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Abstract: Objective: This study investigated the biocompatibility of the small intestinal submucosa (SIS) and endo-
thelial progenitor cells (EPCs) by co-cultivating EPCs and SIS in vitro and observing EPC growth on the SIS. Methods: 
The porcine SIS was prepared and bone marrow mononuclear cells (BMMNCs) were isolated from 3 or 4-week old 
male SD rats. Cellular morphology was observed by light microscopy and scanning electron microscopy (SEM) and 
viabilities by the MTT assays. Endothelial progenitor cells (EPCs) were phenotyped by immunocytochemistry, im-
munofluorescence microscopy and flow cytometry. Vascular lumen formation was evaluated by the Matrigel tube 
formation assays. EPCs were seeded onto the SIS and production of angiogenin-1 and endothelial cell growth factor 
(VEGF) by EPCs was examined by ELISA and immunoblotting assays. Results: Light microscopy and SEM showed 
that the mechanically and chemically treated small intestinal submucosa was composed of cell-free extracellular 
matrix. Immunohistochemistry, and flow cytometry revealed that the EPCs expressed appropriate surface markers 
including CD34, CD133, and VEGFR-2. Furthermore, the EPCs formed lumen-like structures and the SIS significantly 
enhanced the growth of EPCs in vitro. Conclusion: SIS has good biocompatibility with EPCs. SIS pre-seeded with 
EPCs can be potentially applied as an alternative scaffold material in artificial blood vessel prosthesis.

Keywords: Biocompatibility, porcine, small intestinal submucosa, endothelial progenitor cells

Introduction

Autologous great saphenous vein, commonly 
used as artificial blood vessel, is often associ-
ated with the occurrence of phlebitis despite it 
has a higher patency rate than vascular pros-
thesis [1]. Vascular prosthesis, on the other 
hand, has a low long-term patency rate, espe-
cially small-diameter synthetic grafts cro- 
ssing the knee joints [2]. Vascular surgeons 
have has long been in pursuit of a safe and 
effective small-diameter vascular graft. Small 
intestinal submucosa (SIS) tissue has been 
used as a cell-free natural extracellular matrix 
(ECM) material and preliminary studies have 
demonstrated a satisfactory outcome [3-5]. 
However, the use of SIS graft itself may induce 
inflammatory response and cause thrombosis 
[6]. 

Endothelial progenitor cells are capable of 
directed differentiation into vascular endotheli-
al cells, and exhibit good adhesion and robust 
proliferation in vitro, allowing them to be used 
as ideal seed cells for vascular endothelial cell 

production. The biocompatibility of endothelial 
progenitor cells is essential for their application 
in vascular tissue engineering. However, the 
biocompatibility of porcine SIS with endothelial 
progenitor cells has not been evaluated in vitro 
so far, and the suitability of porcine SIS for 
endothelial progenitor cell adhesion and growth 
has not been confirmed either. In the current 
study, we sought to characterize the SIS prepa-
rations and rat endothelial progenitor cells and 
examine the biocompatibility of the endothelial 
progenitor cells with SIS.

Materials and methods

SIS preparation

The experimental protocol for the animal study 
was approved by the Institutional Animal Care 
and Use Committee, which has been accredited 
by the Association for Assessment and Accre- 
ditation of Laboratory Animal Care Institutions 
and animal experiments were conducted in 
accordance with the USA National Institutes of 
Health Guidelines for the Care and Use of 
Laboratory Animals.
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The porcine SIS was prepared as described pre-
viously [7, 8]. Briefly, the jejunum was freshly 
prepared from a healthy swine (weight > 100 
kg). After gentle cleansing in water, one seg-
ment of the jejunum was everted, and the tuni-
ca mucosa was abraded from the jejunum in a 
longitudinal wiping motion by using a moist-
ened gauze-wrapped scalpel handle. The jeju-
nal segment was everted again, and the tunica 
serosa and tunica muscularis were gently 
removed using the same abrasion procedure. 
Upon completion of mechanical cleaning, the 
intestine was split longitudinally and divided 
into a set of 15-cm sections. The tissue speci-
mens were incubated in 100 mM EDTA and 10 
mM NaOH (pH 11-12) for 16 h. Then, they were 
incubated in 1 M HCl and NaCl (pH 0-1) for 6-8 
h, followed by incubation in 1 M NaCl and 10 
mM phosphate-buffered saline (PBS) (pH 7-7.4) 
for 16 h. After final incubation in 10 mM PBS for 
2 h, the tissue specimens were rinsed in sterile 
water (pH 5.8-7.0) for at least 2 h. The porcine 
SIS was rinsed extensively in 0.1% peracetic 
acid for 2 h, vacuum-sealed into hermetic pack-
aging, and terminally sterilized by gamma irra-
diation (25-35 kGy). 

Culture of endothelial progenitor cells 

Bone marrow-derived mononuclear cells were 
isolated from the bone marrow of 3 or 4-week 
old male SD rats as previously described [9] 
and purified by density gradient centrifugation. 
The cells were then cultured in endothelial 
growth medium-2 microvascular (EGM-2MV) 
supplemented with 5% fetal bovine serum. 
Cellular morphology was observed by light 
microscopy. 

The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-
tetrazolium (MTT) assays 

Cell viabilities were examined at the indicated 
time points by MTT assays as instructed by the 
manufacturer (Sigma, St. Louis, MO). Absor- 
bance was measured by a multimode micro-
plate reader (Infinite M200, Tecan) at 450 nm. 
Viability (%) was calculated with the following 
formula: [(Absorbance of treated cells-Absor-
bance of blanks)/(Absorbance of control cells-
Absorbance of blanks)] × 100%. The experi-
ment was performed three times independent-
ly in sextuplicates.

Matrigel tube formation assays

For Matrigel™ tube formation assays, 96 well 
plates were coated with Matrigel according to 

the manufacturer’s instructions (BD Biosci- 
ences). Endothelial progenitor cells were seed-
ed on a layer of previously polymerized and 
growth factor reduced Matrigel™. After 6-h 
incubation at 37°C in 5% CO2, network-like 
structures of endothelial cells were examined 
under an inverted microscope (Olympus). The 
assay was performed three times inde- 
pendently.

Immunocytochemistry 

Immunocytochemical staining was performed 
by the standard streptavidin-peroxidase (S-P) 
method. Briefly, endothelial progenitor cells 
were seeded in fibronectin-coated glass cover-
slips immersed in 35-mm Petri dish. They were 
then fixed by 4% paraformaldehyde. After rins-
ing with PBS, 0.3% H2O2 was used to block 
endogenous peroxidase activity by incubating 
with the cells for 15 min. Nonspecific binding 
was blocked by incubation with 5% normal goat 
serum and 2% bovine serum albumin (BSA). 
Then, cells were incubated with rabbit anti-
human vWF and VEGFR-2 antibodies (all from 
Santa Cruz Biotechnology, Santa Cruz, CA) at 
4°C overnight followed by incubation with bioti-
nylated goat anti-rabbit antibodies at 37°C for 
20 min and visualized with diaminobenzidine. 
Brown staining in the cytoplasm was deter-
mined as positive. 

Immunofluorescence

Immunofluorescence microscopy was done as 
previously described [10]. For immunofluores-
cence microscopy, endothelial progenitor cells 
were stained with anti-CD34 and anti-CD133 
antibodies (Beijing Biosynthesis Biotechnology 
Co., Beijing, China). For confocal immunofluo-
rescence microscopy, endothelial progenitor 
cells were double stained for FITC-labeled Ulex 
europaeus agglutinin-1 (UEA-1) and Dil-labeled 
acetylated low-density lipoprotein (ac-LDL) 
(Molecular Probe). Confocal images were taken 
using a Leica scanning confocal microscope 
(Leica Camera AG, Solms, Hessen, Germany) 
and 20 × and 63 × objective lenses for low-
magnification and high-magnification analysis, 
respectively. Pictures were cropped, labeled, 
and spaced using the Adobe Photoshop 
software.

Flow cytometric analysis

To verify the presentation of endothelial pro-
genitor cell markers, phenotyping was per-
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formed by flow cytometry on culture-expanded 
endothelial progenitor cells. Cells were collect-
ed from confluent layers after incubation with 
0.25% trypsin-EDTA for 5 minutes. Single-cell 
suspensions were washed with PBS/0.5% BSA 
before staining. For direct staining, cells were 
centrifuged (250 g, 5 min) and re-suspended in 
cold PBS/0.5% BSA. Totally, 1 × 106 cells were 
incubated for 15 minutes on ice in the dark in 
cold PBS/0.5% BSA with monoclonal fluores-
cein isothiocyanate (FITC) conjugated mouse 
anti-human CD34, CD133, and VEGFR-2 anti-
bodies. Cells were then washed twice by cen-
trifugation (250 g, 5 min) and re-suspended 
with cold PBS/0.5% BSA before proceeding 

with flow cytometry. Dead cells and debris were 
stained with propidium iodide (100 μg/mL) and 
excluded from measurements. Acquisitions 
were performed on a FACS Calibur flow cytom-
eter (Becton Dickinson Bioscience) data analy-
sis was conducted with FCS Express V2 soft-
ware after gating for the designated popu- 
lation.

Scanning electron microscopy

For scanning electron microscopy, endothelial 
progenitor cells (2 × 105) on day 1 to 14 post 
seeding were harvested and fixed with 2% elec-
tron microscopy-grade glutaraldehyde for 2 h, 

Figure 1. The mechanically and chemically treated small intestinal submucosa is composed of cell-free extracellular 
matrix. The small intestinal submucosa (SIS) was mechanically and chemically treated as detailed in Methods. A. 
Gross anatomy of the SIS in the semi-wet state, magnification: × 40. B. Gross anatomy of the SIS in the dry state 
after lyophilization, magnification: × 40. C. H&E staining of the SIS specimen, magnification: × 200. D. SEM image 
with a smooth mucosal surface, magnification: × 700.
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postfixed in 1% osmium tetroxide with 0.1% 
potassium ferricyanide, dehydrated in gradient 
ethanol (30-90%), and embedded in Epon. 
Ultrathin sections (65 nm) were cut, stained 
with 2% uranyl acetate and examined under a 
scanning electron microscope (PhilipsQUAN- 
TA-200, Holland) with the surface coated with a 
gold layer.

Seeding of endothelial progenitor cells on the 
SIS 

The 1 cm × 1 cm SIS tiles were placed in 24-well 
plates with Hanks solution and stored for 24 h, 
and then dried under aseptic condition (ultravi-
olet disinfection for 2 h). Afterwards, the wells 
were rinsed extensively with PBS, followed by 
seeding endothelial progenitor cells onto the 
SIS pieces at a density of 5 × 105 cells/cm2. All 
plates were then incubated in EGM-2MV inside 
a thermostatic incubator for 1 to 2 h at 37°C. 

Enzyme-linked immunosorbent assay (ELISA) 
and Western blotting assays

Angiopoietin-1 and VEGF in the cellular super-
natant was analyzed by ELISA using commer-
cially available kits as instructed by the manu-
facturer (Boster, China). Briefly, the cell samples 
were added to each well of 96-well plates pre-
coated with specific antibody and incubated for 
90 min at 37°C. The plates were then washed 
and incubated with biotinylated rabbit anti-rat 
isotype-specific antibody for 90 min at 37°C, 
followed by wash and incubation with avidin-
biotin complex (ABC) working dilutions for 30 
min at 37°C. Then, the plates were rewashed, 
and incubated with TMB solution for 25 min at 
37°C. Finally, with the stop solution added into 
the wells, and the absorbance was read at 450 
nm on a microplate reader (Bio-Tek Instruments, 
Winooski, VT). For Western blotting assays, the 

Figure 2. Morphological characteristics of endothelial progenitor cells derived from bone marrow mononuclear cells. 
Light microscopy of bone marrow mononuclear cells isolatd from SD rats. (A) Freshly isolated bone marrow mono-
nuclear cells. (B) Early outgrowth of endothelial progenitor cells by day 7 of primary culture. The cells are fusiform, 
triangular, or irregular in shape. (C) Endothelial progenitor cells exhibit a typical cobblestone-like appearance by day 
21. Transmission electron microscopy shows abundant finger-like, spherical, or villous protrusions on the surface of 
the endothelial progenitor cells (D) and Weible-Palade (W-P) corpuscle (E).
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Figure 3. Immunohistochemical staining of 
cultured bone marrow mononuclear cells at 
day 7 for vWF (A) and VEGFR-2 (B). Immu-
nofluorescence staining for CD34 (C) and 
CD133 (D). Magnification × 200 Confocal 
microscopy showed (E) EPCs after the cyto-
plasm of EPCs took up the DiL-Ac-LDL stain 
(shown in red), (F) EPCs stained positive for 
FITC-UEA-1 (shown in green), and (G) EPCs 
with double positive staining for phagocytic 
DiL-Ac-LDL and FITC-Lectin-UEA-1 (shown in 
yellow). Magnification: × 200.
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procedure was performed as previously des- 
cribed. Anti-angiopoietin-1, anti-VEGF and anti-
b-actin antibodies (Santa Cruz Biotechnology) 
were used. b-Actin was used as a loading 
control.

Results

The mechanically and chemically treated small 
intestinal submucosa is composed of cell-free 
extracellular matrix 

After mechanical and chemical treatment, the 
semi-wet SIS became translucent membranes 
and were milky white (Figure 1A), and the 
lyophilized SIS showed paper-like appearance 
(Figure 1B). In addition, light microscopy 
showed absence of any cells on the SIS mem-
brane (Figure 1C). SEM further revealed that 
the SIS was composed mainly of the ECM with 
structural integrity. In addition, the mucosal 
surface appeared smooth while the surface of 
the muscular layer was slightly rough (Figure 
1D).

Morphological characteristics of endothelial 
progenitor cells derived from bone marrow 
mononuclear cells

We purified BMMNCs from SD rats. Light 
microscopy of the primary culture showed that 
the freshly isolated BMMNCs grew in suspen-
sion and were spherical in shape and exhibited 
varied sizes (Figure 2A). By day 7, the cells were 
fusiform, triangular, or irregular in shape and 
formed colonies (Figure 2B). By week 3, the 
cells exhibited a typical cobblestone-like pave-
ment appearance (Figure 2C). TEM showed 

abundant finger-like, spherical, or villous protru-
sions on the surface of the endothelial progeni-
tor cells. The rough endoplasmic reticula, mito-
chondria, free ribosomes, and plasma mem-
brane vesicles were observed (Figure 2D). The 
Weible-Palade (W-P) corpuscle, a characteristic 
structure of endothelial cells, was also detect-
ed (Figure 2E).

Phenotypic characteristics of endothelial pro-
genitor cells derived from bone marrow mono-
nuclear cells

Immunohistochemistry showed that vWF and 
VEGFR-2 were positively expressed in the 
BMMNCs by day 7 (Figure 3A and 3B) and 
immunofluorescent microscopy revealed that 
the BMMNCs were positive for CD34 (Figure 
3C) and CD133 (Figure 3D). In addition, laser 
confocal microscopy showed that the endothe-
lial progenitor cells took up the DiL-Ac-LDL and 
FITC-Lectin-UEA-1 (Figure 3E-G). Flow cytomet-
ric analysis additionally revealed that surface 
markers CD34, CD133, and VEGFR-2 were 
expressed on the endothelial progenitor cells at 
variable levels. CD34 positive cells increased 
from 30.6% on day 7 to 82.8% on day 21, 
whereas CD133 decreased from 96.6% on day 
7 to 38% on day 21, and VEGFR-2 positive cells 
increased from 59.8% to 92.7%.

Endothelial progenitor cells derived from bone 
marrow mononuclear cells form lumen-like 
structures

Matrigel gel assays showed that by day 12 to 
21 of culture, the endothelial progenitor cells 

Figure 4. Endothelial progenitor cells derived from bone marrow mononuclear cells form lumen-like structures. 
Matrigel gel assays were performed as in described in Methods. Showed that by day 12 to 21 of culture, the Endo-
thelial progenitor cells form lumen-like structures at day 12 (A) and day 21 (B).
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formed lumen-like structures (Figure 4A and 
4B).

SIS enhances the growth of endothelial pro-
genitor cells

Endothelial progenitor cells were seeded on the 
SIS, and after 24 h the cells were spindle-
shaped and started attaching to the surface of 
the SIS (Figure 5A). SEM showed that the endo-
thelial progenitor cells showed robust growth 
on the surface of the SIS 3 to 5 days post seed-
ing. SEM showed that by day 14, the cells were 
assembled into sheets and secretory granules 
were observed (Figure 5B). The MTT assays 
revealed that by week 1 post seeding onto the 
SIS, the endothelial progenitor cells exhibited a 
significantly more rapid growth than the control 
cells (Figure 5C).

SIS potentiates the production of angiopoi-
etin-1 and VEGF by endothelial progenitor cells

We further examined the production of angio-
poietin-1 and VEGF by the endothelial progeni-
tor cells by ELISA and immunoblotting assays. 
ELISA showed that angiopoietin-1 levels in- 
creased after seeding on the surface of the SIS 
and peaked at day 7 post seeding (288.636 
pg/mL), which was significantly higher than 
that of the control cells (P < 0.05) (Figure 6A). 
Similarly, the level of VEGF was markedly higher 
in the endothelial progenitor cells starting 5 
days (5601.1 pg/mL) after seeding onto the 
surface of the SIS than that of the control cells 
(P < 0.05) (Figure 6B). The immunoblotting 
assays further showed that apparently higher 
levels of both angiopoietin-1 and VEGF upon 

Figure 5. SIS enhances the growth of endothelial progenitor cells. (A) SEM. (B) Proliferaiton of endothelial progenitor 
cells was assessed by the MTT assays (C).
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seeding of the EPS onto the surface of the SIS 
(Figure 6C).

Discussion

The key element of success in vascular tissue 
engineering is the development of blood ves-
sels with a complete layer of endothelial cells. 
In 1997, Asahara et al. [11] were the first to 
report that human peripheral blood CD34+ 
mononuclear cells are capable of differentiat-

Figure 6. SIS potentiates the production of angiopoietin-1 and VEGF by endo-
thelial progenitor cells. A-C. Error bars represent means ± SE. *P < 0.05 vs. 
EPCs group.

ing into mature endothelial 
cells, and therefore, they 
can be mobilized onto dam-
aged blood vessels and par-
ticipate in embryonic angio-
genesis and post-birth angi- 
ogenesis. In this study, we 
purified BMMNCs from SD 
rats and Immunocytoche- 
mistry, immunofluorescence 
microscopy and phenotyp-
ing by flow cytometry con-
firmed successful cultiva-
tion of endothelial progeni-
tor cells which expressed 
the endothelial progenitor 
cells markers such as CD34, 
CD133, and VEGFR-2. Fur- 
thermore, Weibel-Palade 
corpuscle, which is charac-
teristic of endothelial cells, 
was observed by scanning 
electron microscopy. The 
endothelial progenitor cells 
exhibited active prolifera-
tion capacity in vitro as 
demonstrated by the MTT 
assays, and can be obtained 
in large quantities, on the 
order of 109-1011 cells per 
liter of the medium (data not 
shown). These results have 
established a solid theoreti-
cal and empirical founda-
tion for future exploration of 
endothelial progenitor cells 
for tissue engineering.

A large variety of ECM mate-
rials are available for vascu-
lar tissue engineering. SIS is 
a naturally obtained acellu-
lar ECM with fibrous colla-
gen constituting 40% of its 
dry weight. Previous studies 
have demonstrated that SIS 

contains sugar glycosaminoglycans and glyco-
protein such as hyaluronic acid, heparin, hepa-
ran sulfate, and chondroitin sulfate A [12]. 
Furthermore, SIS can release natural growth 
factors such as fibroblast growth factor 2 
(FGF2), transforming growth factor beta (TGFβ), 
and VEGF [13]. Host immunological response 
should always be considered for xenogenic 
grafts. Allman [14] has reported that porcine 
SIS can elicit an Th2 immune response, which 
is consistent with a remodeling reaction rather 
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for the growth of endothelial progenitor cells, 
and in turn, the seeding of endothelial progeni-
tor cells could promote quick SIS endothelial-
ization, enabling the use of SIS as an alterna-
tive vascular material.

In summary, as a natural biological material, 
SIS exhibits good cell affinity; SIS seeded with 
endothelial progenitor cells shows great prom-
ise as vascular graft for vascular tissue engi-
neering, and our future research will focus on 
their transplantation in vivo.
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