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A key challenge in tissue engineering is overcoming cell death in the scaffold interior due to the limited
diffusion of oxygen and nutrients therein. We here hypothesize that immobilizing a gradient of a growth/
survival factor from the periphery to the center of a porous scaffold would guide endothelial cells into the
interior of the scaffold, thus overcoming a necrotic core. Proteins were immobilized by one of three meth-
ods on porous collagen scaffolds for cardiovascular tissue engineering. The proteins were first activated
with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/sulfo N-hydroxysuccinimide and then applied to
the scaffold by one of three methods to establish the gradient: perfusion (the flow method), use of a
source and a sink (the source–sink method) or by injecting 5 ll of the solution at the center of the scaffold
(point source method). Due to the high reproducibility and ease of application of the point source method
it was further used for VEGF-165 gradient formation, where an �2 ng ml�1 mm�1 gradient was formed in
a radial direction across a scaffold, 12 mm in diameter and 2.5 mm thick. More endothelial cells were
guided by the VEGF-165 gradient deep into the center of the scaffold compared with both uniformly
immobilized VEGF-165 (with the same total VEGF concentration) and VEGF-free controls. All scaffolds
(including the controls) yielded the same number of cells, but notably the VEGF-165 gradient scaffolds
demonstrated a higher cell density in the centre. Thus we concluded that the VEGF-165 gradient pro-
moted the migration, but not proliferation, of cells into the scaffold. These gradient scaffolds provide
the foundation for future in vivo tissue engineering studies.

� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Myocardial infarction (MI) is a leading cause of death in the
USA; nearly 8,000,000 people have suffered from MI and 800,000
new cases occur each year [1]. Due to the inability of heart cells
to regenerate and a lack of availability of organs for transplantation
this condition is presently incurable [2]. Hence, research into alter-
native tissue engineering strategies, such as cell injection and engi-
neered heart tissues (EHT), continues to draw attention. An
underlying problem of many previously reported EHT is that they
mainly rely on diffusion for oxygen and nutrient transfer, which
limits their thickness to approximately 100–200 lm [2], far from
the physiological thickness of the myocardium (�1 cm). This also
results in an uneven cell distribution within the scaffold, with large
areas of cell death towards the center. The live cell distribution cor-
ia Inc. Published by Elsevier Ltd. A
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responds well with the oxygen profile within the scaffold, which
shows a decreasing oxygen concentration from the periphery of
the scaffold towards the center [2].

Although strategies have been proposed to enhance cell survival
during the cultivation phase of an EHT, such as supplementing the
culture medium with oxygen carriers [3] and using perfusion bio-
reactors [4,5], cell death still occurs within the scaffolds upon
implantation once these external in vitro factors are no longer
present. Most of the cell death occurs within 3–7 days post-
implantation [6], during which time native blood vessels grow into
the construct. To overcome the problem of cell death an ideal strat-
egy would include preforming vascular-like structures within the
construct, as has been reported [7–10] and a mechanism to guide
infiltration of the host vasculature into the construct upon implan-
tation. Importantly, the pore size in scaffolds can be controlled to
accelerate angiogenesis upon implantation [11].

We hypothesized that immobilizing a gradient of a growth/sur-
vival factor in the opposite direction to the oxygen gradient would
enable cell guidance into the interior of a scaffold for cardiovascu-
lar tissue engineering. We used vascular endothelial growth factor
ll rights reserved.
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(VEGF-165) as the growth/survival factor and D4T endothelial cells
as a model cell type. Immobilization of biomolecular cues, such as
growth factors, onto tissue engineering scaffolds has been investi-
gated in several studies [12,13]. Immobilized growth factors pro-
vide localized and prolonged cell stimulation because their rate
of internalization is reduced and they have a longer half-life
[14,15].

Immobilization of VEGF-165 on biomaterials, a key factor in the
process of new blood vessel formation, has been explored in sev-
eral previous studies. Although a family of VEGF exist from
VEGF-A to VEGF-E, an isoform of VEGF-A, VEGF-165, is the most
prevalent and well studied [16]. Shen et al. observed increased
endothelial cell number and infiltration on collagen scaffolds with
uniformly immobilized VEGF-165 [17]. Upon implantation of scaf-
folds with uniformly immobilized VEGF-165 into right ventricular
wall defects in rat hearts enhanced angiogenesis and patch stabil-
ity were observed compared with VEGF-free controls [18]. We also
uniformly immobilized VEGF-165 in combination with angiopoie-
tin-1 onto collagen scaffolds. An increased cell density and prolif-
eration were observed on co-immobilized scaffolds vs. the
controls without growth factors in vitro, and increased vessel den-
sity was observed in the co-immobilized scaffolds implanted onto
chicken chorio-allantoic membrane (CAM) [19]. Koch et al. uni-
formly immobilized a modified VEGF-165 onto collagen matrices
and observed a small but significant angiogenic effect of immobi-
lized VEGF-165 in a CAM assay [20]. Taguchi et al. uniformly co-
immobilized VEGF-165 with fibronectin onto poly(acrylic acid)
grafted polyethylene films using water soluble carbodiimide chem-
istry and observed increased cell growth of human umbilical vein
endothelial cells [21].

Gradients of growth factors are known to induce chemotactic
cell migration. Endothelial cell migration is an essential compo-
nent in the process of angiogenesis and is mediated by VEGF gradi-
ents [22]. Most attempts at investigating VEGF gradients have been
carried out in microfluidic devices at the micrometer scale, a pow-
erful approach that enables the chemotactic properties of a partic-
ular growth factor/cell type pair to be screened [23,24]. The
guidance potential of an immobilized VEGF-165 gradient was re-
cently proven by studying the migration of human microvascular
endothelial cells in a three-dimensional (3-D) agarose hydrogel.
The constructs with an immobilized gradient of VEGF-165, created
using two photon laser-guided chemistry, exhibited a deeper infil-
tration of endothelial cell filopodia compared with uniform and
blank controls [25].

Since porous or fibrous scaffolds are generally translucent or
opaque, previous methods to generate gradients, such as laser-
guided chemistry [25], cannot be used for the generation of micron
to millimeter scale gradients of immobilized growth factors. Thus,
alternative approaches are required. Methods to generate growth
factor gradients concurrently with the fabrication of porous scaf-
folds are available. For example, dye-loaded poly(D,L-lactide–co-
glycolide) (PLG) microparticles were assembled into multilayered
or gradient scaffolds by ethanol treatment, where the concentra-
tion of the released molecule can be spatially controlled within
the scaffold [26]. Gradients of soluble bone morphogenetic protein
4 and Insulin-like growth factor 1 were created over 30 mm length
scales by incorporating protein-loaded silk microspheres into fi-
brous silk scaffolds [27]. Gradient makers were also utilized to gen-
erate gradients of nerve growth factor and neurotrophin-3 during
polymerization and fabrication of poly(2-hydroxyethylmethacry-
late)/poly(L-lysine) scaffolds [28].

The goals of the study were to: (1) develop a method to immo-
bilize growth factor concentration gradients in a non-transparent
preformed porous scaffold; (2) demonstrate cell migration on the
scaffold in response to this gradient. To this end we tested three
methods to create gradients in the collagen scaffolds and then
chose the best one to generate immobilized VEGF-165 gradients
using a water-based chemistry. We analyzed the effect of the gra-
dient on endothelial cell distribution in the collagen scaffolds. Ulti-
mately we aim to take advantage of the synergistic effects of cell
migration within a VEGF-165 gradient-containing scaffold to pro-
mote host tissue integration by guiding host endothelial cells into
the scaffold, as a step closer to developing a vascular system within
the construct.
2. Materials and methods

2.1. Scaffold preparation

An FDA approved collagen scaffold was used for this project
(Ultrafoam collagen sponge, Davol, 1050050). This is a highly por-
ous collagen sponge with pore sizes ranging between 100 and
200 lm [17]. A sterile sheet of the scaffold was cut into the desired
shape, a circle or rectangle, with either a circular autoclaved metal
cork borer or autoclaved metal scissors, respectively. The diameter
of the dry scaffold discs used throughout this project was 12 mm,
except for the study to choose an appropriate digestive enzyme
for the scaffold (Supplementary Methods), where the diameter
was 7 mm. The thickness of the dry scaffold was 2.5 mm. The
dimensions of the square scaffolds were 5 � 6 mm.

2.2. Gradient generation methods

To generate gradients of bioactive molecules in porous scaffolds
a solution containing the bioactive molecule was applied to the
scaffold according to one of the methods described below. For cova-
lent immobilization the biomolecules were first activated with
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/sulfo-N-hydroxy-
succinimide (EDC/S-NHS) and then applied to the collagen scaffold.

2.2.1. The flow method
A circular scaffold was placed tightly between two metal

meshes and silicone O-rings and positioned in a polycarbonate bio-
reactor used in previous cardiac tissue engineering studies [5,29]
(Fig. 1A). Tygon tubing (5 mm in diameter, 5 cm long) was attached
to the inlet and outlet from the bioreactor and connected to 5 ml
syringes via two 3-way valves at each end (Fig. 1A). Two 1 ml
syringes (BD, 309628) were connected to the 3-way valves in order
to remove any bubbles from the circuit. After mounting the circular
scaffold in the bioreactor, the 5 ml syringe at the top end of the bio-
reactor was filled with phosphate-buffered saline (PBS). The PBS
was slowly injected through the circuit into the other syringe in or-
der to wet the scaffold. Once the entire circuit was filled with PBS
the 3-way valve at the top end of the bioreactor was closed to the
5 ml syringe and opened to the 1 ml syringe filled with the solution
of interest. The solution was slowly (�100 ll in 5 s) injected
through the 3-way valve and through the center of the stream
and the collagen scaffold. The circuit was then drained through
the 5 ml syringe at the bottom of the bioreactor. The scaffold was
taken out of the bioreactor and washed twice in 1 ml of PBS to re-
move the excess solution of interest.

2.2.2. The source–sink method
In this method the scaffold was mounted between two reser-

voirs as shown in Fig. 1C. The dimensions of the scaffold mount
and the scaffold were 5 � 6 mm. The device was engraved on a
5 mm thick polycarbonate sheet (McMaster Carr) using a coun-
ter-top milling machine (Roland Modela 3D Plotter MDX-15)
equipped with a 1/32 inch tip drill bit (Roland EMF-125-3F-031).
Virtual Modela software was used to align the drill bit with the
polycarbonate sheet surface. Then Dr. Engrave was used to engrave



Fig. 1. Overview of the gradient generation methods. (A) The flow method. The scaffold was placed in a bioreactor connected to two syringes at both ends. The scaffold was
first perfused with PBS solution (blue). Another syringe with the solution of interest was then used to inject the solution through the center of the scaffold (red arrows). The
solution passed through the center of the scaffold and diffused towards the periphery. (B) The point source method. The wet scaffold was placed on a flat surface. The solution
of interest was then introduced in the center of the scaffold using a mounted syringe and diffused outwards in a radial direction. (C) The source–sink method. The
polycarbonate device was engraved using a counter-top milling machine. The scaffold was mounted at the center of the platform. The source compartment contained the
solution of interest and the sink compartment contained the blank PBS solution. The solution of interest diffused from the source compartment to the sink through the
scaffold.
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the design to a depth of 1.5 mm (scaffold platform) and 2 mm (res-
ervoirs), resulting in the device shown in Fig. 1C.

The scaffold was first immersed in 250 ll of PBS in a 96-well
plate for 10 min. The platform on the device was coated with a thin
layer of vacuum grease to form a seal. After 10 min the scaffold was
dabbed on a Kim wipe to remove excess liquid and transferred to
the platform of the device. A glass coverslip was cut into a square
piece 3 � 3 cm that would fit on top of the scaffold and act to hold
it in place from above. The surface of the coverslip in contact with
the scaffold was also coated with vacuum grease in order to pre-
vent leakage of the solutions. The coverslip was then placed on
top of the scaffold and a weight of 300–400 g was placed on it to
provide pressure from above and seal the scaffold. Subsequently
the source and sink reservoirs were filled with 250 ll of the solu-
tion of interest and 250 ll of PBS, respectively. The scaffold was
treated for 1, 2 or 4 h. The solutions in the two reservoirs were then
removed using a 200 ll pipette. The glass coverslip was carefully
and slowly lifted off the scaffold and the scaffold was transferred
to 500 ll of PBS using tweezers. After immersion for 5 min the
scaffold was dabbed on a Kim wipe to remove excess liquid.

2.2.3. Point source method
The scaffold discs were placed in 400 ll of PBS in a 48-well plate

for 20 min in order to pre-wet the scaffold. The scaffolds were then
placed on autoclaved Kim wipes to remove excess fluid and then
transferred to a new 24-well plate. The scaffolds were spread
across the plate surface with autoclaved tweezers. Next, a 10 ll
glass syringe (Hamilton 7653-01) filled with the solution of inter-
est was mounted on a micromanipulator in an upright position and
positioned �2 inches above the center of the scaffold (Fig. 1B). The
syringe was equipped with a 22 gauge needle (Hamilton 7770-02)
and was then lowered slowly using the micromanipulator until the
needle tip touched the scaffold surface. The solution (5 ll) was
then injected into the scaffold. After 1 h the process was repeated
twice more. After the third injection the scaffolds were washed
eight times in 1 ml of PBS for 5 min per wash.

2.3. Concentration profile characterization

The concentration profiles formed by the gradient generation
methods were visualized using 1 mg ml�1 bovine serum albumin
(BSA) conjugated with a fluorescent dye (Alexa-594) (Invitrogen
A13101). After washing the scaffold eight times in 1 ml of PBS it
was placed on a glass slide and imaged under a fluorescence micro-
scope at an excitation of 590 nm and emission of 622 nm. The
images were viewed in ImageJ (US National Institutes of Health)
and the Plot Profile function was used to quantify the fluorescence
intensity as a function of the horizontal position on the scaffold. In-
sets in Fig. 2 show the position of the boxes drawn to characterize
the plot profiles.

2.4. Method validation

Further validation of the point source method was carried out
by quantifying the fluorescence intensity of Alexa-594-conjugated
BSA. In order to quantify the amount of protein in the scaffold the
circular scaffold was sectioned into three rings of increasing diam-
eter (a 2 mm diameter disc, a ring with 2 mm inner diameter and
6 mm outer diameter, and a ring with 6 mm inner diameter and
12 mm outer diameter) using two borers of different sizes (2 and
6 mm). Each of the rings were then immersed in 150 ll of
0.276 mg ml�1 collagenase type IA (Sigma Aldrich C9891) in a
96-well plate for 1 h for digestion. Several collagen digestion en-
zymes were tested for their effect on VEGF-165 and collagenase
type IA was confirmed to have no effect on VEGF-165 detection
(Fig. S1). Following this the plate was read in a fluorescence spec-
trophotometer (Molecular Device Gemini EM) at 590 nm excitation
and 622 nm emission to quantify the amount of Alexa-594-BSA on
the scaffold.

For further validation a model protein, horseradish peroxidase
(HRP), was covalently immobilized on the scaffold. HRP is a
44 kDa protein that contains free amine and carboxyl groups that
can participate in the EDC/S-NHS reaction with the carboxyl
groups in the collagen scaffold. To first confirm the compatibility
of HRP with EDC/S-NHS chemistry it was immobilized uniformly
within collagen scaffolds. For this the scaffolds were activated in
250 ll of 24 mg EDC + 60 mg S-NHS ml�1 in PBS (Sigma Aldrich
16142, Pierce 24510) for 20 min and transferred to 250 ll of
0.01, 0.1 or 1 mg ml�1 HRP in PBS at room temperature for 1 h. Fol-
lowing the reaction the scaffolds were washed eight times in 1 ml
of PBS for 5 min per wash. A gradient of HRP was created in new
scaffolds using the point source method described above using a
solution of 0.01 mg ml�1 HRP and 24 mg EDC + 60 mg S-NHS ml�1

in PBS for scaffold activation. The scaffold was sectioned into rings
as described above and digested with collagenase. To quantify the
amount of HRP present in the digested solution 100 ll of 2,20-azi-
no-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) (Sigma
Aldrich A3219) was added to 100 ll of scaffold solution. ABTS is



Fig. 2. Fluorescence intensity profiles of Alexa-594-BSA for the three gradient generation methods. (A) The flow method. (B) The point source method. (C) The source–sink
method. (Top) A representative profile as it appears looking from the top of the scaffold, as shown in the insets. (Bottom) A representative profile as it appears looking from
the bottom of the scaffold. (Average) Average (solid line) and standard deviation (the dashed lines above and below the curve) for the fluorescence intensity profiles collected
from the tops of n = 3 different scaffolds. The zero point on the x-axis corresponds to the center of the scaffold in (A) and (B) and the source edge of the scaffold in (C). As
expected, both (A) and (B) show the highest concentration at the center of the scaffold, the point of injection of the dye, which then drops off moving towards the periphery.
Similarly, (C) shows the highest concentration at the source edge of the scaffold, which drops off moving towards the sink side.
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a substrate for HRP that undergoes a colorimetric reaction within a
time span of �5 min. The color change was monitored on a plate
reader (Apollo LB911) at 405 nm. The amount of HRP was calcu-
lated based on standard curves of known amounts of HRP and ex-
pressed as a concentration by calculating the volume of each
circular section.
2.5. VEGF immobilization and quantification

The point source method was used to create a VEGF-165 gradi-
ent in a collagen scaffold via the EDC/S-NHS chemistry as described
above using a syringe filled with 1 lg ml�1 murine VEGF-165 (Pep-
rotech, 900-K99) and 24 mg EDC + 60 mg S-NHS ml�1 in PBS. The
solution was injected into the center of the scaffold in 5 ll volumes
either once or three times, leaving 1 h for the reaction following
each injection. The solution was prepared fresh before each injec-
tion. The scaffolds were then washed eight times in 1 ml of PBS for
5 min for each wash. Scaffolds with uniformly immobilized VEGF-
165 and no VEGF-165 were used as the controls. For uniform
immobilization the scaffolds were first activated in 250 ll of
12 mg EDC + 30 mg S-NHS ml�1 in PBS for 20 min in a 24-well
plate. They were then transferred to a fresh well containing
250 ll of a 100 ng ml�1 solution of VEGF-165 for 1 h. Blank scaf-
folds containing no VEGF-165 were prepared in the same way as
the gradient scaffolds described above, with the only change being
the absence of VEGF-165 in the solution of interest. Both the blank
and the uniform scaffolds were subjected to eight washes in 1 ml
of PBS for 5 min per wash.

After processing and digesting the cut scaffold sections as de-
scribed above the solutions were analyzed using a murine sand-
wich ELISA kit for VEGF-165 (Peprotech 900-K99). For this the
manufacturer’s protocol was followed, the only modification being
that instead of using the manufacturer supplied VEGF-165 as the
standard the VEGF-165 that was used for immobilization in the
experiments was used. The results are expressed as the VEGF-
165 concentration detected in the given scaffold section digestate
by dividing the total amount of VEGF-165 detected in each section
by the calculated section volume.
2.6. Cell studies

2.6.1. Cell culture
D4T endothelial cells (EC), an embryoid body-derived mouse EC

line, was used according to our previously published protocol
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[17,30]. The cells were propagated in culture medium (D4T med-
ium) consisting of Iscove’s modified Dulbecco’s medium (IMDM)
(Gibco 12440-053) with 5% fetal bovine serum (FBS) (Gibco
16000-044), 100 units ml�1 penicillin, and 100 lg ml�1 streptomy-
cin (Gibco/Invitrogen 15140122) [31]. The cells used in this study
were between passages 10 and 20.

2.6.2. Cell migration study
Following immobilization of the growth factor on the scaffold

the scaffolds were placed in 500 ll of D4T culture medium in a
37 �C/5% CO2 incubator for 30 min. They were then placed at the
bottom of a 48-well tissue culture plate (BD Scientific 353230)
and the cell suspension (5000 cells per 500 ll culture medium)
was added on top of the scaffolds. The plate was centrifuged at
140 r.c.f. for 5 min in a plate centrifuge to force the cells uniformly
into the scaffold pores. There were three experimental groups: (i)
scaffolds with a VEGF-165 gradient; (ii) scaffolds with uniformly
immobilized VEGF-165; (iii) scaffolds with no VEGF-165. After
the centrifugation step the remaining culture medium was aspi-
rated off and the scaffolds were placed in a 37 �C/5% CO2 incubator
for 40 min for the cells to attach to the scaffold. Then 1 ml of cul-
ture medium was added to each well containing the scaffold and
the plate was returned to the incubator. After 3 days culture the
scaffolds were removed from the incubator. The culture medium
was aspirated and the scaffolds were stained using Live/Dead
markers by incubating the scaffolds in 400 ll of staining solution
(1.5 ll of carboxyfluorescein diacetate and 75 ll of propidium io-
dide in 1 ml of PBS) for 40 min, as published previously [30]. The
scaffolds were then imaged under a fluorescence microscope with
the blue filter in order to visualize live cells. To study the cell dis-
tribution on the scaffold, images were taken at 4� along the two
diameter axes on the scaffold. The surface on which the cells were
spun down, i.e. the top surface, was imaged for each scaffold. Serial
images were taken along the axes and the cell count in each image
was determined using the ImageJ cell counter function. To main-
tain consistency only cells in the top layer (and not the bleed
through) were counted in each image.

To determine the cross-sectional spatial distribution of cells on
day 3 the cell-seeded scaffolds (n = 4 per group) were fixed in 10%
formalin for 1 h at room temperature. The scaffolds were then cut
in half through the centerline such that the cross-section at the
center of the sample was revealed. The cross-section of each sam-
ple was placed face down in a cryomold with OCT medium and
snap frozen with liquid nitrogen as described [17]. The snap frozen
samples were cryosectioned at �22 �C at a thickness of 10 lm. The
sections were stained with 40,6-diamidino-2-phenylindole (DAPI)
and imaged using fluorescence microscopy.

2.7. Statistical analysis

Statistical significance in comparisons between different groups
was determined by one-way ANOVA in conjunction with Tukey’s
post hoc test using GraphPad Prism. P < 0.05 was considered
significant.
3. Results and discussion

Representative radial fluorescence intensity profiles of Alexa-
594-BSA for all three methods are shown in Fig. 2. Both the flow
(Fig. 2A) and point source (Fig. 2B) methods resulted in the ex-
pected radial profiles, with the scaffold showing the highest fluo-
rescence intensity as the solution of interest penetrated the
scaffold in the center and diffused towards the periphery. Conse-
quently, the intensity dropped from the center towards the periph-
ery. The concentration profile of the source–sink (Fig. 2C) method
was different from the other two methods, as the solution of inter-
est penetrated the scaffold on one side and diffused towards the
other. Hence the intensity profile was highest on the side closest
to the reservoir containing the solution of interest and lowest on
the blank reservoir side. The resulting profile was dependent on
the time period allowed for diffusion, with higher fluorescence
intensity at 4 h vs. 2 h. There were no appreciable differences in
the fluorescence intensity profiles collected from the top versus
the bottom of the scaffolds for the flow and point source methods
(Fig. 2A and B). However, there were noticeable differences in the
top vs. bottom lines collected for the source–sink method (Fig. 2C).

In comparison with the source–sink method the point source
and flow methods offered superior reproducibility, as shown by
the larger spread of the data points around the average value for
the source–sink method (Fig. 2C). In addition, these two methods
generated a radial gradient starting in the center, in contrast to
the linear gradient generated by the source–sink method. The ra-
dial gradient meets our design criteria of promoting cell migration
towards the scaffold center. Of these two methods the point source
method provided a smoother profile and was technically simpler
than the flow method. Importantly, the point source method uses
significantly smaller amounts of reagents because all of the start-
ing solution of interest is injected into the scaffold. Hence, only
the point source method was evaluated further.

The gradients of three different proteins processed by the point
source method were compared by quantifying the concentration in
three concentric circular rings of the collagen scaffold after diges-
tion by collagenase: Alexa-594-BSA, HRP and VEGF-165 (Fig. 3).
The intensity profile was normalized to the volume of each of the
collagen scaffold rings. HRP has a similar molar mass to VEGF-
165 and was used previously as a model protein for covalent
immobilization of linear gradients in 12 mm thick porous silk scaf-
folds [32]. As expected, it was found that the HRP concentration
immobilized uniformly into collagen scaffolds was dependent on
the HRP concentration in the immobilization solution (Fig. S2).
Since 0.01 mg ml�1 HRP in the immobilization solution showed
the greatest difference between the immobilized and physically
adsorbed HRP, it was used for further validation studies. As ex-
pected, the center regions of the scaffold contained the maximum
amount of protein, since the protein solution was introduced there.
The amount of protein decreased from the center towards the
periphery. Interestingly, three serial injections of VEGF-165 solu-
tions led to a 3.8 ± 0.4 times higher amount of VEGF-165 immobi-
lized (0.27 ± 0.03 ng) compared with one injection (0.07 ± 0.01 ng).
In addition, the gradient was steeper with three serial injections
(2.35 ng ml�1 mm�1) compared with a single injection
(0.64 ng ml�1 mm�1) (Fig. 3C). Interestingly, although HRP was ap-
plied at 10 lg ml�1 and VEGF-165 at 1 lg ml�1, no appreciable dif-
ferences in the center concentrations were observed after
immobilization (Fig. 3B and C). It is likely the reaction was limited
by the amount of cross-linker or the period of time carboxyl groups
remained activated.

The bioactivity of VEGF-165 has been previously reported to be
either unaffected or enhanced due to covalent immobilization. Aiz-
awa et al. measured the proliferation of EC in the presence of either
immobilized or soluble forms of VEGF-165. It was found that for
approximately the same amounts of VEGF-165 the cells showed
no difference in proliferation between the immobilized and soluble
groups [25]. Chiu and Radisic found that endothelial cells prolifer-
ated significantly more on collagen scaffolds with immobilized
VEGF-165 and angiopoietin-1 than on scaffolds supplemented with
soluble forms of the same growth factors [19]. We took advantage
of the extensive studies done to differentiate between physical
adsorption and covalent modification using identical synthetic
techniques [19] and focused simply on scaffolds containing immo-
bilized VEGF-165 and the resulting cell guidance.



Fig. 3. Protein quantification for the point source method. Scaffolds were either injected with Alexa-594-labeled BSA or HRP or VEGF for covalent immobilization using the
point source method. The scaffolds were then sectioned into three concentric rings and digested with collagenase. The protein content in each ring was measured and
normalized to the calculated volume. (A) Alexa 594-BSA; (B) HRP; (C) VEGF. Error bars indicate standard deviations. Horizontal lines above the bars indicate a statistically
significant difference (P < 0.05, n = 4–6).
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Having created well-defined concentration gradient scaffolds
we next examined the cell distribution on the scaffolds with a
VEGF-165 gradient vs. a homogeneous concentration of VEGF-
165 vs. no VEGF-165 (controls). Centrifuging the cells into the scaf-
fold did not affect cell viability, since the great majority of cells
were viable immediately after seeding (Fig. S3). In addition, the cell
distribution at the top scaffold surface was uniform immediately
after seeding (Fig. S4). As shown in Fig. 4 for the top scaffold sur-
face, the scaffolds with the gradient of VEGF-165 resulted in a dis-
tribution of cells at the end of 3 days cultivation that mirrored the
VEGF-165 gradient, with a higher cell concentration in the center
and a lower one at the periphery. The scaffolds with uniform
VEGF-165 had a distribution that also mirrored the concentration
of VEGF-165, i.e. a relatively uniform cell distribution along the ra-
dius. Similarly, the scaffolds without immobilized VEGF-165 had a
relatively uniform distribution of cells, but showed a trend towards
a lower total cell number compared with the scaffolds with uni-
formly immobilized VEGF-165. Importantly, the total amount of
immobilized VEGF-165 was comparable (and not significantly dif-
ferent) in the gradient scaffold (0.27 ± 0.03 ng) and uniformly
immobilized scaffold (0.38 ± 0.09 ng). In addition, DAPI stained
cross-sections of the scaffolds (n = 4 per group, Fig. 5) confirmed
a greater presence of cells in the central cross-section of the gradi-
ent scaffolds compared with the no VEGF controls and also scaf-
folds with uniformly immobilized VEGF.

The concentration of immobilized VEGF-165 used in this study
was between 3 and 10 ng ml�1. Previous reports of immobilized
VEGF-165 have observed the cell response to a broad range of con-
centrations. There are reports of high concentrations of VEGF-165:
Aizawa et al. examined concentrations of the order of 400–
2000 ng ml�1 [25]; Chiu and Radisic used concentrations of
approximately 750 ng ml�1 [19]; Shen et al. reported concentra-
tions of 40 and 110 ng ml�1 on collagen scaffolds [17]. There are
also reports of lower concentrations of VEGF-165: Chung et al.
used concentration gradients ranging between 0 and 20 ng ml�1

in a microfluidic channel [24]; Shamloo et al. used concentrations
ranging between 18 and 32 ng ml�1, with the average concentra-
tion being 25 ng ml�1, in soluble form [23]. Hence, there is a wide
concentration range over which EC in general, and D4T EC in par-
ticular, respond to VEGF-165. Interestingly, the results of the cur-
rent study confirm that D4T EC are able to respond to VEGF-165
cues in the range 3–10 ng ml�1.

The cell distribution profile for the gradient scaffolds shows a
Gaussian-like profile where more cells are present in the center re-
gion of the scaffold, thereby mimicking the VEGF-165 gradient,
which is also highest in the center. The correlation of VEGF-165
gradient with cell distribution suggests that the D4T cells are either
guided up the VEGF-165 concentration gradient on the collagen
scaffolds or that they proliferate more in the center, at the higher
immobilized VEGF-165 concentration. The scaffolds with uni-
formly immobilized VEGF-165 did not exhibit any particular spa-
tial preference for the cells. This was expected, since cells detect
similar amounts of VEGF-165 at all points on the scaffold. Simi-
larly, the blank scaffolds did not show any statistically significant
trend in cell distribution.

The distribution of cells after 3 days on the scaffolds raises an
important question: are the cells proliferating/surviving selectively
or migrating in response to the VEGF-165 gradient in the scaffold?
Chiu and Radisic reported that collagen scaffolds uniformly immo-
bilized with VEGF-165 showed a significantly higher number of



Fig. 4. Scaffolds with VEGF gradients lead to a more centralized cell distribution. (A) The scaffolds prepared by the point source method were seeded with 5000 cells and
cultured for 3 days. At the end of the culture period the scaffolds were stained with a live cell marker, CFDA. Serial images were acquired on the two axes of the circular
scaffold. (B) The cell density of each image was counted using ImageJ. The plot shows the cell distribution on the scaffolds. The x-axis spans the radius of the scaffold for each
group. Black and white arrows indicate the scaffold center and periphery, respectively. (C) The number of cells along the diameter of the scaffold was calculated by adding the
number of cells in each image along the two axes of the scaffold. Error bars indicate standard errors (n = 4–6). The stars indicate a statistically significant difference from the
highest (center) value. The lines indicate statistically significant differences between groups (P < 0.05). Scale bar 500 lm.
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cells, suggesting a higher proliferation and survival rate on these
scaffolds. In order to determine the exact mechanism of cell behav-
ior the total number of cells per scaffold was counted and found
not to be significantly different, as shown in Fig. 4C. This indicates
that the cells did not proliferate in response to the immobilized
VEGF-165, but instead migrated along the immobilized VEGF-165
gradient of �2 ng ml�1 mm�1. This suggests that the immobiliza-
tion of VEGF-165, either in a uniform or gradient pattern, does
not lead to a greater survival or proliferation of EC over this
3 day time period. This is in contrast to the results reported by Chiu
and Radisic [19]. This discrepancy can be explained by two major
factors. First, the immobilized concentration in the current system
is about two orders of magnitude lower than that in the Chiu study
(3–10 vs. 750 ng ml�1). It is possible that lower VEGF-165 levels
are able to promote cell migration but not proliferation. Second,
the cell density used in this study is lower than that used by Chiu
(5000 vs 50,000 cells per scaffold). Since one of the factors that
govern cell–cell interaction is cell density, this reduction in cell
number is expected to affect the cell response.

We have here described methods that enable us to generate
gradients of covalently immobilized growth factors in porous scaf-
folds. In the envisioned cardiac tissue engineering scenario we plan
to generate a gradient of a cardiac survival factor. For example, a
gradient of covalently immobilized angiopoietin 1, which acts as
a survival factor for cardiomyocytes [33], could be incorporated
in a porous scaffold. A high concentration of angiopoietin 1 in
the center of the scaffold would enable cardiomyocytes to survive
during the tissue engineering process and upon implantation. In
addition, a gradient of angiopoietin 1 would promote the in-
growth of blood vessels into the scaffold.

In general, three different cardiac tissue engineering approaches
can be identified: (1) the seeding of cells onto preformed porous or



Fig. 5. Cross-sectional cell distribution at the central axis of the scaffolds. (A) Blank
(no VEGF control); (B) uniform immobilization of VEGF; (C) gradient immobiliza-
tion of VEGF. DAPI staining of cell nuclei appears as bright blue dots. White arrows
point to representative cell nuclei. Scale bar 100 lm.
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fibrous scaffolds followed by bioreactor cultivation; (2) cultivation
of cells encapsulated in hydrogels; (3) a matrix-free approach that
relies on cardiomyocyte self-assembly or stacking of confluent cell
sheets. In addition, encapsulation of cells in hydrogels immediately
prior to myocardial injection has also been performed [34–37],
however, this approach does not result in contractile cardiac
patches in vitro.

Biodegradable scaffolds are designed to provide a flexible struc-
tural template for cell attachment and tissue organization. Scaf-
folds with a gradient of immobilized growth factor such as one
described here could thus find utility in the cell–scaffold–bioreac-
tor approach, which aims at cultivating cardiac tissues under bio-
mimetic conditions [38]. Previously, cardiac grafts expressing the
structural and physiological features characteristic of native car-
diac muscle have been engineered using fetal or neonatal rat car-
diac myocyte-enriched cell populations with both natural
polymers (collagen [4] and alginate [7]) and synthetic polymers
(polyglycolic acid [39–44]). The primary advantage of utilizing
scaffolds is that they can be tailored to any size or shape and their
mechanical properties can be precisely controlled. Suggested dis-
advantages of porous and fibrous scaffolds include limited devel-
opment of contractile force due to the inherent stiffness of the
scaffold, incomplete biodegradation and poor cell alignment and
morphology. Hydrogels, on the other hand, exhibit no mechanical
or spatial restrictions [45], thus they were utilized in pioneering
cardiac tissue engineering studies that resulted in highly differen-
tiated contractile cardiac muscle [46,47].
Contractile cardiac grafts can also be engineered without the
use of matrix materials by stacking monolayered cell sheets re-
leased from a temperature-responsive polymer (poly-N-isopropyl-
acrylamide) that is cell non-adhesive below 32�C [10,48–50]. These
cell sheets were then overlaid to form grafts; extracellular matrix
produced by the cells acts as an adhesive holding the cell sheets to-
gether. The cell sheet technology allows manipulation to form var-
ious graft shapes. A current limitation, however, includes graft
thickness in vitro, which is limited to 3–4 cell layers. Other ma-
trix-free self-organization approaches include spontaneous wrap-
ping of confluent monolayers around a poly(glycolic acid) string
[51].

The creation of growth factor gradients in collagen scaffolds as
described here represents an important advance, since photochem-
ical and lithographic techniques would not work in opaque porous
scaffolds. The point source method, albeit simple, was effective in
creating a gradient of immobilized VEGF-165 in the scaffold and
could be extended to many other porous scaffold types, since it uti-
lizes water soluble EDC chemistry at physiological pH. The method
enables gradient generation in preformed scaffolds without the
need to polymerize/fabricate the scaffold concurrently with gradi-
ent generation. The collagen scaffolds used here have already been
demonstrated to be cytocompatible in vitro and biocompatible
in vivo, thus the ability to guide cells deeper into the scaffold inte-
rior may overcome the formation of a necrotic core normally ob-
served during the tissue engineering process and upon
implantation. Importantly, gradient creation was achieved on mil-
limeterscale scaffolds, which is larger than most microscale sys-
tems and thus closer to the clinical requirements [23,24].
4. Conclusions

We have reported three methods of generating protein gradi-
ents on collagen scaffolds, with the point source method being
the most facile and reproducible of the three tested. The VEGF-
165 gradient (�2 ng ml�1 mm�1) immobilized in a radial direction
in a 12 mm diameter collagen scaffold guided EC deep into the cen-
ter of the scaffold, compared with the uniformly immobilized
VEGF-165 and the VEGF-free controls. The migration of cells deep
into the scaffold rather than proliferation in the scaffold interior
was substantiated by the similar numbers of cells on the different
scaffolds. Interestingly, these effects were observed even with very
low concentrations of immobilized VEGF-165, indicating that high
concentrations are not necessarily required to observe cell guid-
ance. The developed gradient scaffolds may be used to guide cells
into the scaffold interior during the tissue engineering process and
upon implantation.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figures 1, 2, 4, and 5,
are difficult to interpret in black and white. The full colour images
can be found in the on-line version, at doi:10.1016/j.actbio.
2011.05.002.
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