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Abstract

A key challenge in engineering functional tissues in vitro is the limited transport capacity of oxygen and nutrients into the tissue. Induc-
ing vascularization within engineered tissues is a key strategy to improving their survival in vitro and in vivo. The presence of vascular endo-
thelial growth factor (VEGF) in a three-dimensional porous collagen scaffold may provide a useful strategy to promote vascularization of
the engineered tissue in a controlled manner. To this end, we investigated whether immobilized VEGF could promote the invasion and
assembly of endothelial cells (ECs) into the collagen scaffolds. We conjugated VEGF onto collagen scaffolds using N-(3-dimethylamino-
propyl)-N0-ethylcarbodiimide hydrochloride chemistry, and measured the concentrations of immobilized VEGF in collagen scaffolds by
direct VEGF enzyme-linked immunosorbent assay. We demonstrated that immobilized VEGF (relative to soluble VEGF) promoted
the penetration and proliferation of ECs in the collagen scaffold, based on results of cell density analysis in histological sections, immuno-
histochemistry, XTT proliferation assay, glucose consumption and lactate production. Furthermore, we observed increased viability of
ECs cultured in scaffolds with immobilized VEGF relative to soluble VEGF. This research demonstrates that immobilization of VEGF
is a useful strategy to promote the invasion and proliferation of ECs into a scaffold, which may in turn lead to a vascularized scaffold.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

One of the main goals of tissue engineering is to design tis-
sue scaffolds that can support the survival, growth and
assembly of cells into functional tissues. A key challenge in
engineering functional tissues is the limited transport capac-
ity of oxygen and nutrients into the tissue. For example, in
hypoxia-sensitive cardiac tissue engineered in vitro, conven-
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tional medium diffusion can provide oxygen at a distance of
up to 100 lm, yet oxygen transport beyond this distance is
limited [1,2]. As a result, the interior of a cardiac construct
has low cell density and viability [3,4]. Oxygen gradients
were shown to correlate with cell density and cell viability
in engineered cardiac constructs [5].

Inducing vascularization is a key strategy to improving
the survival of engineered tissues both in vitro and
in vivo [6,7]. The most studied approach is the delivery of
angiogenic growth factors to promote neovascularization
[8]. Vascular endothelial growth factor (VEGF) is a potent
inducer of endothelial cell (EC) proliferation, migration
and tube formation, and is a key mediator in the process
of angiogenesis [8,9]. There exist a family of VEGFs,
vier Ltd. All rights reserved.
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VEGF-A through VEGF-E, of which an isoform of
VEGF-A, VEGF165, is the most prevalent [8]. Two distinct
VEGF receptor tyrosine kinases, VEGFR-1 (flt-1) and
VEGFR-2 (KDR/flk-1), have been identified on ECs [10–
12]. It is thought that flk-1 functions in inducing EC prolif-
eration, while flt-1 functions in differentiation and vascular
organization [11]. Binding of VEGF to VEGF receptor
leads to receptor dimerization and autophosphorylation,
which allows for the recruitment of signaling proteins con-
taining src-homology-2 (SH2) domains to specific phos-
phorylated tyrosines [11].

There has been tremendous success in using biomaterials
for the controlled delivery of VEGF to induce neovascular-
ization [13–16], as well as to support cell survival and differ-
entiation [17–19]. Alternately, growth factors such as VEGF
can be immobilized onto the biomaterial scaffolds for tissue
engineering applications. Immobilized growth factors can
promote the desired cell-material interactions, and render
synthetic materials bioactive [20,21]. Several studies have
shown enhanced proliferation of ECs on two-dimensional
substrates with immobilized VEGF. Taguchi and colleagues
immobilized VEGF onto poly(acrylic acid) grafted
poly(ethylene) films using N-(3-dimethylaminopropyl)-N0-
ethylcarbodiimide hydrochloride (EDC) chemistry, and
found that VEGF and fibronectin co-immobilized surface
greatly promoted the growth of human umbilical vein endo-
thelial cells (HUVECs) [22]. Ito and colleagues photo-
immobilized VEGF onto gelatin surfaces, and showed that
immobilized VEGF greatly enhanced the proliferation and
surface coverage of HUVECs [23]. Backer and colleagues
engineered a cysteine tag into VEGF and then conjugated
VEGF onto fibronectin-coated surfaces via the cysteine
tag, and observed growth stimulation of VEGFR-2 over-
expressing cells [24]. Zisch and colleagues engineered a Fac-
tor XIIIa substrate sequence into VEGF and crosslinked
VEGF into the fibrin gel through a coagulation process,
and subsequently demonstrated growth enhancement of
HUVECs cultured on VEGF–fibrin surfaces [25].

The main objective of this work was to immobilize VEGF
into a porous three-dimensional (3D) collagen scaffold to
promote the penetration and assembly of ECs into the scaf-
fold. We chose to use porous collagen scaffolds because they
are widely used in tissue engineering to support the growth
of various cell types, and are also used for surgical wound
dressings. We demonstrated that VEGF maintained biolog-
ical activity upon immobilization and promoted the infiltra-
tion and proliferation of ECs in the 3D collagen scaffold.
This research is the first step in assembling a high density
of ECs in a 3D scaffold, in order to promote vascularization
within the engineered tissue constructs.

2. Materials and methods

2.1. Collagen scaffolds

Scaffolds were discs (7 mm diameter � 2 mm thick)
punched from sheets of commercially available Ultra-
foamTM collagen hemostat (Davol Inc., Cranston, RI).
According to the manufacturer’s specifications, Ultra-
foamTM is a water-insoluble, partial HCl salt of purified
bovine dermal (corium) collagen formed as a sponge with
interconnected pores. Dry collagen scaffold was cross-sec-
tioned using a sharp razor balder, sputter coated with gold
and imaged in face and cross-section using a Hitachi S-
3400N variable pressure scanning electron microscope.

To assess the level of collagen scaffold degradation in
the culture medium, the scaffolds (n = 3 per group per time
point) were placed in a 12-well plate and maintained in
1 ml of D4T cell culture medium for 10 min, 7 days and
12 days. Culture medium was changed by 100% every other
day. The samples were immersed in distilled water for
10 min before being freeze dried in liquid nitrogen for
10 min. The samples were then placed into the lyophilizer
for 24 h to dry under vacuum followed by measurements
of dry weight.

2.2. Immobilization of VEGF in collagen scaffold

Mouse recombinant VEGF165 was immobilized into the
porous collagen scaffold using EDC chemistry. The colla-
gen scaffold (7 mm diameter, 2 mm thickness, cut out from
the collagen sponge sheet using a circular metal borer) was
immersed in 150 ll of EDC (Sigma) and N-hydroxysulfo-
succinimide (sulfo-NHS) (Pierce Chemicals) (EDC/sulfo-
NHS concentrations of 24 mg/60 mg ml�1 or 4.8 mg/
12 mg ml�1) dissolved in PBS (filter sterilized for cell cul-
ture) in a 96-well plate. The reaction proceeded for
20 min at room temperature. The scaffold was then
removed from the EDC/sulfo-NHS soaking solution and
immersed completely in 100 ll of VEGF (concentrations
of 500 ng ml�1 or 1 lg ml�1) dissolved in phosphate-buf-
fered saline (PBS). The reaction proceeded for 1 h at room
temperature. The scaffold was then subjected to successive
soaks in fresh PBS (eight washes of at least 5 min each) to
remove any uncrosslinked VEGF and EDC/sulfo-NHS.

2.3. Quantification of immobilized VEGF

The amount of immobilized VEGF throughout the depth
of the scaffold (n = 3) was quantified by a direct VEGF
enzyme-linked immunosorbent assay (ELISA) (BioVision
VEGF ELISA kit) technique, in which the standard VEGF
ELISA procedure in the kit was followed using the scaffold
as the primary substance. Briefly, the scaffold was blocked in
1% bovine serum albumin (BSA) in PBS for 1 h in a 96-well
plate at room temperature, after which it was washed (1%
Tween-20 in PBS) for 1 min. The scaffold was then immersed
in biotinylated anti-mVEGF detection antibody
(0.025 lg ml�1) in diluent (0.05% Tween-20, 0.1% BSA in
PBS) for 1 h at 37 �C, after which it was washed repeatedly
(six washes of at least 3 min each on a shaker). The scaffold
was immersed in Avidin peroxidase conjugate (0.05% in dil-
uent) for 30 min at room temperature, after which it was
washed repeatedly. The wet scaffolds were placed in a
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cryostat, frozen at �20 �C for 5–10 min and then cryosec-
tioned into 200 lm thick slices, which were positioned at
the bottom of the wells in a 96-well plate. Finally, 2,20-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) liquid
substrate was added to each well and color development
was monitored concurrently with a series of soluble VEGF
standards. Sandwich ELISA was performed concurrently
with the corresponding part of the direct ELISA in order
to create a standard curve for quantification of immobilized
VEGF. After 20 min, the colored substrate solution was
removed from each well and put into a new plate, and the
absorbance was measured at 405 nm using an ultraviolet
(UV) plate reader along with the standards.

2.4. Cell culture

D4T, a mouse embryonic stem cell-derived endothelial
cell line [26] (passage number between 15 and 25) was cul-
tured for 1 week in scaffolds with different amounts of
immobilized VEGF, unmodified scaffolds, and unmodified
scaffolds with culture medium containing 100 ng ml�1 solu-
ble VEGF. Prior to cell seeding, the scaffolds were soaked
in warm culture medium, dabbed gently on sterile paper
(autoclaved Kim-wipes) to remove excess moisture and
placed in a 24-well plate. Cell pellet was suspended in cul-
ture medium and 30 ll of cell suspension containing 50,000
cells were pipetted on top of each scaffold. The plate was
incubated at 37 �C for 40 min for cells to attach before
600 ll of culture medium was added into each well. D4T
culture medium contained 94% Iscove’s modified Dul-
becco’s medium (Gibco), 5% fetal bovine serum (Gibco)
and 1% penicillin/streptomycin (Gibco); the medium was
changed by 100% every 2–3 days during the 1 week culture.

2.5. Cell density analysis

To determine the spatial cell density immediately after
seeding, the cell-seeded scaffolds were fixed in 4% parafor-
maldehyde for 1 h at room temperature and then immersed
in a cryopreservation solution of 30% sucrose in PBS over-
night. The scaffolds were then cut in half through the cen-
ter, so that the cross-section at the centre of the sample was
revealed. The cross-section of each sample was then placed
face down in a cryomould with OCT and snap frozen with
liquid nitrogen. The samples were stored at �80 �C prior to
cryosectioning at �22 �C at a thickness of 10 lm and with
an interval of 200 lm, so that slices of the sample cross-sec-
tion were obtained. The slices were mounted with 40,6-
diamidino-2-phenylindole (DAPI) mounting medium (Vec-
tor Labs) and fluorescence images (Olympus, IX81) were
taken at �40 magnification.

At the end of 1 week culture, the scaffolds were fixed as
described above, immersed in 30% sucrose solution over-
night and then snap frozen prior to cryosectioning. Hori-
zontal face sections of 10 lm thickness were sliced
starting from the top surface of the scaffold, at an interval
of every 200 lm, along the depth of the scaffold. To analyze
cell density, the slides were mounted with DAPI mounting
medium, and imaged with a fluorescence microscope at
�200 magnification. For each sample (n = 3 per group)
at a particular depth, two sections were imaged with three
representative images taken across each section. The cell
number in each image was obtained by image analysis
using Image J software. Briefly, a threshold in color inten-
sity was set for the blue channel of the image to include all
DAPI-stained nuclei while excluding any background fluo-
rescence. The ‘‘analyze particle” function was then used to
count the number of nuclei in the image.

2.6. CD31 immunohistochemistry

Sample sections were blocked in 10% normal horse
serum (Vector Labs) in PBS for 40 min in a humidified
chamber at room temperature. Rat anti-mouse CD31 pri-
mary antibody (BD Pharminogen) was applied at a dilution
of 1:100 (with 1.5% serum and 0.5% Tween-20 in PBS) to
the sample and incubated overnight at 4 �C. The sample
was washed three times in PBS, after which the fluorescein
isothiocyanate-conjugated goat anti-rat secondary anti-
body (Sigma) was applied at a dilution of 1:100 (with
1.5% serum and 0.5% Tween-20 in PBS) to the sample
and incubated at room temperature for 1 h. The sample
was washed three times in PBS, after which it was mounted
with DAPI mounting medium (Vector Labs). For each sam-
ple at a particular depth, representative fluorescence images
were taken at �200 magnification across two sections.

2.7. XTT cell proliferation assay

The XTT assay is based on the cleavage of the yellow tet-
razolium salt XTT to form an orange formazan dye by met-
abolic active cells. After 1 week of culture, the scaffolds
(n = 3 per group) were placed in a 96-well plate with
100 ll of culture medium added to each well. XTT assay
was performed following the manufacturer’s protocol
(Roche Diagnostics). Briefly, 50 ll of XTT labeling mixture
was added to each well containing the scaffold immersed in
100 ll of culture medium. The plate was incubated at 37 �C
on a shaker (30 RPM) for 2 h. Then 100 ll of supernatant
was pipetted from each well and put into a new plate. The
absorbance was measured at 450 nm using a UV plate
reader. We also seeded a standard series of known number
of cells into scaffolds (n = 2), and performed XTT assay on
this series of standards concurrently with the experimental
samples. This allowed us to create a standard curve, and
thus convert the absorbance readings into cell numbers.

2.8. Glucose and lactate assays

The concentrations of glucose and lactate in culture
medium were measured using colorimetric glucose (Bioas-
say Systems) and lactate (University of Buffalo Biomedical
Research Service Center) assay kits, following the given
protocols. When medium was changed during the 1 week



Fig. 1. Scanning electron microscopy of UltrafoamTM collagen scaffold.
(A) Face section; (B) cross-section; (C) cross-section of a pore wall.
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culture (n = 3 per group), old medium supernatant was col-
lected and stored at �20 �C.

Glucose assay is based on the formation of a colored
complex between an aldohexose and o-toluidine-glacial
acetic acid. Briefly, diluted medium samples and a series
of glucose standards were mixed with assay reagent in
Eppendorf tubes and heated in a boiling water bath, fol-
lowed by cooling in a cold water bath. Colored product
solution from each tube was transferred in duplicate into
a 96-well plate, and the absorbance was measured at
630 nm using a UV plate reader.

Lactate assay is based on the reduction of the tetrazo-
lium salt INT in an NADH-coupled enzymatic reaction
to formazan color product. Briefly, diluted medium sam-
ples and a series of lactate standards were pipetted into a
96-well plate. The assay solution was added to each well
and the plate was incubated at 37 �C for 40 min. The reac-
tion was stopped by adding 0.5 M acetic acid to each well,
then the absorbance was measured at 492 nm using a UV
plate reader.

2.9. Cell viability analysis

After 1 week of culture, the viability of cells in scaffolds
(n = 3 per group) was measured by ethidium monoazide
bromide (EMA) labeling followed by fluorescent-activated
cell sorting (FACS) as described by Radisic and colleagues
[3]. EMA diffuses into dead cells and covalently binds to
the DNA upon photolysis, thereby fluorescently labeling
the DNA in dead cells. In a 96-well plate, each scaffold
was immersed with 50 ll of EMA (Molecular Probes,
5 lg ml�1 in PBS). As a positive control, 50 ll of cell sus-
pension (collected from the tissue culture flask) was mixed
with 50 ll of EMA in a well. The plate was placed under a
fluorescent light at a distance of 18 cm for 10 min for EMA
to crosslink to the DNA of non-viable cells. The scaffolds
were washed in PBS several times to rid off uncrosslinked
EMA, and the positive control cell suspension was washed,
spun down and resuspended in culture medium. The scaf-
folds were then digested with collagenase (Worthington,
600 ll of 0.6 mg ml�1 collagenase in culture medium per
scaffold in a 24-well plate) at 37 �C for 15 min, followed
by 15 min incubation on ice, with periodic pipetting to dis-
sociate scaffolds and cell aggregates. The resulting cell sus-
pension was added with 1 ml of medium, spun down and
then resuspended in culture medium. The cell suspensions
were subjected to FACS (Hospital for Sick Children
Research Institute) to determine the percentage of EMA
negative cells.

2.10. Statistical analysis

Statistical analysis was performed using SigmaStat 3.0
software. For comparison between two groups, Student’s
t-test was performed. For comparison between multiple
groups, a one-way analysis of variance test was performed
using the Holm–Sidak post-hoc test for pairwise compari-
sons; in the case of failed normality or unequal variance
in the data set, Dunn’s test was used for pairwise compar-
isons. Groups were considered significantly different with
p < 0.05. All results are reported as mean ± standard
deviation.

3. Results and discussions

The UltrafoamTM collagen sponge scaffold exhibited a
macroporous structure consisting of interconnected pores
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of average diameter 190 lm and an average wall thickness
of 8 lm. Pores as small as 1 lm in diameter as well as fibers
as small as 1.5 lm in diameter were present within the
structure of macropores (Fig. 1). We conjugated VEGF
onto collagen scaffolds using EDC chemistry, which is a
common method used to covalently couple proteins to bio-
materials. For example, EDC was used to covalently cou-
ple rhBMP-2 onto silk fibroin films [27], to crosslink
collagen with glycosaminoglycan [28] and to immobilize
VEGF onto poly(acrylic acid) surfaces [22]. Here, we chose
to use EDC chemistry to immobilize VEGF to the collagen
scaffold because it is a stable, simple and water-based con-
jugation technique.

Immobilized VEGF was quantified in plane sections
along the depth of the scaffold by a direct VEGF ELISA.
Since the immobilization reaction was carried out by soak-
ing the entire scaffold in reagent solutions, uniform immobi-
lization was expected throughout the scaffold. Fig. 2a shows
the concentrations of immobilized VEGF along the depth of
the scaffold, in which there are no statistically significant dif-
ferences among concentrations throughout the entire depth.
Fig. 2. Concentration of immobilized VEGF in the porous 3D collagen scaffold
(n = 3, no statistically significant differences among concentrations along the
within the scaffold. *Statistically significant difference, p < 0.05.
Importantly, VEGF was covalently immobilized to the scaf-
fold and not simply adsorbed, as illustrated by the negligible
amount of VEGF remaining in the scaffold when the EDC
crosslinker was not used (Fig. 2a). Interestingly, the concen-
tration of immobilized VEGF in the scaffolds was controlled
by the concentration of EDC, as observed in Fig. 2b. Specif-
ically, with a solution of VEGF at 500 ng ml�1, the concen-
tration of immobilized VEGF in scaffold increased from
38 ± 5 to 56 ± 10 ng ml�1 as the EDC crosslinker concen-
tration increased from 4.8 to 24 mg ml�1. These concentra-
tions correspond to a total of 2.9 ± 0.4 and 4.4 ± 0.8 ng
scaffold�1 of immobilized VEGF, respectively. (The data
in Fig. 2 are expressed in terms of concentration assuming
that the scaffold is a cylinder of 7 mm diameter and 2 mm
thickness.) As will become apparent, this concentration of
immobilized VEGF was suitable for our purposes of pro-
moting cell penetration into the scaffolds; however, we note
that the crosslinking efficiency can be further improved by
using a buffer at a lower pH.

Having established that VEGF was immobilized on the
collagen scaffolds, we investigated the effect of immobilized
. (A) Concentration of immobilized VEGF along the depth of the scaffold
depth of the scaffold). (B) Average concentration of immobilized VEGF
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VEGF on the growth of ECs in the collagen scaffolds.
Immediately after seeding, the cell density was low and uni-
form in the entire cross-section of the scaffold (Fig. 3). We
compared cell growth over 1 week in the following scaf-
folds: scaffolds with approximately 40 ng ml�1 immobilized
VEGF (using 4.8 mg ml�1 EDC and 500 ng ml�1 VEGF
Fig. 3. Cross-section of the collagen scaffold immediately after seeding of
D4T cells. The cell nuclei were stained with DAPI (appearing dark blue).
Collagen scaffold appears light blue. (For interpretation of the references
in color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 4. EC density along the depth of the scaffold after 1 week of culture. Scaffo
100 ng ml�1 soluble VEGF, on scaffolds with immobilized VEGF (lower lev
�110 ng ml�1). n = 3; lines above data columns denote statistically significant
solution, as shown in Fig. 2b, total amount of VEGF
2.9 ng scaffold�1), scaffolds with approximately
110 ng ml�1 immobilized VEGF (using 24 mg ml�1 EDC
and 1 lg ml�1 VEGF solution total amount of VEGF
8.8 ng scaffold�1; immobilized concentration and total
amount were estimated based on Fig. 2b, since it was above
the detection limit of the direct VEGF ELISA method),
scaffolds cultured in culture medium containing
100 ng ml�1 soluble VEGF and control scaffolds without
VEGF. We consistently observed statistically higher cell
density at every depth within those scaffolds with immobi-
lized VEGF compared with the control scaffolds without
VEGF and those scaffolds cultured with soluble VEGF in
the culture medium (Fig. 4). This suggests that immobilized
VEGF promotes greater EC penetration into the collagen
scaffold. As shown in Fig. 5, the cell density in the scaffolds
with immobilized VEGF was uniformly high throughout
the scaffold, whereas the cell density in control and soluble
VEGF scaffolds was rather sparse. Fig. 6 shows the immu-
nohistochemistry of the CD31 marker on ECs cultured in
different scaffolds, where the higher cell density is apparent
along the depth of the scaffolds with immobilized VEGF
compared with both control scaffolds, having either no
VEGF or soluble VEGF in the culture medium.

We estimated the number of ECs after 1 week of culture
in the same group of scaffolds using the XTT assay. To con-
vert the XTT absorbance measurements to the number of
cells residing in scaffolds after 1 week, we seeded a series
of scaffolds with known numbers of cells and used these
to create a standard curve. As shown in Fig. 7, after 1 week
of culture, more cells were present within scaffolds with
immobilized VEGF compared with the scaffolds without
VEGF and scaffolds cultured in soluble VEGF. After 1
week, the number of cells in scaffolds with immobilized
VEGF was about seven times that of the cell number seeded
originally, while the numbers of cells in scaffolds without
VEGF and in scaffolds cultured in soluble VEGF were less
than double the cell number seeded originally. This finding
lds were cultivated without VEGF (control), in culture medium containing
el, �40 ng ml�1) or on scaffolds with immobilized VEGF (higher level,
differences, p < 0.05.



Fig. 5. Representative DAPI nuclear stain images showing the cell density along depth of the scaffold after 1 week of culture, as quantified in Fig. 2.
Scaffolds were cultivated without VEGF (control), in culture medium containing 100 ng ml�1 soluble VEGF, on scaffolds with immobilized VEGF (lower
level, �40 ng ml�1) or on scaffolds with immobilized VEGF (higher level, �110 ng ml�1). Scale bar: 200 lm.

Fig. 6. Representative CD31 immunohistochemistry images showing EC distribution along depth of the scaffold after 1 week of culture. Scaffolds were
cultivated without VEGF (control), in culture medium containing 100 ng ml�1 soluble VEGF, on scaffolds with immobilized VEGF (lower level,
�40 ng ml�1) or on scaffolds with immobilized VEGF (higher level, �110 ng ml�1). Blue: DAPI nuclear stain; green: CD31; scale bar: 200 lm. Inset scale
bar: 100 lm. (For interpretation of the references in color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Estimated number of cells residing within the scaffold after 1 week of culture, measured by XTT proliferation assay. Scaffolds were cultivated
without VEGF (control), in culture medium containing 100 ng ml�1 soluble VEGF, on scaffolds with immobilized VEGF (lower level, �40 ng ml) or on
scaffolds with immobilized VEGF (higher level, �110 ng ml�1). n = 3; lines above data columns denote statistically significant differences, p < 0.05.
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indicates that immobilized VEGF promotes greater prolif-
eration of ECs in collagen scaffolds, which is consistent with
results from the cell density analysis (Fig. 4).

We measured the level of glucose and lactate in the cul-
ture medium during the 1 week culture of ECs in the same
group of scaffolds, because glucose consumption and lactate
production are indicators of the net metabolic activity of
the cells. As shown in Figs. 8 and 9, the rate of glucose con-
sumption and the rate of lactate production were signifi-
cantly higher for ECs cultured in scaffolds with
immobilized VEGF compared to scaffolds without VEGF
and scaffolds cultured in soluble VEGF over time. The
increased metabolic activities by the glucose of the lactate
assays are due to the increased cell number in scaffolds with
immobilized VEGF. As such, the glucose and lactate assays
serve as an additional independent measure of the cell num-
Fig. 8. Glucose consumption rate of ECs in scaffolds during 1 week culture
containing 100 ng ml�1 soluble VEGF, on scaffolds with immobilized VEGF (
level, �110 ng ml�1). n = 3; lines above data columns denote statistically signi
ber. For example, at day 7 the lactate production rate was
on the order of 1 � 10�5 lmol cell�1 day�1 for all groups
(1.3, 1.2, 0.7 and 0.8 � 10�5 lmol cell�1 day�1 for the con-
trol, soluble VEGF, immobilized VEGF (lower level) and
immobilized VEGF (higher level), respectively). The aver-
age glucose consumption rate per cell at the end of cultiva-
tion was 1.6, 1.5, 0.6 and 0.7 � 10�5 lmol cell�1 day�1 for
the control, soluble VEGF, immobilized VEGF (lower
level) and immobilized VEGF (higher level), respectively.

Throughout the cultivation period, the molar ratio of
lactate produced to glucose consumed (L/G) was 61 for
scaffolds without VEGF and scaffolds cultured in soluble
VEGF, indicating aerobic cell metabolism, which is consis-
tent with the lower cell density in these groups. At a low
cell density, diffusional transport alone is capable of meet-
ing the oxygen demand of the 3D tissue. In contrast, for
. Scaffolds were cultivated without VEGF (control), in culture medium
lower level, �40 ng ml�1) or on scaffolds with immobilized VEGF (higher
ficant differences, p < 0.05.



Fig. 9. Lactate production rate of ECs in scaffolds during 1 week culture. Scaffolds were cultivated without VEGF (control), in culture medium containing
100 ng ml�1 soluble VEGF, on scaffolds with immobilized VEGF (lower level, �40 ng ml�1) or on scaffolds with immobilized VEGF (higher level,
�110 ng ml�1). n = 3; lines above data columns denote statistically significant differences, p < 0.05.
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cells cultured in scaffolds with immobilized VEGF, the L/G
was in the range of 1.2–1.6. This indicates the onset of
anaerobic cell metabolism, which is associated with the lim-
itations of oxygen diffusion in high cell density 3D tissues
cultivated under static condition [5].

VEGF-immobilized in the collagen scaffold, elicited a
significantly greater effect on ECs compared with
100 ng ml�1 soluble VEGF added into the culture medium,
even though the concentration of immobilized VEGF
(�40 ng ml�1) in the scaffold was lower compared with
the concentration of soluble VEGF in the culture medium.
When comparing the total amount of VEGF present, there
was a total of 60 ng of soluble VEGF present in the culture
medium (scaffold cultured in 600 ll of culture medium con-
taining 100 ng ml�1 soluble VEGF) compared with much
lesser amounts of 2.9 ng (lower level) and 8.8 ng (higher
level) of immobilized VEGF in the scaffold. Furthermore,
the culture medium was exchanged twice during the 1 week
culture, thus an even greater amount of VEGF was pre-
sented to scaffolds cultured with soluble VEGF.

The greater effect of immobilized VEGF compared with
soluble VEGF observed here is likely due to the immobi-
lized growth factors providing a controlled and sustainable
influence on cell behavior vs. the transient effect of soluble
growth factors [24,29]. Immobilized growth factors pro-
mote a local regulation and guidance of cellular activity,
which can mimic the microenvironment in vivo [8,30,31].
In our case, the immobilized VEGF in collagen scaffold
likely provided a cue to guide the infiltration and prolifer-
ation of ECs in the porous matrix. In addition, immobi-
lized growth factors can provide extended signaling since
the ligand will not be internalized as a ligand/receptor com-
plex [22,24]. It is known that binding of growth factors to
cell surface receptors often leads to internalization of the
receptor/ligand complex followed by degradation of the
receptor. Interestingly, VEGF induces receptor/ligand
internalization in ECs, and it has been reported that up
to 70% of the receptor/ligand complexes were internalized
in ECs following 1 h of incubation with VEGF [11]. Recep-
tor internalization is one of the self-regulating mechanisms
by which cells become desensitized to continuous growth
factor activation. It is still unclear whether some functions
of VEGF signal transduction might require internalization
[11,32], but various studies along with ours indicate that
immobilized VEGF is capable of activating signal trans-
duction pathways to achieve the desired EC responses
[22–25]. The immobilized VEGF is capable of continuously
stimulating EC growth by inhibiting the down-regulation
of receptor/ligand complex internalization, therefore dem-
onstrating greater effect than soluble VEGF. Interestingly,
Taguchi and colleagues also reported that a lower concen-
tration of VEGF on polymer films with co-immobilized
fibronectin and VEGF resulted in greater proliferative
effect on ECs compared with a higher concentration of sol-
uble VEGF [22], which is in agreement with our findings.
We did not observe a substantial difference in the effect elic-
ited by the higher (�110 ng ml�1) vs. the lower
(�40 ng ml�1) level of immobilized VEGF, possibly
because the VEGF signaling saturation has been reached.

Results from the XTT proliferation assay (Fig. 7) and
glucose/lactate metabolism assays (Figs. 8 and 9) show that
100 ng ml�1 soluble VEGF added to the culture medium
did not induce a significant increase in the proliferation of
ECs in collagen scaffolds compared with control scaffolds
without VEGF. A likely explanation is that soluble VEGF
in the bulk medium may not be able to reach the interior of
the porous 3D scaffold, due to either diffusional limitations
or being actively taken up by cells residing on the peripheral
surfaces of the scaffold. It is possible that dynamic culture
conditions, under orbital shaking or perfusion, would
increase the availability of the soluble VEGF to the interior
of the cell-seeded scaffold. Soluble VEGF added to the cul-
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ture medium can stimulate the growth of ECs plated on
two-dimensional substrates [22,24,25], so VEGF immobili-
zation is not required in 2D. However, the addition of
growth factors to bulk medium has not been typically used
to induce cell growth in 3D matrices. Most studies that aim
to promote vascularization within a 3D scaffold use strate-
gies to maintain a sustained delivery of angiogenic growth
factors within the scaffold, such as the encapsulation of
growth factors in scaffolds or microspheres for controlled
release [8,13–16]. Such strategies maintain a steady supply
of growth factors in the scaffold, which is required to induce
angiogenesis within the engineered tissue constructs.

We investigated the viability of ECs after 1 week of cul-
ture in the same group of scaffolds. As shown in Fig. 10, we
observed significantly higher viability of ECs cultured in
scaffolds with immobilized VEGF in comparison with both
scaffolds without VEGF and scaffolds cultured in soluble
VEGF. The viability of ECs cultured in scaffolds with
immobilized VEGF is comparable with that of ECs grown
in the T75 culture flask (used as a positive control). This
result suggests that immobilized VEGF promotes the sur-
vival of ECs in collagen scaffolds. While we did not probe
the mechanism, there are several reports that suggest pos-
sible mechanisms of VEGF regulating EC survival. For
example, Nor and colleagues found that VEGF enhanced
EC survival by inducing the expression of Bcl-2, an anti-
apoptotic protein [33]. Gerber and colleagues found that
VEGF regulated EC survival through flk-1/KDR activa-
tion, leading to the PI3-kinase/Akt signal transduction
pathway [34]. Interestingly, Hutchings and colleagues
found that ECs can adhere and migrate on immobilized
isoforms of VEGF, mediated by several integrin receptors
[35]. Furthermore, they demonstrated that immobilized
VEGF-promoted the migration and survival of ECs
through interactions with integrins. These findings poten-
tially explain our observation of increased EC viability in
collagen scaffolds with immobilized VEGF.
Fig. 10. Viability of ECs in scaffolds after 1 week culture. Scaffolds were culti
soluble VEGF, on scaffolds with immobilized VEGF (lower level, �40 ng ml�

n = 3; lines above data columns denote statistically significant differences, p <
Since proteases present in the serum of the culture med-
ium contribute to the enzymatic degradation of collagen
scaffold, we performed a scaffold degradation study in the
culture medium, with periodic medium exchange, to repro-
duce the conditions a scaffold experiences during cell cul-
ture. The scaffold dry weights were 4.0 ± 0.3, 3.6 ± 0.5
and 2.4 ± 0.5 mg after 10 min, 7 days and 12 days in the
culture medium, respectively. In this rigorous model, there
was no significant difference in the scaffold dry weight after
10 min and 7 days (p = 0.556), indicating that negligible
degradation of collagen scaffold occurred in this time per-
iod. The time period of 7 days corresponds to the duration
of cell culture in the current study. Thus, most of the pro-
liferative and survival effects of VEGF observed in the cur-
rent study may be attributed to the immobilized VEGF. In
contrast, there was a significant decrease in the dry weight
of the scaffolds maintained in the culture medium for 12
days (p = 0.012 for 10 min vs. 12 days; p = 0.04 for 7 days
vs. 12 days), indicating that at longer time points some
immobilized VEGF may be released into the culture med-
ium as a result of scaffold degradation. The collagen scaf-
fold was observed to slightly decrease in its length and
width during culture, which is consistent with the well-
known phenomenon of cell traction that leads to scaffold
compaction [36]. For cell-free scaffolds maintained in the
culture medium up to 12 days, the decrease in size was
not observed (data not shown).

VEGF receptor 2 (VEGFR2 also known as F1k1 or
KDR) is considered to be the major mediator of physiolog-
ical effects such as proliferation, migration, survival and
tube formation caused by VEGF165 [37], a growth factor
used in the current study. Binding of the VEGF to VEG-
FR2 causes receptor dimerization and autophosphoryla-
tion, followed by the activation of a number of
downstream pathways of which activation of extracellular
regulated kinase (Erk) pathway regulates proliferation
[37]. In this work, we presented evidence based on
vated without VEGF (control), in culture medium containing 100 ng ml�1

1) or on scaffolds with immobilized VEGF (higher level, �110 ng ml�1).
0.05.
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histological (Fig. 4) and metabolic (XTT, glucose, lactate,
Figs. 7–9) assays that immobilized VEGF-promoted prolif-
eration of endothelial cells in 3D collagen scaffolds. We
also demonstrated that cell viability was higher on the
VEGF-immobilized scaffolds compared with the controls,
consistent with the ability of VEGF to promote survival
through the Akt/PKB pathway [37]. The significantly
higher density of endothelial cells deep (P1000 lm) within
the scaffolds with immobilized VEGF may be due to either
proliferation or migration (Fig. 4). However, we have not
conclusively observed tube formation in the current system
(Fig. 6). Further studies modulating VEGF concentration,
cell seeding density and duration of culture are required to
yield tube formation in this system.

Since EDC conjugation results in the formation of a
direct amide link between VEGF and the collagen scaffold,
we were concerned that the immobilized VEGF may lose
bioactivity. However, the in vitro cell studies presented
above confirmed that the immobilized VEGF remained
bioactive in the collagen scaffold. Taguchi and colleagues
also demonstrated that VEGF-immobilized onto polymer
films using EDC chemistry maintained bioactivity, which
agrees with our findings [22]. In our approach, the carbox-
ylic groups on the collagen scaffold were activated by
immersing the scaffold in EDC/NHS solution for 20 min.
Upon addition of VEGF165, the activated carboxylic
groups are expected to react with amine groups on the
VEGF molecule. VEGF165 is a homodimer of two mole-
cules covalently linked via cysteine residues (Cys-51 of
one molecule with Cys-60 of the other molecule) [38–40].
Each homodimer contains two binding sites for VEGFR2.
The amino acid sequences from both molecules in the
homodimer make up the binding cleft. There are 66 amine
groups on the outer surface of the VEGF165 homodimer,
four of which are located in the VEGFR2 binding clefts
[38–40], thus the probability that the binding pocket was
affected during grafting of VEGF to collagen scaffold is
estimated to be 6.06%. Upon activation, the scaffold is
removed from the EDC/NHS solution and the VEGF solu-
tion is applied immediately (without a rinsing step in
between). Thus, there is a small possibility that the remain-
ing EDC/NHS caused crosslinking of some VEGF mole-
cules themselves and also some collagen molecules
themselves.

The immobilization of VEGF onto 3D scaffolds has not
been widely explored in tissue engineering applications.
Several groups have conjugated VEGF onto 2D substrates
with the motivation of inducing endothelialization of the
biomaterial [22–25]. These studies showed increased prolif-
eration of ECs on VEGF-immobilized substrates. Koch
and colleagues immobilized VEGF in 3D collagen matrices
using a homobifunctional crosslinker, with the goal of
enhancing angiogenesis in wound healing applications
[41]. They demonstrated that ECs cultured in a 2D tissue
culture plate showed increased proliferation upon exposure
to VEGF-immobilized collagen matrices in vitro; further-
more, VEGF-immobilized collagen matrices enhanced
angiogenesis of the surrounding environment upon implan-
tation into the chorioallantoic membrane of the chicken
embryo.

Here, we were interested in using scaffolds with immobi-
lized growth factors to control cell behavior in tissue engi-
neering applications. We demonstrated that VEGF-
immobilized in porous 3D collagen scaffolds promoted
EC proliferation and infiltration more efficiently than solu-
ble VEGF added to the culture medium. Thus, immobiliza-
tion of VEGF may be a useful approach to control EC
proliferation in tissue engineering.

The most studied approach to inducing vascularization
in engineered tissues is the sustained delivery of angiogenic
growth factors to promote vessel sprouting from surround-
ing tissue into the engineered tissue post-implantation
[8,13–16]. In another approach, both ECs and tissue-spe-
cific cells are co-cultured in the scaffold, with the aim of
forming prevascularized networks to support tissue assem-
bly and survival [1,42–44]. In order to achieve prevascular-
ization of the engineered tissue in vitro, a high density of
ECs needs to be uniformly distributed within the 3D
matrix, which would subsequently assemble into vascular
networks [7].

Our work indicates that immobilization of angiogenic
growth factors within a 3D scaffold may be a promising
strategy to induce the assembly of a high density of ECs
in the scaffold and to guide its vascularization process in
a controlled manner. By immobilizing VEGF in a 3D por-
ous collagen scaffold using EDC chemistry, we showed that
immobilized VEGF promotes the infiltration and prolifer-
ation of ECs in the collagen scaffold for ultimate applica-
tion in tissue engineering. We demonstrated that
immobilized VEGF could enhance the assembly of a high
density of ECs in the collagen scaffold, which is a first step
in achieving vascularization within the engineered tissue
constructs. Future work will aim to optimize the conditions
to drive the vascularization of ECs in scaffolds with immo-
bilized VEGF, and also attempt to co-culture tissue-specific
cells in EC prevascularized scaffolds with immobilized
VEGF.

4. Conclusion

We conjugated VEGF onto a porous 3D collagen scaf-
fold using EDC chemistry, with the aim of promoting the
penetration and assembly of a high density of ECs into
the scaffold. The immobilized VEGF in collagen scaffolds
was bioactive and promoted the penetration and prolifera-
tion of ECs in the collagen scaffold according to cell density
analysis in histological sections, immunohistochemistry,
XTT proliferation assay, glucose consumption and lactate
production. Importantly, EC viability was greater on scaf-
folds with immobilized VEGF than controls. As a first step
to inducing vascularization within engineered tissue con-
structs, our work demonstrates that immobilization of
VEGF is a useful strategy to promote the invasion and
assembly of a high density of ECs in the collagen scaffold.
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