient mass exchange of gases, nutrients, and waste products

during the in vitro cell culture process. The 3D geometry of the scaffold provides the

environment in which cells grow, differentiate, and proliferate to form close relationships

with their adjacent cells. This gave us the opportunity to create constructs that are equivalent

to a thin tissue layer in vitro. The 3D scaffolds used were made from inert polystyrene and

were treated in the same manner as traditional 2D cell culture plastic vessels used for the

control experiments.

Cell seeding

Sterilized membranes were placed into 6-well tissue culture plates and seeded with (1 × 105

cells ASCs, b.END-3), or a combination of (0.5 × 105 ASCs and 0.5 × 105 b.END-3). The

cell suspension was pipetted directly onto the top center surface of the membrane scaffolds.

Cells were allowed to attach to scaffolds for 1 h before addition of 2 mL of medium (Fully

supplemented DMEM containing 10% FBS) into each well. Cells were maintained in a

humidified incubator at 37°C with 5% CO2 for the duration of the experiments.

Scanning electron microscopy (SEM)

SEM was performed on scaffolds with and without cells to investigate scaffold and cell

morphology. Samples were fixed with 4% Paraformaldehyde and 2% Glutaraldehyde in 0.1

M sodium cacodylate buffer (pH 7.3) (EMS, Hatfield, PA). After rinsing in the same buffer,

samples were post-fixed in 1% aqueous OsO4 (1 h), and thereafter visualized fully hydrated

with a Hitachi S-3400N Variable Pressure SEM (Hitachi High-Tech, Japan) operated at 50–
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60 Pa chamber pressure, WD 5–7 mm, and 15 kV accelerating voltage. Moisture loss was

controlled with a Deben Coolstage (Deben UK Ltd, Suffolk, UK) by decreasing temperature

to −25°C at 60 Pa V.

Matrigel tubule assay

Matrigel (BD Biosciences) was thawed and placed in four-well chamber slides at 37°C for

30 min to allow solidification. GFP+ ASCs (passage 3) at 1 × 105 were plated alone on

Matrigel and incubated at 37°C under normoxic conditions for 72 h. GFP+ ASCs at 0.5 ×

105 were also co-plated with 0.5 × 105 PKH26-labeled murine b.END-3 endothelial cells

(American Type Culture Collection, Manassas, VA) on Matrigel and incubated under the

same conditions. This assay was repeated using 1 × 105 PKH26-labeled murine b.END-3

endothelial cells plated alone (control), as above. The alignment of endothelial cells and the

generation of a patent lumen were consider as tubule formation, and was defined as a

structure exhibiting a length four times its width. Experiments were performed with n = 6

and was quantified in five random 10 × fields by two blinded observers.

Quantification of the number of viable cells by bioluminescence assay

To eliminate the difference in the level of luciferase expression in each cell line, calibration

of photon flux with respect to actual cell count was performed. ASCs were dislodged from

culture flasks and re-suspended in in 100 µL of DMEM were seeded into a 96 well plate by

serial dilutions in known concentrations per well, each repeated with three independent

experiments. After administration of D-luciferin, (Xenogen, Alameda, CA, 4.5 ug/mL). The

plate was imaged using the IVIS 100 system (2 min, 8 bin, and level B/FOV 15 × 15 cm)

(Xenogen Corporation, Alameda, CA) at 10 min after addition of luciferin at the final

concentration of 150 µg/mL. DMEM media without luciferin were served as negative

control. The photon flux was linearly regressed on the actual cell count to obtain a

calibration curve for each cell line, as previously reported. Peak signal (photons/second/

square centimeter/steridian or p/s/cm2/sr) was measured using a charged coupled device

camera (IVS200, Xenogen, Alameda, CA).

The baseline of the ASCs proliferation was obtained by BLI assay 12 h after cells were

planted. Lights emitted from ASCs cells were acquired until 3 days post seeding of the cells

on the three different culture surfaces. Averages of three kinetic bioluminescent acquisitions

were obtained within 10 min for each acquisition time point. Regions of interest were drawn

over wells automatically and quantified by Living Image Software version 2.20. Data were

analyzed based on total photon flux emission (photons/s) subtracted by the background

photon flux of each well for the dark current measurement.

Confocal microscopy

Cell organization on the 3D membrane scaffolds was characterized via confocal microscopy

on day 7. Confocal microscopy was performed using a Leica TCS SP2 AOBS confocal

system. Three-dimensional confocal images were generated from individual slices using

high-resolution opacity rendering. Fluorescence microscopy was performed with a Leica

DMI4000 B microscope. GFP-labeled ASCs were detected via 483/520 (ex/em), and PKH26
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tomato red-labeled b.END-3 were detected at 483/600 (ex/em). All confocal imaging was

completed at the Cell Sciences Imaging Facility at Stanford University.

VEGF enzyme-linked immunosorbent assay

The collected cell culture supernatants, conditioned medium was obtained from the nine

different groups cultured at normal oxygen tension conditions. VEGF levels were assayed

using a Quantikine murine VEGF enzyme-linked immunosorbent assay (ELISA) kit (R&D

Systems, Minneapolis, MN,) in accordance with the manufacturer’s protocol. Results were

reported in nanograms per milliliter and experiments were performed in triplicate with n = 3

and normalized it to the initial cell number.

Statistical analysis

Results are presented as mean ± standard error of the mean. Data analysis was performed

using the Student’s t-test [Matrigel, migration, endothelial differentiation, or one-way

analysis of variance (VEGF ELISA and proliferation studies)]. Results were considered

significant at p < 0.05. Data were analyzed with Prism software (GraphPad Software, La

Jolla, CA, http://www.graphpad.com).

RESULTS

ASCs form a capillary-like network when co-cultured with b.END-3 in Vitro on 3D scaffolds

ASCs are abundant in tissues that are rich with vasculature, thereby suggesting that the

presence of ASCs furnishes a proangiogenic environment.44,45 Thus, we were interested to

test whether ASCs have the potential to form tubular structures. In an in vitro tubule

formation assay, ASCs were co-cultured with b.END-3 endothelial cells onto either a 2D

surface scaffold [Fig. 3I(a–i)] Matrigel [Fig. 3II(a)]or a 3D polystyrene membrane scaffolds

[Fig. 4(a–f)]. On the 3D scaffold, seeding with only b.END-3 or ASCs resulted in either an

absence of, or minimal tubule formation [Fig. 2(a,b)]. However, by seeding a mixed culture

of b.END-3 with ASCs onto Matrigel, a prominent tubular network was produced [Figs.

2(d) and 3II(a)]. The ability of both cell types to interact with each other to form a

proangiogenic tubular network is illustrated in [Figs. 3I and 4(a–f)]. Such findings are

consistent with and extend upon our previous findings whereby interactions between

endothelial cells and mesenchymal stem cell types created enhanced tubular networks on

either Matrigel40 or on artificial bone grafts.42

Adipose-derived sromal cells and endothelial cells polarize around the porous
depressions of the 3D scaffolds

To determine if a similar cooperation exists on novel 3D membrane scaffolds, co-cultures

were also performed on Matrigel [Fig. 2(a–c)] and 3D polystyrene [Fig. 2(e–g)]. Scanning

Electron Micrographs (SEM) showed that when seeded alone onto Matrigel, b.END-3

produced a poorly defined microvillus network [Fig. 2(a)] while ASCs produced none at all

since they formed a multi-layered cell sheet [Fig. 2(b)]. This observation also held for single

seeding of b.END-3 cells or ASCs onto 3D polystyrene scaffolds [Fig. 2(e,f)].However,

when b.END-3 and ASCs were seeded together onto either Matrigel or 3D membrane
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scaffolds, there was a markedly increased frequency of complex microvillus and tubulogenic

networks compared to the 2D polystyrene culture dishes[Figs. 2(c,g), 3II and 4(a–f)].

In addition to this, there were important qualitative differences in the networks produced in

Matrigel versus those produced in the 3D scaffolds. For cells seeded onto Matrigel, a typical

tubulogenic network was observed across the field of view of the pictograph [Fig. 3II(a)].

But for 3D scaffolds the ASCs tended to congregate and polarize around porous depressions

of the substrate and create a complex latticelike pattern of microvilli acting as a collective

anchorage network with an enhanced surface area interfacing with the substrate and the

b.END-3 endothelial cells [Figs. 3II(b) and 4(a,b)]. The extent of cellular interaction as a

portion of scaffold surface seemed to be greater for cells on 3D scaffolds than those on

Matrigel. When cells are mixed together on 2D surfaces, b.End-3 formed clumps and ASCs

formed tubules around them preventing them from becoming confluent [Fig. 3I(g–i)].These

regions were not observed among control ASCs seeded onto 2D surfaces when maintained

under identical culture conditions [Fig. 3I(a–f)].

SEM imaging of ASCs and b.END-3 cells seeded onto the 3D scaffolds in co-culture was

performed in cross-section, the presence of both cell types beneath the outer surface of

scaffolds was observed as seen on a representative image of scaffold shown in [Fig. 2(g,h)].

Although the images obtained were purely qualitative, they demonstrated that both cell types

proliferate and self-organize within the internal porous structure of the 3D polystyrene

scaffolds as seen by confocal microscopic images.

Confocal microscopy of ASCs and b.END-3 structures

Cell fate was analyzed at 7 days after cell seeding by fluorescent microscopy against GFP+

ASCs. Green fluorescence was easily detected along the cell surface membranes of the

newly formed tissue constructs. Confocal microscopy images [Fig. 4(b–f)] confirmed that

ASCs and b.END-3 cells were able to penetrate the outer surface of the scaffolds and

migrate towards the internal interconnected porous structure [Fig. 6(a–h)]. Taken together,

these findings indicate that GFP-expressing ASCs do interact with the PKH2 labeled

b.END-3 producing a proangiogenic environment.

Increased expression of Luciferase in ASCs and b.END-3 co-cultures on matrigel, and 3D
scaffolds membranes

To quantify the cell proliferation based on the detected photons from the living cells, we

have determined the correlation between the number of ASCs and the expression levels of

luciferase using BLI assay [Fig. 4(c,d)]. In our experiments we have shown that when cells

were mixed together, using Matrigel as a seeding surface, b.End-3 cells formed clumps

while the ASCs formed tubules around them thus preventing them from becoming confluent.

This is also indicated by the BLI signal of this co-culture being much lower than when these

two cell types are co-cultured together within the 3D membrane scaffolds [Fig. 4(a,b)]. The

3D membrane scaffolds provided a more efficient support for the growth and proliferation of

both b.END-3 and ASCs [Fig. 4(a,b)]. Cell cultures became more confluent than comparable

Matrigel matrices. We hypothesize that this observation is a result of the 3D geometry of the
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scaffolds that can allow the cells to form close relationships with each other as seen in an in

vivo setting.

Adoption of proangiogenic phenotype by ASCs, and the release of angiogenic cytokines

Angiogenesis is a complex phenomenon, which includes the formation of new blood vessels

by capillary sprouting from pre-existing vessels. ASCs possess not only the ability to

differentiate into multiple cell types but also contribute to tissue regeneration through

expressing many hematopoietic and angiogenic cytokines.46–48 A prominent example is

vascular endothelial growth factor (VEGF) the most effective and specific growth factor that

regulate angiogenesis.47,49 We sought to clarify the impact on VEGF expression by ASCs,

specifically examining the influence of varying surfaces on VEGF secretion. ASCs and

b.End-3 increase the VEGF expression progressively under Matrigel and 3D scaffold area in

culture [Fig. 7(b,c)]. Furthermore, we found a significantly elevated secretion of VEGF (3.5

fold increase, p < 0.0412) within the supernatant media of the co-cultures seeded on

Matrigel [Fig. 5(b)] and 3D scaffold (p < 0.028), when compared with co-cultures seeded on

the 2D control culture plates [Fig. 7(a)] as quantified by ELISA.

DISCUSSION

The salient findings from these studies are these: (1) co-seeding of ASCs with endothelial

cells onto a 2D or 3D polystyrene scaffolds resulted in the formation of a tubulogenic

network more elaborate than that of single cell type seeding, (2) The 3D architecture of

membrane scaffolds also drives patterning of the seeded cells to a protubulogenic

environment that increases the release of angiogenic cytokines as seen by the increase in

VEGF release, and (3) seeding onto different surfaces 2D, 3D, and Matrigel has differential

functional consequences on co-culturing the two cell types together. These findings are

consistent with previous studies39,40 that our group has published where we showed an

intrinsic co-operability between mesenchymal derived stem cells (such as ASCs) and

endothelial cells forming prevascular networks when seeded together.40

The enhancement of tubulogenic network formation with co-seeding of mesenchymal type

stem cells and endothelial cells onto Matrigel or on Ca+-Phosphate based artificial bone

grafts a 3D matrix has been well described in the literature.39–41,50 Our report extends upon

these studies by comparing the network forming capacities of Matrigel to 2D and 3D

polystyrene surfaces. Interestingly, such a co-seeding onto plastic 2D polystyrene culture

plates failed to produce any cellular organization reminiscent of a tubulogenic or microvillus

network.

The data presented in this report illustrate that thus far three known factors contribute to

effective tubulogenesis in vitro: (a) the angiogenic factors that are produced by the

participating cell types, (for our studies, the ASCs), (b) the physical interaction of vascular

and stem cells to provide a competent, protubulogenic environment, and (c) the structure and

architecture of the underlying scaffolds that somehow enhance and support the interaction of

cells to form tubules.
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ASC share several phenotypic and functional similarities with mesenchymal cells which can

undergo a proangiogenic conversion under hypoxic conditions.40 Those same mesen-

chymal-derived cells secrete VEGF when cultured under low oxygen conditions. Bone

marrow-derived MSCs can be coaxed into secreting VEGF and SDF-1α when either

interacting with endothelial cells40 or by being seeded onto various artificial bone grafts.41

In our present studies, the ASCs behaved in a similar manner whereby the stem cells

secreted VEGF when stimulated by interaction with b.END-3 along with seeding on top of

2D and 3D scaffolds. Taken together our present and previous studies illustrate that adipose

tissue-derived stem cells become involved in organogenesis through environment-dependent

induction of cytokines such as VEGF41 The “activation” of stem or differentiated cells

through alterations in interaction with other stromal cell types is not unprecedented. For

instance, quiescent hematopoietic stem cells (HSCs) are attached to a bed of stromal “niche”

cells within the bone marrow through surface expression of the c-Kit ligand (SCF) that binds

to c-Kit receptors (CD117) of niche cells. Systemic signaling that prompts HSC

mobilization (such as a challenge with GM-CSF) leads to expression of soluble matrix

metalloproteinase (MMP9) that results in cleavage of the sKit ligand and subsequent

detachment of HSCs from the niche bed. Eventually the HSCs are delivered into the

circulation51,52 When challenged with Matrigel, endothelial cells begin to express the

integrin αvβ3 whose function in this situation is to promote cell-to-cell adhesion and tubule

formation.53,54 The cells failing to adhere to one another through αvβ3-mediated adhesion

will eventually undergo apoptosis53 and die. We speculate that mutual interaction of

endothelial cells with ASCs (perhaps analogous to stem cell/niche cell interactions) results

in induction of cytokines conducive to tubule formation. In fact, several groups are actively

exploring the behavior of ASCs in vivo or ex vivo when they interact with putative adipose

niche environments.55,56

There may be qualitative differences in the manner in which the cells behave on different

scaffolds. For instance, Matrigel provides an appropriate topological and cytokine

environment for efficient capillary-like formation. However, Matrigel lacks the porous

qualities that are intrinsic to the 3D polystyrene scaffolds. The 3D scaffolds are

characterized by high porosity (>90%) with an average pore size of 35–45 µm in diameter

and high degree of pore interconnectivity. With such features, seeded cells can efficiently

migrate deeply into the scaffold when compared to the relatively dense matrix of Matrigel.

These matrix properties should enable the penetration of these proangiogenic tubules into

our 3D scaffolds and allow their efficient vascularization after implantation. The greater

latitude for migration affords greater space for enhanced interaction, remodeling and

proliferation between the ASCs and b.END-3 cells. One consequence of this would be the

enhanced cellular density of seeded 3D scaffolds, which in turn is reflected in an augmented

production of angiogenic cytokines such as VEGF [Fig. 7(c)]. The impact of differences in

matrix porosity and topology on organization and functionality of the constructs has been

shown before on artificial bone grafts,.50 In studies by Roldan et al., it was showed that the

seeding of same numbers of MSCs onto several types of bone grafts that differ in their bone

composition, porosity, and permeability yielded strikingly different results in terms of

downstream cytokine productions such as VEGF and SDF-l-α.50
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In conclusion, this work represents the culmination of a series of experiments in which we

explore the contributions of cellular composition of differentiated cells versus stem cells as

well as the contribution of different surfaces such as 2D, 3D, and Matrigel to better

understand the cell biology and cell-cell interactions that are required to more closely

represent the natural structure and function of tissues seen in the in vivo setting. Our findings

revealed the strong influence of matrix porosity in driving ASCs and endothelial cell

interaction thus providing an environment that significantly enhances the functional activity

of cells when compared with cells grown on 2D culture plates. Our work shows ASCs co-

cultured with endothelial cells on porous 3D scaffolds allow formation of complex tubular

structures that morphologically resemble pre-vascularized constructs. Matrigel, which is

secreted from the mouse sarcomatous cells, contains growth factors and various peptides and

proteins. In lieu of Matrigel, carefully designed 3D scaffolds with known composition can

potentially help us solve some of the challenges faced by the tissue engineering community

today. These results could be the initial steps to help us design a complex 3D organ by

promoting cell differentiation, vessel formation, and cell survival within a 3D tissue

engineered construct. Our future experiments will address construction of 3D scaffolds that

are biocompatible and implantable. Such insights will be invaluable in building upon our

current expertise and capabilities towards viable and effective tissue bioengineering.
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FIGURE 1.
Polystyrene three dimensional (3D) cell culture devices are supplied in a variety of multi-

welled plates. A 6-well plate example is shown with 3D cell culture well inserts in (a). The

well insert consists of a two-part assembly that fits together to clamp the ~200 µm thick

scaffolds in position (b). The well insert can accommodate larger medium volumes to

support long-term 3D cell culture (c). The structure of this 3D cell culture substrate consists

of a highly porous polystyrene scaffold. SEM show the structural characteristics of the 3D

scaffolds at low (d), and high magnifications, see scale bar insert (e). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 2.
SEM depicting organization and proliferation of ASCs, and b.END-3 cells when co-cultured

or seeded alone on Matrigel and 3D polystyrene substrate (a–h). Scanning electron

micrograph showing the multi-layered growth of ASCs (b and f) on both cultured surfaces.

A construct made with ASCs, and b.END-3 cells, demonstrates the porous structure of the

3D scaffold (g). High-magnification image of a scaffold seeded with a ASCs, and b.END-3

cells, that demonstrate homogeneous and complete cellular distribution throughout the

porous surfaces of the scaffold (h). The cells polarize around the pore (indicated by arrows)

in a similar fashion as the one seen during the formation of branching, tubular structures

(indicated by arrows developed in vitro in Matrigel (c and d). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 3.
Representative light and fluorescent microscopy images of ASCs, and b.END-3 cells when

co-cultured or seeded alone on Matrigel or on 3D polystyrene substrate. Image of ASCs and

b.END-3 on day 3 in the culture alone, demonstrating the absence of any well-formed

tubular network l(a–f). Fluorescence microscopy images of GFP+ ASCs (green) co-seeded

with PKH26-labeled b.END-3 cells (red) on Matrigel under normal conditions l(i). High

magnification merged images show ASCs and b.END-3 cells working cooperatively in the

formation of branching l(i). Completely lumenized tubular structrures develop in vitro in

Matrigel 11(a). Note that the lumen is free of GFP+ and PKH26 signal 11(a). ASCs were

seeded at a concentration of 1 × 105 cells per well of 12-well plates and incubated for 72 h at

37°C in 5% C02. White arrows indicate tubule formation. Fluorescent microscopy of 3D

scaffolds showing the 3D network of cell aggregates within the scaffold ll(b) arrows indicate

lumen with ASCs contribute to in vitro formation of a 3D pre-vascular network within a

porous scaffold. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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FIGURE 4.
Fluorescent microscopy of 3D scaffolds showing the 3D network of cell aggregates within

the scaffold arrows indicate lumen with ASCs contribute to in vitro formation of a 3D pre-

vascular network within a porous scaffold as seen in (c–f). SEM depicting organization and

pro-iferation of ASCs, and b.END-3 cells when co-cultured on 3D polystyrene substrate (a).

Physical interaction of ASCs with b.END-3 network formed in the 3D scaffold at 3 days

post seeding. Confocal fluorescent images in (c–f) are cross-section projections at the

surface (c) 60 µm, (d) 120 µm, (e) and 170 µm (f) within the polystyrene scaffolds. The
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penetration of the ASCs cells within the porous structures forming pre-capillary-like

structures similar to the ones seen in matrigel control [Fig. 3(b,i)]. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 5.
Bioluminescent images of 1 × 105 of ASCs, b.END-3 and co-cultures of ASCs (0.5 × 105)

with b.END-3 cells (0.5 × 105) seeded onto 2D, 3D Polystyrene substrates, or Matrigel at 3

days post-seeding (a). Bioluminescent imaging of co-cultured substrates showed increased

bioluminescence compared to undifferentiated ASCs seeded onto the 2D substrates (b).

Firefly luciferase signal of ASCs-hFluc-hrGFP cells at different cell numbers (c).

Calibration curve from in vitro imaging analysis of stably transduced ASCs. Linear

correlation of cell numbers and bioluminescence imaging (BLI) signals (photons per s per

cm2 per steridian) in (a) (r2 = 0.99) (d). This positive correlation between cell number and

bio-luminescent signal confirms the quantitative ability of bioluminescence imaging for

tracking cell proliferation. Images were taken at the time points indicated. Experiments were

performed in triplicate. The error bars indicate SD (*p < 0.05). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 6.
Confocal microscopy analysis within longitudinal sections of the 3D polystyrene substrate

that have co-cultures of GFP+ ASCs (0.5 × 105) and PKH26-labelled murine b.END-3 cells

(0.5 × 105). Interactions between ASCs, and b.END-3 are shown throughout the Serial

confoca sections (a–h) providing an extra perspective of the growth and adhesion of the two

cell lines within the 3D substrate. Serial confocal sections began 10 m in from the top

surface (a) (top left panel) and ended 200 µm in from the bottom (h). Confocal microscope

images show the cells entering the outermost layer of pores. The seeding surface is seen in

the upper parts of the images. Overview of a scaffold where there was a wide band of cells

on top of the material (i). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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FIGURE 7.
VEGF ELISA results for supernatants of ASCs, b.END-3 and co-cultures. Cells were seeded

onto 2D (a) and 3D (c) polystyrene or Matrigel (b) and cultured for 72-h under normoxic

conditions. Significantly higher levels of VEGF were seen in co-cultures of ASCs, and

b.END-3 when compared to controls. Triplicate measurements were performed and the data

are from a representative experiment. Data are presented as mean ± SEM. VEGF levels were
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normalized to the number of cells at the time of seeding, expressed as pg/mL per 106 cells.

*p < 0.05.
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