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Poor vascularization is the key limitation for long-term acceptance of large three-dimensional (3D) tissue en-
gineering constructs in regenerative medicine. 45S5 Bioglass� was investigated given its potential for applica-
tions in bone engineering. Since native Bioglass� shows insufficient angiogenic properties, we used a collagen
coating, to seed human adipose tissue-derived stem cells (hASC) confluently onto 3D 45S5 Bioglass�-based
scaffolds. To investigate vascularization by semiquantitative analyses, these biofunctionalized scaffolds were
then subjected to in vitro human umbilical vein endothelial cells formation assays, and were also investigated in
the chorioallantoic membrane (CAM) angiogenesis model, an in vivo angiogenesis assay, which uses the CAM of
the hen’s egg. In their native, nonbiofunctionalized state, neither Bioglass�-based nor biologically inert fibrous
polypropylene control scaffolds showed angiogenic properties. However, significant vascularization was in-
duced by hASC-seeded scaffolds (Bioglass� and polypropylene) in the CAM angiogenesis assay. Biofunctio-
nalized scaffolds also showed enhanced tube lengths, compared to unmodified scaffolds or constructs seeded
with fibroblasts. In case of biologically inert hernia meshes, the quantification of vascular endothelial growth
factor secretion as the key angiogenic stimulus strongly correlated to the tube lengths and vessel numbers in all
models. This correlation proved the CAM angiogenesis assay to be a suitable semiquantitative tool to char-
acterize angiogenic effects of larger 3D implants. In addition, our results suggest that combinations of suitable
scaffold materials, such as 45S5 Bioglass�, with hASC could be a promising approach for future tissue engi-
neering applications.

Introduction

Scaffolds for bone tissue engineering must fulfil several
requirements, including adequate mechanical strength

and stiffness, interconnected pore structure, bioactive be-
haviour, and bioresorbability in predetermined rates.1,2

Furthermore, scaffolds for bone tissue should enable cells to
attach and proliferate and also promote the vascularization
of the whole construct, while new bone tissue is growing.
Preferably, the scaffold material itself ought to induce an-
giogenesis.3,4 Bioactive glass, for example, the composition
45S5 Bioglass�,5 is a candidate material being considered for
the development of bone scaffolds based on its proved bio-
active behaviour, for example, strong interaction with bone
tissue, as well as the known effect of ion dissolution products
of bioactive glass inducing the up-regulation of genes in
bone cells and their effect in enhancing bone formation.6–9

More recently, studies have shown that bioactive glasses

may also be effective in promoting the vascularization of
tissue constructs in different combinations, for example, as
sintered scaffolds and composites.10–17 The use of Bioglass�

to fabricate scaffolds using a foam replica method was in-
troduced in 2006 followed by studies on the possible an-
giogenic effect of such scaffolds.18 Similar bioactive glass
scaffolds were investigated in coculture studies using human
umbilical vein endothelial cells (HUVEC) and human oste-
oblasts,14 and it was shown that the scaffolds were able to
support both endothelial and human osteoblast proliferation.

Considering contradictory data presented in the literature
on the putative angiogenic potential of 45S5 Bioglass�-based
scaffolds, there is a need for further investigations. Recent
in vivo studies using different animal models described an
effect of 45S5 Bioglass� on the angiogenic response in soft
connective and bone tissue.16 Ghosh et al.19 and Nandi et al.20

implanted bioactive glass blocks in the lateral aspect of di-
aphysis of radius bone from black Bengal goats and observed
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a well-formed vascularization towards the blocks, as well as
organized trans-implant angiogenesis. Ross et al.21 obtained
similar results with 45S5 Bioglass�-coated silicon tubes im-
planted subcutaneously in a rat model, whereas other rat
model studies, performed with PLGA–Bioglass� foam com-
posites, did not result in any significant increase in angio-
genesis towards the implant.16

Animal experiments are still the in vivo gold standard to
characterize angiogenesis. However, due to ethical aspects
and expenses, this approach is unfortunate for screening of
materials or cell-scaffold-combinations. On the other hand,
standard in vitro angiogenesis tests, such as tube formation
assays, cannot be conducted with every material due to
technical obstacles. In addition, there is another drawback,
especially with three-dimensional (3D) scaffolds, as they
cannot be characterized without cracking them into small
pieces. A promising method to address angiogenesis is the
chorioallantoic membrane (CAM) angiogenesis assay,
which uses the CAM of fertilized chicken eggs. Based on the
rapid growth of its capillary network and a larger appli-
cation area, the CAM angiogenesis assay allows the in vivo
testing of multiple samples at the same time within just a
few days.22–24 Although the CAM angiogenesis assay is an
interesting in vivo alternative to study angiogenic and an-
tiangiogenic responses to tissues, cells, or soluble factors,
quantification of vascularization is still difficult in this
model.23–25

To our knowledge, there is only one study which used
the CAM angiogenesis assay for the investigation of the
angiogenic response of 45S5 Bioglass�-based glass-ceramic
scaffolds.18 In this work the material itself did not induce
vessel ingrowth. On the other hand a topic application of
small amounts of positive regulators of angiogenesis di-
rectly onto scaffolds, for example, vascular endothelial
growth factor (VEGF), has been shown to promote angio-
genesis in the CAM assay.26 However, this approach was
unable to initiate a long-term angiogenic stimulus. Once the
applied amount of growth factor was utilized, the angio-
genic stimulus stopped.

To overcome the drawbacks of angiogenic burst effects by
pharmacological application of growth factors onto scaffolds,
a more promising approach to induce durable angiogenesis
by scaffolds is generally seen in the use of autologous pro-
genitor cells. This approach bears the chance that the cells
constantly secrete capillary recruiting mediators27–29 and
therefore, induce long-term vessel growth. To biofunctiona-
lize scaffolds, high numbers of adult progenitor cells can
easily be isolated, for example, from human adipose tissue-
derived stem cells (hASC), but they are present and re-
sponsible for tissue repair and tissue regeneration in every
adult tissue.30 In addition, hASC are able to both differentiate
into various specific cell types (e.g., chondrocytes, adipocytes
and osteocytes) and to secrete different growth factors, in-
cluding VEGF, which stimulates repair and regeneration
processes, including angiogenesis.28

In this study, we examined for the first time 45S5-
Bioglass�-based 3D-scaffolds seeded with hASC for their
effects on in vivo vascularization using the CAM angiogenesis
assay. Commercial fibrous scaffolds (polypropylene hernia
meshes) were used as biologically inert control material. For
further investigation of the angiogenic effects, the bio-
functionalized scaffolds were subjected to in vitro HUVEC

formation assays. Since VEGF is a potent and the most likely
proangiogenic stimulus,31 we followed VEGF-secretion of
hASC via enzyme immunoassay and correlated all in vitro
data with the effects observed in the CAM angiogenesis assay.

Materials and Methods

All experiments were run in triplicate with human pri-
mary cells. hASC were purchased from Invitrogen Life
Technologies GmbH. For the isolation of human fibroblasts
(HF) from adult skin tissue (AST) and HUVEC, written in-
formed consent was obtained from all tissue donors. HUVEC
were characterized by flow cytometry and showed > 98%
PECAM-1 positive cells directly after isolation.

Bioglass�-based scaffolds

The scaffolds for this study were fabricated using 45S5
Bioglass� powder (nominal composition in wt.%: 45 SiO2,
24.5 CaO, 24.5 Na2O, 6 P2O5) using the foam replica tech-
nique.9 The scaffolds exhibited porosity in the range of 90%–
95%. The fabrication involves the coating of a polyurethane
(PU) foam with 45 ppi (Recticel), cut to size 10 · 10 · 10 mm3,
acting as a sacrificial template, with a Bioglass� slurry, which
infiltrates the pore structure. The slurry is fabricated incor-
porating Bioglass� powder, including 9.14 and 1.3 g of Bio-
glass� powder with particle sizes of *11 and 5mm,
respectively, in 25 mL deionized water and the addition of
1.1 g of poly(vinyl alcohol) (PVA) (*Mw 30,000; Merck) as
binder. Upon immersion of the PU foam in this slurry for
1 min, Bioglass� particles adhere on the polymer surface
forming a homogeneous coating. After drying at 60�C for at
least 12 h, the coated polymer foam is placed in a furnace
where the PU template is burned out slowly at 400�C for 1 h.
Once the PU sacrificial template has been removed the
scaffold is sintered to the desired density at 1050�C for 2 h.
The heating and cooling rates are 2�C/min and 5�C/min,
respectively. At the sintered temperature, the Bioglass�

structure densifies and crystallizes leading to relatively ro-
bust but brittle foam struts.9

Fibrous polypropylene scaffolds

Fibrous polypropylene scaffolds [hernia meshes (Opti-
lene� mesh)] were purchased from Aesculap (B. Braun
Melsungen AG) and were used as biologically inert control
materials since cell behaviour (e.g., proliferation or VEGF
secretion) on these fibrous scaffolds can be compared to
monolayer culture conditions (vgl. Figs. 1 and 4). These
elastic meshes are commonly used for open or laparoscopic
inguinal hernia surgery and for open umbilical hernia sur-
gery. They are made of polypropylene monofilaments with a
pore size of 1.5 mm and a weight of 60 g/m2.

Cell culture

Adipose tissue-derived stem cells (Invitrogen Life Tech-
nologies GmbH) were cultured according to the manufac-
turer’s instructions at 5% CO2 and 37�C in MesenProRS stem
cell medium supplemented with MesenProRS stem cell
supplement (Invitrogen Life Technologies GmbH) and 1% l-
Glutamine (Sigma-Aldrich) to prevent unintended differen-
tiation. Cell culture medium was changed every third day
and cells were subcultured before confluency after a short
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treatment with 0.05% trypsin, 0.02% ethylenediaminete-
traacetic acid (EDTA) in phosphate-buffered saline (PBS)
(Sigma-Aldrich). Primary HUVEC were cultured in M200
supplemented with defined M200 medium supplement
(GIBCO; Invitrogen Life Technologies GmbH). Primary HF
isolated from AST were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM) (Lonza) supplemented with 10%
fetal bovine serum (FBS) (Biochrom) and 2% glutamine.

Scaffold preconditioning. All scaffolds were sterilized by
steam sterilization and placed in 24-well cell culture plates
(Greiner Bio-One). As the ion release of 45S5 Bioglass�-based
scaffolds and the resulting pH shift towards basic pH showed
negative effects on cultured cells, whole 45S5 Bioglass�-based
scaffolds were conditioned with cell culture medium contain-
ing phenol red as pH indicator in cell culture medium in such a
way that after six washing cycles, cell culture medium re-
mained in a neutral pH. As soon as the cell culture medium
remained in a neutral pH, scaffolds were used for the following
experiments, for example, cell seedinig or grinding.

Seeding cells on scaffolds. hASC, an HF was treated
with 0.05% trypsin and 0.02% EDTA in PBS to obtain a cell
suspension containing 106 cells/mL. A 0.5% collagen solu-
tion (collagen from rat tail, Sigma-Aldrich) was added to the
cell suspension in equal parts. One hundred microliter of this
cell/collagen mixture were then applied to each scaffold.
After 30 min of incubation at 37�C and 5% CO2 to allow cell
attachment and collagen coagulation, 1 mL of DMEM sup-
plemented with 5% FBS and 2% l-glutamine was added. For
control experiments HF were treated equally.

Conditioning cell culture medium. For HUVEC prolifera-
tion and HUVEC tube formation, minimal medium was con-
ditioned for 72 h on the respective hASC monolayer cultures or
hASC-containing tissue engineered constructs (TECs) for
hASC-specific protein enrichment of the culture medium.

Grinding of 45S5 Bioglass�-based scaffolds. Precondi-
tioned 45S5 Bioglass�-based scaffolds were dried at 37�C
and ground up using a Precellys homgenizer (Peqlab) with
magnetic grinding beads. Afterwards the beads were mag-
netically removed.

Rhodamine phalloidin/DAPI staining and fluorescence
microscopy. Scaffolds (45S5 Bioglass�-based scaffolds or
fibrous polypropylene hernia meshes) were fixed with a
buffered 4% paraformaldehyde solution and washed twice
with PBS. Rhodamine phalloidin (Cytosceleton) was used for
staining actin cytoskeleton of the cells (red). Nuclei were
counterstained with 4¢,6-diamidino-2-phenylindole (DAPI)
(Molecular Probes) in PBS (blue). Fluorescence microscopy
was performed using an AX-70 fluorescence microscope
(Olympus) and the associated software (analySIS�; soft im-
aging systems).

Scanning electron microscopy. Scaffolds (45S5 Bioglass�-
based scaffolds and fibrous polypropylene scaffolds) were
fixed with a buffered 4% paraformaldehyde solution and
dehydrated with a graded ethanol series. Subsequently the
samples were dried using a critical point drier (Polaron
CPD7501; GaLa Instruments). The dried samples were

mounted on aluminium devices and sputter-coated (Ion
Sputter SCD/040) with platinum before scanning electron
microscopy (SEM) observation, which was performed using
JSM-6100 ( JEOL) at 10 kV.

MTT cell proliferation assay. MTT cell proliferation assay
was performed to study cell proliferation as a response to ap-
plied test media (i.e., conditioned cell culture media or media
containing ground Bioglass�-powder), as well as to determine
cell proliferation on fibrous and 45S5 Bioglass�-based scaffolds.
The yellow tetrazolium MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) is reduced by metabolically ac-
tive cells during 2 h of incubation at 37�C and 5% CO. The
resulting intracellular purple formazan was then solubilized
using 100% 2-Propanol and quantified with a TECAN GENios
multiwell plate reader at 570/650 nm.

CAM angiogenesis assay

Fertilized Lohmann LSL white leghorn eggs were incu-
bated at 37�C and 60% relative humidity in a standard incu-
bator. Samples and controls were placed on the CAM at 7
days of total incubation for further 72 h. On day 10, scaffolds
and surrounding CAM were explanted. Images were cap-
tured using a stereomicroscope SZ11 (Olympus) equipped
with a digital camera (Color View II; Olympus) and the cor-
responding image analysis software (analySIS; Soft Imaging
Systems). To quantify the angiogenic response of the CAM to
the scaffold material, digital images were overlaid with a
standardized frame. The interconnecting nodes or bifurcations
of the blood vessels within this frame were counted using the
image analysis software ImageJ (Freeware of the NIH).

HUVEC tube formation assay

For the in vitro study of angiogenesis, BD Matrigel� was
thawed on ice. Then 10mL were applied to each well of an
‘‘IBIDI mSlide Angiogenesis.’’ After 30 min of incubation at
37�C and 5% CO2 to allow Matrigel gelation, 50mL of a cell
suspension containing 105 cells/mL HUVEC were added to
each well followed by additional 30 min of incubation at
37�C and 5% CO2 to allow cell attachment. Subsequently, cell
culture medium was replaced by the test media. After 18 h of
cultivation, 2 mg/mL Calcein-AM was added to each well.
After 20 min of further incubation, digital images were cap-
tured using a fluorescence microscope AX 70 (Olympus) and
the corresponding image analysis software (analySIS; Soft
Imaging Systems). To quantify the angiogenic effect of the
applied test media, total number, and average length of all
tubes were evaluated using the image analysis software
ImageJ (Freeware NIH).

Human VEGF ELISA

For quantification of human VEGF-A in cell culture me-
dium, the human VEGF (Hu VEGF) ELISA (Invitrogen Life
Technologies GmbH) was used. ELISA was performed ac-
cording to the manufactorer’s instructions.

Statistical analysis

Analysis of variance (ANOVA) was used to compare the
differences in proliferation, CAM angiogenesis, and HUVEC
tube formation assays, as well as in VEGF secretion studies.
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p < 0.05 was considered significant (a = 0.05). Statistical anal-
ysis was performed using MS Excel (Microsoft Corporation).

Results

hASC adhesion and proliferation on fibrous
and 45S5 Bioglass�-based scaffolds

In a previous study, we were able to show that adhesion
of hASCs on scaffolds can be improved by mixing the cell
suspension with collagen before cell seeding onto the scaf-
folds.32 To control negative effects of ion dissolution prod-
ucts of 45S5 Bioglass�, we began by preconditioning of the
scaffolds and hernia meshes. When the cell suspension of
hASC finally was mixed with collagen and seeded onto the
preconditioned scaffolds, cell seeding resulted in a dense
layer of hASCs (Fig. 1).

The stem cells displayed an elongated and well spread cell
morphology on both scaffold materials as shown by fluo-
rescence and scanning electron microscopy (Fig. 1B, C).
Proliferation analysis revealed constant cell numbers after
seeding hASC onto 45S5 Bioglass�-based scaffolds. In con-
trast to that, hASC seeded on conventional hernia meshes
tripled their cell number after 72 h. Furthermore, hASC see-
ded on hernia meshes showed significant higher cell num-
bers and formed a nearly confluent cell layer, compared to
hASC seeded on 45S5 Bioglass�-based scaffolds (Fig. 1A).

CAM angiogenesis assay

To examine vascularization of whole 3D 45S5 Bioglass�-
based scaffolds and hernia meshes, we performed in vivo
CAM angiogenesis assays with hASC-seeded scaffolds, HF
seeded scaffolds and blank controls without hASC. Blank 3D

FIG. 1. (A) Proliferation analysis of human adipose tissue-derived stem cells (hASC) seeded on 45S5 Bioglass�-based and hernia
meshes showed no further proliferation after seeding hASC onto 45S5 Bioglass�-based scaffolds. Statistical analysis (a = 0.05)
showed significant higher proliferation rates of hASC seeded on hernia meshes compared to hASC seeded on 45S5 Bioglass�-
based scaffolds (*). (B) Fluorescence microscopy image of hASC seeded on a 45S5 Bioglass�-based scaffold. Nuclei stained with
4¢,6-diamidino-2-phenylindole, actin cytoskeleton stained with rhodamine phalloidin. (C) Scanning electron microscopy (SEM)
image of hASC. Note dense seeding of cells on the hernia mesh fiber. Color images available online at www.liebertpub.com/tea
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scaffolds were unable to induce an angiogenic response of
the CAM vessels (Fig. 2A). In contrast to that, all scaffolds
coated with hASC showed significant higher numbers of
ingrown blood vessels in both, fibrous and 45S5 Bioglass�-
based scaffolds (Fig. 2A–C). hASC seeded on hernia meshes
induced a significant higher number of blood vessels than
hASC seeded on 45S5 Bioglass�-based scaffolds (Fig. 2A, C).
Biofunctionalization of the scaffolds with HF did not result in
a significant ingrowth of blood vessels (Fig. 2D, E).

45S5 Bioglass� and hASC-induced HUVEC proliferation

To discriminate the effects of 45S5 Bioglass� and hASCs
on the endothelial cell proliferation in more detail, minimal
culture medium was supplemented with different concen-
trations [0.01%, 0.1% and 1% (w/v)] of the ground bioma-
terial and compared to the effect of 45S5 Bioglass�-free but
hASC-conditioned minimal medium. 45S5 Bioglass�-based
scaffolds were finely grounded, and then added to minimal
medium. After 24 h, HUVEC proliferation was examined via
the MTT assays and the proliferation rate of the cells within
the different test media evaluated in relation to uncondi-
tioned minimal medium (Fig. 3).

Proliferation rates of HUVEC within 1% 45S5 Bioglass�

containing minimal medium were significantly higher com-
pared to unmodified minimal medium. In contrast, hASC
conditioned minimal medium showed significant higher
proliferation rates than unconditioned minimal medium or
1% 45S5 Bioglass� containing minimal medium (Fig. 3).

HUVEC tube formation angiogenesis assay
and VEGF secretion

Since hASC are known to secrete cytokines, which pro-
mote wound healing and tissue regeneration, including an-
giogenesis, cell proliferation and cell migration; we
investigated minimal media that were conditioned with ei-
ther cells or cell-scaffold combinations using HUVEC tube
formation assays. In parallel the amount of VEGF was
quantified using a human VEGF immunoassay. HF seeded
on 45S5 Bioglass�-based scaffolds and hernia meshes, as well
as HF monolayer-cultures were used as controls (Fig. 4).

HUVEC tube formation assay proved significant lower
tube lengths of ‘‘conditioned medium (CM) of hASC-seeded
45S5 Bioglass�-based scaffolds’’ and equal tube lengths of
‘‘CM of hASC seeded hernia meshes’’ and ‘‘CM of hASC
monolayer.’’ HF showed similar tube lengths in all ap-
proaches (Fig. 4A). Quantification of VEGF in these condi-
tioned media resulted in correlating measurements, that is,
‘‘hASC seeded on 45S5 Bioglass�-based scaffolds’’ showed
significant less VEGF secretion into the cell culture medium,
whereas ‘‘hASC seeded on hernia meshes’’ and ‘‘hASC
(monolayer)’’ showed similar VEGF secretion rates. HF
showed equal VEGF secretion without reference to the used
scaffold or culture method (Fig. 4B).

Discussion

Since poor vascularization is still a key limitation for the
long-term acceptance especially of larger TECs in regenera-
tive medicine, we investigated in this study the biological
performance of 45S5 Bioglass�-based scaffolds by different

direct and indirect in vitro angiogenesis assays. As it is
known that experimental results differ between different
approaches and depend on the applied concentration of the
biomaterial—whether it is applied as suspension within cell
culture medium and whether the cells are seeded directly on
the bioactive material or exposed to liquid extracts6—we
intended to investigate a direct effect of the scaffold materials
and TECs on angiogenesis.

The CAM model is currently used with increasing fre-
quency as a tool for the prediction and broad screening of
direct pro- and antiangiogenic,22–24 as well as for biocom-
patibility tests.18 For instance, Gorustovich et al.17 and Vargas
et al.18 evaluated the biocompatibility and bone mineraliza-
tion potential of 45S5 Bioglass�-based scaffolds using the
chick embryo CAM culture system ex ovo. They proved the
45S5 Bioglass�-based scaffolds to be biocompatible in terms
of the absence of inflammatory responses of the CAM, but
were unable to observe vascular reactions of CAM vessels
around the scaffolds. In a first set of our in ovo CAM ex-
periments, neither the native ion releasing 45S5 Bioglass�-
based scaffolds nor the biologically inert polypropylene
hernia meshes were able to induce ingrowth of blood vessels.
This result is therefore, in line with the results of Gorustovich
et al.17 and Vargas et al.18

Stimulated by the insufficient vascularization of the plain
scaffolds and by various studies using hASC for engineering
TECs to improve angiogenesis,27,30,33–35 we biofunctionalized
for the first time 45S5 Bioglass�-based scaffolds with hASC
and HF as control. Biologically inert polypropylene hernia
meshes were treated equally and used as controls. hASC
have been shown to influence tissue interaction by secretion
of VEGF or bFGF, proangiogenic growth factors, which in-
duce vessel ingrowth,36 and could therefore, also promote
the blood supply of TECs.34,35 A variety of studies revealed
that both, the scaffold material,6 as well as scaffold-bound
cells have their own, discrete bioactive properties, which
may influence the scaffold/tissue interaction, respective-
ly.28,35,36 Bioactive glasses, as reviewed by Hoppe et al.,6 are
known to release various ion products. The ion dissolution
products of 45S5 Bioglass�, are presumed to comprise Si, Ca,
Na, and P.6 The subsequent release of these ions after ex-
posure to a physiological environment is then believed to
favorably affect the behavior of human cells and to enhance
the bioactivity of the scaffolds related to both osteogenesis
and angiogenesis.6 To determine whether potential effects in
our CAM angiogenesis assay were due to these ion disso-
lution products or other material-specific characteristics, we
used conventional biologically inert polypropylene hernia
meshes as a control material. For a plain biofunctionalization
of the scaffold materials, we referred to a previously pub-
lished technique,32 where cell adhesion on the polypropylene
meshes could be clearly enhanced by coating them before
seeding with collagen containing extracellular matrix-like
coating. Leu and Leach,13 as well as Yao et al.37 already
showed that collagen does not produce false-positive an-
giogenic side effects: Sponges made of collagen type-1 im-
proved neither endothelial cell proliferation, HUVEC tube
formation or an upregulation of VEGF production in cocul-
ture experiments in vitro13 nor an ingrowth of blood vessels
in the CAM angiogenesis assay in vivo.37

This time, the evaluation of angiogenic effects of the CAM
was slightly changed. Whole mounts of the CAM and
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FIG. 2. Fibrous (B) and 45S5 Bioglass�-based (C) scaffolds seeded with hASC after investigation in the chorioallantoic
membrane angiogenesis assay. Poor angiogenic responses could be detected with cell free scaffolds and with hernia meshes
and 45S5 Bioglass�-based scaffolds seeded with human fibroblasts (HF) (A, D, E). Statistical analysis of the quantification of
ingrown blood vessels proved a significant higher number of ingrown blood vessels with hASC seeded on hernia meshes
compared to HF seeded on hernia meshes (*). hASC seeded on 45S5 Bioglass�-based scaffolds showed similar angiogenic
effects (**): compared to HF seeded onto 45S5 Bioglass�-based scaffolds, hASC seeded onto 45S5 Bioglass�-based scaffolds
showed significant higher number of ingrown blood vessels. Scale bars represent 1 mm. CAM, chorioallantoic membrane.
Color images available online at www.liebertpub.com/tea
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implant materials were explanted after 72 h incubation on
the CAM, and then observed. In contrast to our first cell-free
CAM angiogenesis screenings, where both scaffold materials
were not angiogenic, all hASC-seeded scaffolds showed a
significant number of ingrown new vessels, whereas cell-free
control scaffolds again did not show any angiogenic effects.
In this context, the question arises whether this effect is in-
duced by growth factors secreted by the hASC, or a simple
result of an unspecific inflammatory process, for example, a
consequence of a chemical or mechanical irritation of the
CAM.22,23,38,39 To prove this, one possibility would be an
extended histological examination of the TEC after its in-
vestigation in the CAM angiogenesis assay. However, due to
the size of the scaffold material and the small area of CAM
tissue, in our hands it was impossible to prepare adequate
semithin sections for histological analysis. Nevertheless, in
contrast to other evaluation methods, which simply focus on
the assessment of blood vessel growth around the im-
plant,38,40 our whole mount/stereomicroscopic modification
of the CAM angiogenesis assay allowed the evaluation and
quantification of those blood vessels, which grew directly
into the implant material. Since ingrown blood vessels
within 0.5 cm2 of the scaffold were counted, a direct com-
parison between different implants could be achieved.

To verify the observed vessel ingrowth, we correlated our
CAM data with standardized and approved in vitro angio-
genesis models,38 that is, HUVEC proliferation and the
HUVEC tube formation assay, where endothelial cells solely
respond to soluble factors within the culture medium with a
formation of tubular structures.41 In a first set of in vitro
experiments and with regard to the angiogenic stimuli of
TECs, we compared the endothelial cell proliferation capac-

ity of the ion dissolution products of 45S5 Bioglass�-based
scaffolds versus secreted growth factors of hASC using a
direct in vitro model.6 The minimal medium containing dif-
ferent concentrations of crushed 45S5 Bioglass�-based scaf-
folds induced a significant proliferation of HUVECs. This
observation is in line with previous studies,6,10,11,14,16,42

which found a stimulating effect of 45S5 Bioglass� on en-
dothelial cell proliferation. For example, Day10 found that
CM, produced by CCD-18Co fibroblasts grown on 45S5
Bioglass�, produced a significant increase in the number of
endothelial cells after 24 h compared with endothelial cells
grown in basal medium. The fibroblasts themselves, how-
ever, showed a decrease in the number of metabolically ac-
tive cells when cultured on surfaces coated with 45S5
Bioglass�, a result that is consistent with our study of hASC
(Fig. 1) and HF (data not shown) cell proliferation on 45S5
Bioglass�-based scaffolds. In accordance with these studies,
we determined an enhanced HUVEC proliferation within
45S5 Bioglass�-containing culture medium. Furthermore, we
observed an additional, significant boost in the endothelial
cell proliferation when HUVECs were cultured within
hASC-CM. At first sight the absence of an angiogenic re-
sponse in our CAM investigation; thus, seems to be contra-
dictory to the observed in vitro proliferation rates of HUVEC
endothelial cells induced by 45S5 Bioglass� containing cul-
ture medium. Nevertheless, we presume that this observa-
tion is easily explained by an insufficient ion release of the
45S5 Bioglass�-based scaffolds grafted on the CAM (smaller
contact area of the 3D-scaffold to the CAM), in contrast to the
ion release of the crushed biomaterial within cell culture
medium (higher surface area and consequently greater ion
release). In our hands, hASC CM showed a higher

FIG. 3. Effect of 0.01%, 0.1%, and 1% 45S5 Bioglass� containing minimal medium and hASC conditioned minimal medium
on human umbilical vein endothelial cells (HUVEC) proliferation. Statistical analysis (a = 0.05) proved significantly higher
proliferation rates of HUVEC within 1% 45S5 Bioglass� containing minimal medium (*) compared to minimal medium. In
contrast, hASC conditioned minimal medium (**) showed significantly higher proliferation rates than minimal medium, as
well as significantly higher proliferation rates than 1% 45S5 Bioglass� containing minimal medium. Color images available
online at www.liebertpub.com/tea
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proliferation rate of endothelial cells than crushed 45S5
Bioglass�, a result most likely due to the secretion of growth
factors by hASCs.36,43

One of the most widely used in vitro assays to model the
reorganization stage of angiogenesis is the tube formation
assay,41 which measures the ability of endothelial cells, pla-
ted at sub-confluent densities with the appropriate extracel-
lular matrix support, to form capillary-like structures. In a
next step, our in vitro investigations involved HUVEC tube
formation assays to verify angiogenic effects of the crushed
45S5 Bioglass�-based scaffolds. We observed that the density
of Bioglass� particles within the cell culture medium con-
siderably impeded the microscopic evaluation of the tube
formation assay due to a strong adherence to the Matrigel

coating within the cell culture dishes (data not shown).
Furthermore, the sharp pieces of the (crushed) biomaterial
also led to abrasive effects of the endothelial cells. Since both
observations thus, made it impossible to evaluate any kind of
tube formation, it is likely that these technical obstructions
are likewise also problematic for testing other porous bio-
materials in culture medium suspensions. Additionally, it
must be considered that adding glass extracts or crushed
scaffold material to cells in vitro is not suitable for the in-
vestigation of scaffold-related characteristics, such as surface
roughness, surface stiffness, or pore size.6

Still, the in vitro screening of whole scaffolds, as well
as TECs in cell culture assays poses some difficulties in
feasibility, evaluability, and reproducibility. To overcome

FIG. 4. (A) Tube formation assay with hASC and HF conditioned media. Statistical analysis (a = 0.05) proved significant
shorter tube lengths of ‘‘conditioned medium (CM) of hASC-seeded 45S5 Bioglass�-based scaffolds’’ compared to ‘‘CM of
hASC seeded hernia meshes’’ and ‘‘CM of hASC monolayer’’ [A, *(a)]. ‘‘CM of hASC seeded hernia meshes’’ and ‘‘CM of
hASC monolayer’’ showed equal tube lengths [A, *(b)]. ‘‘CM of HF on 45S5 Bioglass�-based Scaffolds,’’ ‘‘CM of HF-seeded
hernia meshes and ‘‘CM of HF (monolayer)’’ showed no significant differences (A, **). (B) Quantification of vascular en-
dothelial growth factor (VEGF) in these hASC conditioned media showed a matching trend: ‘‘hASC seeded on 45S5
Bioglass�-based scaffolds’’ showed significant less VEGF secretion into the cell culture medium than ‘‘hASC seeded on hernia
meshes’’ and ‘‘hASC (monolayer)’’ [B, *(a)], whereas ‘‘hASC seeded on hernia meshes’’ and ‘‘hASC (monolayer)’’ [B, *(b)]
showed equal VEGF secretion rates. ‘‘HF seeded on45S5 Bioglass�-based scaffolds,’’ ‘‘HF seeded on hernia meshes’’ and ‘‘HF
(monolayer) showed similar VEGF secretion rates (B, **). Color images available online at www.liebertpub.com/tea
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these obstacles we performed an indirect approach and in-
vestigated conditioned cell culture media of TECs in HUVEC
tube formation assays. For the relative quantification, tube
length and tube numbers were calculated in relation to the
positive control containing VEGF, the key factor in blood
vessel formation.44 With this experimental setup, we were
able to observe significant more and longer tubes within the
cell culture medium of hASC seeded on hernia meshes,
compared to the culture medium of hASC seeded on 45S5
Bioglass�-based scaffolds.

It is tempting to speculate that the differences in the an-
giogenic effects of TECs with hASC/45S5 Bioglass� versus
hASC/hernia meshes is up to the secretion of different
amounts of growth factors. Therefore, we quantified VEGF
within the conditioned culture media and were able to prove
considerable higher concentrations of VEGF within the cul-
ture medium of hASCs seeded on hernia meshes, compared
to the culture medium of hASC seeded on 45S5 Bioglass�-
based scaffolds. This observation goes along with the
observed lower total cell number after 72 h on the 45S5
Bioglass�-based scaffolds, compared to the biologically inert
polypropylene hernia meshes. As described above, previous
studies of Day et al. already showed a similar inhibition of
cell proliferation when fibroblasts were seeded directly on
45S5 Bioglass�-coated cell culture plastics.10,11

Conclusions

Taken together, our results show that the angiogenic effects,
observed in the CAM angiogenesis assay, as well as in the
HUVEC tube formation assay, are most probably caused by
soluble factors, such as the VEGF, secreted by hASC. As we
used biologically inert polypropylene hernia meshes as con-
trol scaffold material, we were able to show that the ion re-
lease of 45S5 Bioglass� is negligible as an angiogenic stimulus
in the CAM angiogenesis assay. Neither the hASCs showed
an improved VEGF secretion in presence of 45S5 Bioglass�-
based scaffolds, nor the CAM showed vascular reactions.
Even though it is now well accepted that ion dissolution
products of bioactive silicate glasses are able to stimulate os-
teogenesis, as well as angiogenesis,6 further detailed investi-
gations are required to find out whether and how the ion
release of 45S5 Bioglass�-based scaffolds or likewise the sur-
face properties of the scaffold material affect the proliferation
and tube formation of HUVECs, as well as the growth factor
secretion of cells. Concededly, further in vitro and in vivo in-
vestigations are required to generate relevant information on
the angiogenic potential of cell seeded 45S5 Bioglass�-based
scaffolds and other bioactive glass compositions were specific
(metal) ions with possible angiogenic effect (e.g., Cu)6,45 are
included in the silicate matrix.

Our results suggest that the combination of suitable scaf-
fold materials, such as 45S5 Bioglass� seeded with hASC
could be a promising approach for future tissue engineering
application. The recommendation is based on the secretion of
VEGF and proliferative mediators as feasible angiogenic
stimuli. Indeed further in vivo investigations are necessary to
correlate the results of this study with descriptive animal
experiments. Nevertheless, the correlation of the in vivo CAM
angiogenesis assay and in vitro data shows this semiquanti-
tative method to be a suitable tool to characterise angiogenic
effects of 3D implants and TECs.
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