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Background and Objectives: Heparin-conjugated fibrin (HCF) is suitable for the release and localization of bFGF. 
We analyzed the effects of a bFGF delivery system using HCF with human bone marrow-derived mesenchymal stem 
cells (HBM- MSCs) in a dog ischemic limb model.
Methods and Results: Animals were divided into HBM-MSCs, HBM-MSCs＋HCF, bFGF-HCF, and HBM-MSCs＋
bFGF-HCF groups. A total of 1×107 HBM-MSCs were injected per animal, and the amount of bFGF was 1 mg per 
dog. Ischemic muscles were harvested at eight weeks and six months after injection of cells. The HBM-MSCs＋
bFGF-HCF group exhibited decreased proportions of capillaries and arterioles six months after transplantation. 
However, there were more cells positive for the angiogenic factors, VEGF and PDGF, in the eight-week specimens 
compared with those harvested six months after transplantation.  
Conclusions: Our results demonstrated that a single injection of HBM-MSCs did not have significant long-term angio-
genic effects; however, a bFGF delivery system using HCF exerted prolonged angiogenic effects when combined with 
HBM-MSCs. 
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Introduction

  Angiogenesis in ischemic limbs or in cases of my-
ocardial ischemia can been induced by injection of numer-
ous angiogenic growth factors such as vascular endothelial 
growth factor (VEGF) (1, 2), basic fibroblast growth factor 
(bFGF) (3, 4), and hepatocyte growth factor (HGF) (5, 6). 

In addition, therapeutic angiogenesis can be achieved by 
injection of stem cells such as endothelial progenitor cells 
(7), bone marrow cells (BMCs) (8, 9), and adipose-derived 
stromal cells (ADSCs) (10). However, therapies consisting 
of single injections of angiogenic growth factors or stem 
cells have a limited ability to promote angiogenesis due 
to poor survival rates of injected stem cells and limited 
duration of the biological activity of injected growth fac-
tors (11-14). In response to this lack of efficacy of single 
agents, many studies have utilized combined injections of 
growth factors and stem cells; however, in such cases, the 
duration of the biological activity of growth factors in vivo 
is extremely short (10, 15, 16). Thus, additional methods 
to improve the biological activity of growth factors in vivo 
have been studied (17-19).
  To further improve upon these studies, we selected 
bFGF as a model growth factor. Specifically, bFGF is a 
primary promoter of cell proliferation and has applica-
tions in the treatment of wounds and angiogenesis. 
Heparin binds bFGF to form a stable complex that main-
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tains bFGF biological activity (20) and can inhibit its re-
lease (21). However, current controlled release systems 
that incorporate heparin are associated with unfavorable 
side effects due to hemorrhage, resulting from in vivo deg-
radation of heparin-containing materials (18). In a pre-
vious study, heparin was conjugated to fibrinogen to re-
lease heparin-binding growth factors (22); however, such 
fibrin gels do not elicit sustained release of the protein 
(23). We previously demonstrated that heparin binds fibri-
nogen directly via covalent bonding between the carboxyl 
group of heparin and the amine group of fibrinogen (24). 
In the present study, we evaluated the effects of a hep-
arin-conjugated fibrin (HCF) gel as a bFGF delivery ve-
hicle in stem cell therapy in improving the biological ac-
tivity of growth factors. Specifically, we determined 
whether the HCF delivery system could enhance the an-
giogenic efficacy of bFGF2 and HBM-MSCs compared 
with vehicle or single-agent treatment groups in a dog 
limb ischemia model.

Materials and Methods

Ethics and approval
  Animal studies were approved by the Institutional 
Animal Care and Use Committee of Samsung Biomedical 
Research Institute (SBRI). SBRI is a member of the Asso-
ciation for the Assessment and Accreditation of Laboratory 
Animal Care (AAALAC) International Accredited Facilities 
and abides by the Institute of Laboratory Animal Resource’s 
guidelines.

Preparation of the bFGF delivery system
  HCF was prepared as previously described (24). Briefly, 
heparin (molecular weight=4,000∼6,000; Sigma, St. Louis, 
MO, USA) was covalently bound to plasminogen-free fibri-
nogen (Sigma) using a procedure employing standard car-
bodiimide chemistry. Carboxyl groups in hep arin were ac-
tivated using N-hydroxysuccinimide (NHS, 0.04 mM; 
Sigma) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 
hydrochloride (EDC, 0.08 mM; Sigma) in a buffer solution 
(100 ml, pH 6) of 0.05 M 2-morpholinoethanesulfonic acid 
(MES; Sigma). Initially, fibrinogen (100 mg) was dissolved 
in phosphate buffered saline (PBS, 20 ml, pH 7.4) and re-
acted with the activated carboxyl acid groups of heparin 
(60 mg). The product was then precipitated with a large 
excess of acetone and lyophilized. The resulting white pow-
der was completely dissolved in PBS and dialyzed through 
a porous membrane bag (12,000∼14,000 Da molecular 
weight cutoff; Spectrum Labs Inc., Rancho Dominguez, 
CA, USA) at 4oC for 24 hours to remove the residual 

heparin. HCF was formed by mixing heparin-conjugated 
fibrinogen (40 mg/ml), normal fibrinogen (60 mg/ml) with 
factor XIII, aprotinin (100 KIU/ml), calcium chloride (6 
mg/ml), and thrombin (500 IU/mg).

HBM-MSC preparation
  HBM-MSCs were obtained from the Adult Stem Cell 
Research Center of the College of Veterinary Medicine at 
Seoul National University. HBM samples were obtained 
from Berger’s disease patients at the Samsung Medical 
Center, the isolation protocol for which was approved by 
the Boramae Hospital Institutional Review Broad (IRB). 
HBM-MSCs were obtained as described previously with 
slight modification (25). Briefly, HBM-MSCs were iso-
lated from mixed HBMs with HetaSepTM solution (Stem 
Cell Technologies, Vancouver, Canada) by Ficoll den-
sity-gradient centrifugation. Cells were then washed with 
1×PBS and seeded in D-media (formula no. 78-5470EF; 
Gibco) containing 10% FBS (Gibco). The media was sub-
sequently changed three times a week. Adherent cells 
formed colonies  approximately 10∼14 days after seeding 
and then grew rapidly thereafter with a spindle-shaped 
morphology (26).

Dog ischemic model and experimental groups
  Dog ischemic models were generated as follows. Under 
general anesthesia, the femoral arteries in both lower 
limbs were dissected and encircled by an ameroid con-
strictor (RISW, CA, USA) with an inner diameter of 1.5 
mm. Cefazolin (20 mg/kg, Chong Kun Dong, Korea) was 
subsequently injected intra-muscularly (I.M.) twice a day 
for three days. After four weeks, we identified complete 
occlusion of the femoral artery by Doppler examination. 
Stem cells and growth factors were injected intramuscu-
larly in the right limbs of the dogs, while an equal volume 
of normal saline was injected into the same muscle loca-
tion in the control (left) ischemic limb. A total of 1×107 
HBM-MSCs were injected and a total of 1 mg of bFGF 
was injected. 

Angiography and muscle harvest
  Dogs were re-anesthetized eight weeks after cell trans-
plantation. After exposure of the abdominal aorta, a con-
trast dye (Ultravist 370, Schering, Korea) was injected into 
the abdominal aorta and angiograms of the limbs were 
obtained. After angiography, ischemic muscles that under-
went cell-injection were harvested for histologic analysis.
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Fig. 1. Angiography for confirmation
of angiogenesis effects. All of the 
treated limbs exhibited improved 
vascularity compared to the control 
limbs.

Immunohistochemical staining for detection of 
angiogenic factors
  Blocked sections were incubated with primary anti-
bodies (anti-human vWF, anti-human SMA, anti-human 
VEGF, anti-human PCNA, and anti-human PDGF) for 1 
hour at RT (Dako, Glostrup, Denmark). Sections were 
then incubated with EnVision+ Systems polymer-con-
jugated secondary antibody (Dako) and were finally in-
cubated with diaminobenzidine (DAB) for visualization.

Western blotting for detection of angiogenic factors 
  Proteins separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) were blotted 
on membranes and incubated with specific antibodies 
overnight at 4oC Next, blotted proteins were reacted with 
HRP goat anti-mouse Ig (BD, Franklin Lakes, NJ, USA), 
polyclonal goat anti-rabbit antibody (Dako), or polyclonal 
rabbit anti-goat antibody (Dako). The reaction was devel-
oped using an Enhanced Chemiluminescence Detection 
System (ECL, Amersham, Piscataway, NJ, USA) and de-
tected on X-ray film.

Ratio of angiogenesis- and cytokine-positive cell 
counts
  Ten fields of each section of sampled muscle were ran-
domly selected, and the number of capillaries, arterioles, 
and cytokine-positive cells (VEGF, PDGF and PCNA) per 
field were counted and measured using the Image-pro plus 
6.2 program (Media Cybrernetics). The angiogenesis ratio 
of the treated limbs was determined for comparison with 
control limbs.

Statistical analysis
  Results are expressed as means±SDs. Comparisons of 
results between the different groups were performed using 
unpaired Student’s t-tests. All calculations were performed 
with the computer program, Sigmaplot. p-values less than 
0.05 were considered statistically significant.

Results

  Dog ischemic limb model subjects were grouped as fol-
lows: HBM-MSCs injection group, HBM-MSCs+FM in-
jection group, bFGF-HCF injection group, and HBM- 
MSCs+bFGF-HCF injection group. For each group, 
specimens were harvested at eight weeks and six months 
after transplantation. The control limb for each animal 
was the contralateral limb. 
  Angiography of treated limbs revealed an increased pres-
ence of capillaries as compared to control limbs for all 
groups at both eight weeks and six months post-treatment 
(Fig. 1). Specifically, at eight weeks post-transplantation, 
the capillary and arteriole ratios were significantly in-
creased in treated limbs compared to the control limbs 
(Fig. 2A, B). Likewise, the counts of cells positive for angio-
genic factors (VEGF and PDGF) and of proliferating cells 
(PCNA) were significantly higher in all treated limbs com-
pared with control limbs (Fig. 2C-E). In addition, at six 
months, the capillary and arteriole ratios as well as the ab-
solute number of angiogenic factors and proliferating cells 
were significantly increased in treated limbs compared with 
control limbs (Fig. 3). The HBM-MSC+bFGF-HCF group 
exhibited the highest levels of capillaries, arterioles, and an-
giogenic factors compared to the other groups (HBM-MSC, 
HBM-MSC+HCF and bFGF-HCF) at both eight weeks 
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Fig. 2. Short-term (eight weeks) effect of the bFGF delivery sys-
tem using HCF with HBM-MSCs. (A) Capillary ratio, (B) arterio-
le ratio, (C) PDGF-positive cell count, (D) VEGF-positive cell 
count, and (E) PCNA-positive cell count. Capillaries, arterioles, 
angiogenic factors (PDGF, VEGF), and proliferating cell (PCNA) 
ratios in the treated limbs were higher than those in the control 
limbs in all groups. bFGF-HCPNs promoted angiogenesis, but 
the effect was limited. The effect of HBM-MSCs+bFGF-HCPN 
treatment maximized pro-angiogenic effects. Error bars: stand-
ard deviation; (*p＜0.05).

and six months (Fig. 2, 3). 
  Fig. 4 shows the difference between results at eight 
weeks and six months after the procedures. The capillary 
and arteriole ratios were significantly decreased six 

months after transplantation compared to eight weeks af-
ter transplantation; however, angiogenic factors were sig-
nificantly increased at six months compared to eight 
weeks, except for the bFGF-HCF group. In addition, 
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Fig. 3. Long-term (six months) effect of the bFGF delivery sys-
tem using HCF with HBM-MSCs. (A) Capillary ratio, (B) arterio-
le ratio, (C) PDGF-positive cell count, (D) VEGF-positive cell 
count, and (E) PCNA-positive cell count. Treated limbs had 
higher levels than control limbs in all groups. HBM-MSCs+ 
bFGF-HCPNs had the highest level of angiogenic effectiveness. 
Error bars: standard deviation; (*P＜0.05).

PDGF levels at six months were the highest in the 
HBM-MSC+bFGF-HCF group. Likewise, the number of 
PCNA-positive cells was significantly increased in the 

HBM-MSCs+HCF and HBM-MSCs+bFGF-HCF injection 
groups (Fig. 4E). 
  Lastly, Western blot analysis revealed that the HBM- 



28 International Journal of Stem Cells 2012;5:23-30

Fig. 4. Comparison between short- and long-term results. (A) 
Capillary ratio, (B) arteriole ratio, (C) PDGF-positive cell count, 
(D) VEGF-positive cell count, and (E) PCNA-positive cell count. 
The capillary and arteriole ratios were decreased at six months 
compared to eight weeks in all groups. However, angiogenic 
factors were significantly increased at six months compared to 
eight weeks. Error bars: standard deviation; (*P＜0.05).

MSCs+bFGF-HCF group had elevated VEGF and p-STAT3 
protein expression at both eight weeks and six months com-
pared to the other groups (Fig. 5). In addition, VEGF pro-
tein levels were higher at six months than at eight weeks 
in the HBM-MSCs+bFGF-HCF group.

Discussion

  Induction of angiogenesis via injection of various angio-
genic growth factors (4, 5) and stem cells (9, 10) has been 
shown to improve ischemic conditions. However, growth 
factors are generally not sufficiently stable to exert sig-
nificant biological activity due to a short half-life, whereas 
stem cells exhibit poor cell survival after transplantation 
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Fig. 5. Detection of angiogenic fac-
tors by Western blotting. Expression 
of the angiogenic factors, p-stat3, 
p-AKT, and Ang-1 was decreased at 
six months compared to that at eight 
weeks. However, eNOS and VEGF 
levels were increased at six months 
compared to those at eight weeks.

(11, 14). Thus, a single treatment with either stem cells 
or growth factors is not recommended. 
  In order to prolong the biological activity of growth fac-
tors, heparin-conjugated fibrin (HCF) was developed to 
elicit sustained release of heparin-binding growth factors 
(22, 24). A previous study showed that local delivery of 
bFGF to ischemic tissue to which ADSCs had been pre-
viously transplanted improves the survival of transplanted 
ADSCs for a short duration (10), suggesting that bFGF 
binding of HCF may increase its stability and prolong its 
half-life. Further, HCF delivery systems enhance the an-
giogenic efficacy of bFGF compared with normal fibrin 
in a mouse limb ischemia model (24, 27). 
  In the present study, a HCF gel was used as a local 
bFGF delivery vehicle. Specifically, we determined wheth-
er dual implantation of a bFGF local delivery system con-
sisting of HCF and HBM-MSCs into ischemic hind limbs 
of dogs could improve the angiogenic therapeutic efficacy 
of transplanted HBM-MSCs as compared to an injection 
of cells alone. The bFGF delivery system employing HCF 
enhanced angiogenic efficacy compared to control limbs 
in an ischemia dog model (Fig. 2, 3). At six months 
post-transplantation, the capillary to artery ratio was lower 
than that at eight weeks in all treatment groups; however, 
VEGF and PDGF at six months exhibited high positive 
cell counts compared with eight weeks in all treatment 
groups. Specifically, PDGF levels at six months were the 
highest in the HBM-MSC+bFGF-HCF group, indicating 
the efficacy of the combined HBM-MSCs and bFGF deliv-
ery system using HCF. This was likely due to the main-
tenance of bFGF bioactivity and long-term release of 
bFGF in the bFGF-HCF delivery system, which resulted 
in the long-term release of VEGF and PDGF  (Fig. 3C, 
D) that may have stimulated angiogenesis for a longer pe-
riod of time, thereby yielding more extensive angiogenesis 

than short-term release. The long-term delivery of bFGF 
using HCF stimulated angiogenesis to a significantly 
greater extent than bFGF-HCF and HBM-MSCs+HCF 
treatments. PCNA-positive cell counts were not different 
between eight weeks and six months post-transplantation. 
Together, these results demonstrated that HBM-MSCs+ 
bFGF-HCF maintained long-term angiogenesis effects.
  Our results suggest that HBM-MSC transplantation had 
high angiogenic efficacy, but did not have long term 
effects. However, HBM-MSCs combined with a bFGF lo-
cal delivery system using HCF transplantation sustained 
long-term angiogenic factor release for six months in a dog 
model. Thus, the complex of HBM-MSCs and bFGF-HCF 
should be considered a useful source for angiogenesis en-
hancement by promoting long-term release of angiogenic 
proteins.
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