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Abstract: The high degree of degradation and the low angiogenic capabilities of temporary tissue substitutes still rep-
resent a major challenge in the field of tissue engineering. In an attempt to meet some of these challenges we cova-
lently incorporated Astragalus polysaccharides, a plant extract with angiogenic properties, into collagen matrices.
This contribution aims at developing a three-dimensional scaffold for temporarily covering tissue defects in tissue
engineering and wound healing e.g. third degree burn wounds. Collagen matrices were modified by incorporating
Astragalus polysaccharides (Ap) by means of covalent cross-linking with the watersoluble carbodiimide EDC. Matrices
with different Ap/EDC ratios were prepared. After intensively washing of collagen matrices, the Ap modified and non-
modified collagen matrices were exposed to the chorioallantoic membrane or implanted into subcutaneous pockets
of rats. The number of capillaries in the chorioallantoic membrane in the vicinity of the samples, the hemoglobin con-
tents within the explants and the hydroxyproline contents in the tissues attached to the explants were enhanced.
Immunohistochemical evaluation of the explants revealed an increase in the recruitment of CD34+-cells in the modi-
fied matrices, indicative of improved angiogenic capabilities. To explore the underlying mechanisms, human umbilical
vascular endothelial cells (HUVECs) were exposed to varying concentrations of Ap, collagen | and combinations
thereof. The proliferative and chemotactic activities of HUVECs, as well as the protein expression of integrin aV, were
strongly enhanced. The modification of collagen matrices with Astragalus polysaccharides of Ap with the cross-linking
agent EDC leads to matrices with an increased angiogenic potential. The angiogenic capabilities of the modified colla-
gen matrices appeared to depend on the Ap to EDC ratio. The presented results demonstrate that the incorporation
of Astragalus polysaccharides into collagen matrices is an interesting and promising alternative for making wound
dressings more angiogenic and improving their capabilities for covering tissue defects.
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Introduction

Wound healing is a complex integrated se-
quence of cellular, physiologic, and biochemical
events initiated by the stimulus of injury to tis-
sue which contains mainly 3 stages, i.e. inflam-
mation, proliferation and maturation [1]. Many
factors influence the process of wound healing,
among these factors nutrient supply is very im-
portant because cells cannot survive at dis-
tances larger than 1 mm from blood supply.
There is thus a need for angiogenic tissue engj-
neered biomaterials. The introduction of se-
lected angiogenic growth factors (e.g. vascular
endothelial growth factor (VEGF) and basic fibro-
blast growth factor (bFGF)) have been shown to
be useful for enhancing angiogenesis [2]. Since
simply admixing of these growth factors to the

matrices generally leads to a rapid clearance
from the defect site, several attempts to immo-
bilize growth factors into three dimensional ma-
trices have been made. Thus, Bentz et al. cova-
lently coupled TGF-B2 to injectable collagen by
means of a homobifunctional cross-linking
agent, and they observed a substantial slower
release of the immobilized growth factor as
compared to the admixed growth factor [3]. In
another approach, Wissink et al. [4] made use
of the heparin binding affinity of bFGF for physi-
cally binding this growth factor to heparin cova-
lently incorporated into collagen films [5].

This procedure also led to a slow release of the
growth factor from the collagen matrix [5]. Nev-
ertheless, there are still some disadvantages in
the application of angiogenic growth factors,
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Incorporated, Shanghai, China), 1 ml of 10%
fetal bovine serum (FBS), 20 ug of collagen | or
20 g of collagen | with 20 ug of Ap dissolve in
1ml of 10% FBS were filled into the lower cham-
ber. Cells were allowed to migrate for 6, 12 and
24 hours. After removal of the insert from the
chamber, the unattached cells were washed
out, attached cells were fixed with 10% formalin
for 10 min. Then the non-migrated cells on the
upper side of the filter were gently removed.
Afterwards, the migrated cells were counted on
a grid under high power field (amplification x
30), 5 high power fields were counted and the
average was used for the results.

Western Blot analysis for evaluating the protein
expression of angiopoietin 1, VEGF and integrin
o

The total protein of the harvested cells was ex-
tracted by the cell keratoprotein extract solution
(1 % Triton X-100, 20 mM Tris, 60 mM KCI, pH
7.0). Protein concentrations were determined by
the Bradford method (Quantitate, MDBio, Inc,
Qingdao, China). 40 ug of above extracted pro-
tein were run on the SDS PAGE and blotted on
nitrocellulose. The blot was blocked for 2 hours
with bovine serum albumin (BSA) and blocking
was followed by incubation overnight with pri-
mary antibody (Rabbit anti-human angjiopoietin
1; VEGF from Beijing Biosynthesis Biotechnology
Co,.LTD, Beijing, China and rabbit anti-human
integrin av from Cell Signaling Technology Inc.
Boston, USA). The second antibody (goat anti-
rabbit 1gG-HRP, Beijing Biosynthesis Biotechnol-
ogy Co,.LTD, Beijing, China) was added and in-
cubation for 2 hours after PBS buffer rinsed 3
times. Finally, the exposed blots were quantita-
tively evaluated for angiopoietin 1, VEGF and
integrin av with the ECL chromogenic system by
using Image-J software analysis. B-actin was
used as a loading control.

Chorioallantois membrane assay

Fertilized chicken eggs were obtained from Nan-
jing Agriculture Science Institute, Nanjing,
China. The chorioallantoic membrane assay
(CAM-assay) was performed essentially as de-
scribed in Yao et al. [13] and Vargas et al. [15].
Collagen matrices modified with or without Ap
immobilization were prepared according to the
modification procedures described above and
sterilized by immersion in 70% ethanol for 24h.
Subsequently they were equilibrated with either
PBS or serum free ECM under sterile conditions.
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Circular specimen of the various collagen matri-
ces (diameter 12 mm, thickness 2 mm) were
carefully placed on the chorioallantoic mem-
brane and the eggs were put into a static incu-
bator for 7 days at 37°C. At the end of this pe-
riod, the collagen implant was removed for sub-
sequent analysis and the membrane surround-
ing the implant were excised and mounted on a
slide and fixed with 2% formalin.

Quantitation of the capillaries was carried out by
counting them at 50-fold magnification in three
non-overlapping areas. The average number of
small vessels (diameter smaller than 20 - 40
pum) in the defined areas was taken as an index
for the angiogenic potential.

Animal model experiments

Collagen matrices (size: diameter 10 mm; thick
5 mm) modified to parameters described above
were implanted in 2 dorsal subcutaneous pock-
ets of Sprague Dawley rats, each one at a dis-
tance of 1 cm to the incision of the skin and at
4 cm distance between the implants. The differ-
ent collagen modifications were implanted in
different animals, they were either non-modified
or modified with Ap1E1 as described in Materi-
als and Methods at day 3, day 7 and day 14 day
post implantation, the animals were sacrificed
and the implants were explanted. Explants were
weighed and used for determining their hemo-
globin contents. Furthermore a sample of tissue
surrounding the implant was excised and used
for determining the hydroxyproline content.

Evaluation of hemoglobin contents with ELISA

Explants were immediately washed with water
for removing attached blood, samples were
then put into a reagent tube with 1 ml of water.
Slightly coloured solutions were stored at -20°C
for determining the hemoglobin concentration
by ELISA (CSB-E13036r Kit from Cusabio Bio-
tech Co., Ltd., Wuhan, China) according to the
manufacturers’ procedure. The hemoglobin con-
tents were determined in ug hemoglobin/g wet
tissue.

Determination of the hydroxyproline content in
tissue samples surrounding the implant with
ELISA

Tissue samples surrounding and attached to

the explants were cut off and weighed after ly-
ophilization. Samples were submersed in 1 ml
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such as their short half life time, and the possi-
bility of being tumorogenic.

Many plants have been proposed for the natural
therapies by supporting angiogenesis [6].
Among the Chinese traditional herbs, the root of
Radix Astragalis is widely used to enhance the
human resistance to disease and to treat
chronic ulcerations [7]. Extracts from Radix As-
tragalis (Astragalus polysaccharides) is one of
the main extracts of Radix Astragalis) have
been showndescribed to enhance the prolifera-
tion of vascular endothelial cells [8,9], to im-
prove the adherence to the ECM [10] and to
modulate the immune activities in rats with gas-
tric cancer [11]. We previously observed that
loading of Astragalus polysaccharides into colla-
gen matrices leads to similar angiogenic effects
as those observed earlier for rhVEGF1ss loading
to collagen matrices [12].

Here we report on experiments to covalently
incorporate Astragalus polysaccharides in colla-
gen matrices for attempting to improve the an-
giogenic behaviour of these scaffolds for being
applied as temporary dressings for treating tis-
sue defects in e.g. burn wounds. The modifica-
tion effects will be evaluated by exposing the
modified matrices to the chorioallantoic mem-
brane and by subcutaneous implantation. Fur-
thermore we monitored the proliferative and
migratory effects of soluble collagen and Astra-
galus polysaccharides on HUVECs in prolifera-
tion assays and chemotaxis experiments. More-
over we report on the effects of collagen | and
Astragalus polysaccharide on the expression of
angiopoietinl, VEGF and integrin av.

Materials and Methods
Collagen matrices

The matrices were obtained through lyophiliza-
tion of collagen suspensions of mainly collagen
type | (Beijing Yerkang Bioengineering Develop-
ment Center, Beijng, China). The collagen matri-
ces were cut into circular specimen (diameter
10 and 12 mm; thickness 2 and 5 mm).

Covalent incorporation of Astragalus polysac-
charides

Immobilization of Astragalus polysaccharides
(Ap) was performed essentially as described in
Yao et al. [13] and Wissink et al. [5]. Carboxylic
acid groups of Ap were activated with 1-Ethyl-3
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(3-dimethylaminopropyl) dicarbodiimide (EDC)
and N-hydroxy-succinimide (NHS). Ap was pur-
chased from Beijing Centre Biology Co., Ltd and
EDC and NHS were from Sigma-Aldrich. A typical
modification experiment is performed as fol-
lows: 1 mg Ap were activated with 1 mg
EDC/0.6 mg NHS in 500 ul 0.05 M MES-buffer
(pH 5.6) for 10 minutes at 37 °C, collagen speci-
men were immersed into the reagent solution
and the solutions were evacuated to remove the
air from the specimen. After a reaction period of
4 h at 37°C, under gentle shaking, the collagen
matrices were washed with 0.1 M Na2HPO4
(2h), 4M NaCl (4 times in 24 h) and deionized
water (5 times in 24 h). Finally, modified
sponges were frozen overnight at -80°C, lyophi-
lized and stored at room temperature. Collagen
matrices prepared according to these parame-
ters are designated AplEl (1 mg Ap; 1 mg
EDC/0.6 mg NHS). The modification parameter
AplE2 refers to 1 mg Ap and 2 mg EDC/1.2 mg
NHS, ApOEO refers to collagen matrices which
went through all the procedures, except that no
Ap and EDC/NHS were added.

Endothelial cells

Human umbilical vein endothelial cells were
isolated from the umbilical cord and cultivated
in endothelial cell basal growth medium (ECBM,
Cell Systems, Shanghai, China) [14]. For the
experiments only 2nd passage cells were used.

MTT assay for cell proliferation evaluation

In each well of a 6-well plate 100,000 HUVEC
cells were allowed to adhere for 1 day in 2 ml of
the ECBM. On day 2 in each well a series of dif-
ferent Ap concentrations (O to 120 pg/ml) and/
or different collagen | concentrations (from O to
40 pg/ml) were placed in the wells. For refer-
ence, on each plate one well was filled with
ECBM only.

After incubation for 24 hours, 20ul of Cell
Counting Kit-8 (Beyotime Biology Co. Ltd, Shang-
hai, China) were transferred to each well and
followed by incubating for additional 24 hours.
After this period, absorption at 490nm was
measured and calculated into proliferation rates
and expressed in arbitrary units.

Chemotaxis assay with transwell chamber

100,000 HUVECs were placed in the upper
chamber of Transwell chambers (8 um; Corning
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buffer (0.01 mol/L Tris-HCL, 0.0001 mol/L

EDTA-2Na, 0.01 mol/L Sucrose, 0.8% NaCl, pH
7.4) and homogenized ultrasonically for about
30 seconds in an ice bath, this procedure was
repeated several times until the tissue was dis-
integrated and almost dissolved. The cell rem-
nants were precipitated by centrifugation at
1000 x g for 15 minutes and the hydroxyproline
contents in the supernatants were determined
by ELISA (CSB-E08838r Cusabio Biotech Co.,
Ltd., Wuhan, China) according to the instruc-
tions of the manufacturer.

Statistical analysis

Statistical analysis was performed by using the
software package SPSS for Windows 13 (SPSS
Inc.). For evaluating the significance the Stu-
dent’s T-test was used: p-values <0.05 were
considered to be statistically significant.

Results

Initially we prepared a number of collagen matri-
ces, which were modified according to the
specifications in Materials and Methods. Modi-
fied and non-modified matrices were exposed to
the Chorioallantois membrane as described
earlier [13, 17]. The exposure of unmodified
matrices (ApOEO) to the membrane induced
increases of the capillary numbers by 13+4 as
compared to the control (no implant). The incor-
poration of Ap at higher EDC/Ap-ratios
(Ap0O.5E1; AplE1) led to increases of the capil-
lary numbers with 27+14 and 3719 (n=10)
resp., these numbers were significantly different
from the control group (p<0.01) (Figure 1). The
incorporation of higher Ap to EDC ratios e.g.
Ap2E1 led to an increase of the number of capil-
laries with about 26, which is similar to the ef-
fects exerted by ApO.5E1 matrices, i.e. matrices
with a lower Ap to EDC ratio. Altogether, the
AplEl1-matrices induced more capillaries than
ApO.5E1- and Ap2E1-matrices, the differences
between the ApOEO and Apl1E1l matrices were
statistically significant (p<0.01).

Next we evaluated the angiogenic capabilities
by subcutaneously implanting unmodified
(ApOEO) and modified (Ap1E1) in rats. The im-
plants were explanted after periods of 3, 7 and
14 days, the specimen were taken out carefully
and attached surrounding tissues were excised
for evaluation of the hydroxyproline contents
and CD34+-cell recruitment (see below). The
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Figure 1. Evaluation of angiogenic potential by ex-
posing the chicken chorioallantoic membrane to
unmodified (ApOEO) and modified (ApO.5E1 -
Ap2E1) collagen matrices. The increases in the num-
ber of capillaries were obtained by subtracting the
mean number of capillaries from the number of cap-
illaries observed in control experiments (no implant).
Columns show the mean values, error bars represent
the corresponding standard deviations (n=10). *
indicates statistically significant differences
(p<0.05).

explants were carefully washed and the hemo-
globin contents in the washing solutions were
determined by ELISA. Figure 2 demonstrates
that Ap1E1 explants after implantation periods
of 7 and 14 days were characterized by signifi-
cantly increased hemoglobin contents as com-
pared with the explants of the unmodified matri-
ces ApOEO. This effect was also clearly ob-
served by visual evaluation (photographs not
shown). At day 7, the hemoglobin contents in
the Apl1El1-matrices had increased by 100% as
compared with the ApOEO-matrices. At day 14,
the hemoglobin contents of the Ap1E1-matrices
were still 82% higher than those of control ma-
trices (ApOEO).

Simultaneous with the explantation of the im-
plants, tissue samples attached to the matrices
were excised carefully. Half of the tissue sam-
ples were lyophilized, weighed and used for the
determination of the hydroxyproline contents,
the other half were used for evaluating the re-
cruitment of CD34+-cells. The contents of both
the unmodified (ApOEO) and modified (Ap1E1)
explants increased with the length of the im-
plantation period, after 14 days the hy-
droxyproline contents had increased by 140%

Int J Burn Trauma 2011;1(1):17-26
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Figure 2. Evaluation of angiogenic potential by animal
model experiments. Unmodified (ApOEO) and modi-
fied (AplE1) collagen matrices were implanted sub-
cutaneously in rats. Implants were explanted after 3,
7 and 14 days. Hemoglobin contents of explants
were determined by ELISA as described in Materials
and Methods. Columns show the mean values, error
bars represent the corresponding standard devia-
tions (n=5). * indicates statistically significant differ-
ences (p<0.05).

as compared to the contents after 3 days of
implantation. The hydroxyproline contents of the
tissues attached to the AplE1l explants, how-
ever, were after all implantation periods signifi-
cantly higher than the tissues attached to the
unmodified (ApOEQ) explants (Figure 3).

The other half of the tissue samples were used
for (evaluating the recruitment) identifying of
CD34+-cells by immunohistochemistry. Figure 4
shows that the surrounding tissues of the modi-
fied matrices (Ap1E1) explanted on day 14 were
characterized by a much more intense staining
of CD34+ cells as compared to the unmodified
matrices (ApOEO). These results were in accor-
dance with the results of hemoglobin contents
and the increases in hydroxyproline contents as
shown in Figure 3.

We then evaluated whether the proliferation

rates of HUVECs were dependent on varying
concentrations of Astragalus polysaccharides
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Figure 3. Animal model experiments: the amount of
hydroxyproline in the excised tissue samples sur-
rounding the implants during 3, 7 and 14 days. The
hydroxyproline contents of the tissue samples were
determined by ELISA as described in Materials and
Methods. Columns show the mean values, error bars
represent the corresponding standard deviations
(n=5). * indicates statistically significant differences
(p<0.05).

(Ap). Ap concentrations varied from O to 80 pg/
ml. The results show that the optimal concentra-
tion of Ap was 20 pyg/ml with an almost 100%
increase as compared to the control group.
Lower and higher concentrations of Ap led to
less good results.

In subsequent experiments we investigated the
effects of a series of different concentrations of
Ap and collagen | on the proliferation of HU-
VECs. Proliferation was evaluated with the MTT
assay. Results obtained with medium were cal-
culated to give a proliferation index of 1. The
addition of Ap to the medium had a positive
effect on the proliferation of HUVECs (Figure
5A). Effects were maximal after adding 20 g
Ap/ml. Figure 5B show that concentrations of
10 and 20 pg/ml of collagen | induced prolifera-
tion increases of 100% and 115% resp. The
concentration of 40 ug/ml of collagen | was,
however, leading to a reduced proliferation
(0.66 vs 0.84). Next, we tried to obtain more
optimal proliferation conditions by mixing 20
pug/ml of Ap and 20 ug/ml of collagen I. Results

Int J Burn Trauma 2011;1(1):17-26
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Figure 4. Collagen matrices with incorporated Astralagus polysaccharides attract more CD34+-cells. A. Unmodified
(ApOEO) and B. modified (Ap1E1) collagen matrices were implanted subcutaneously and explanted after 14days im-
plantation. Sections of the explant were stained for CD34-positive cells by immunohistochemistry.
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Figure 5. Proliferative exerted effects by Astralagus polysaccharides, collagen | and mixtures thereof, on HUVECS. A.
Effects of Ap concentrations (from O ug/ml to 80 ug/ml) on the proliferation of HUVECs. B. Proliferative effects of
collagen | (C). C. Effects of collagen I/Ap mixtures on HUVECs. Results given in arbitrary units normalized to the me-
dium. Columns show mean values, error bars represent the corresponding standard deviations (n = 3). * indicates
statistically significant differences (p<0.05).

demonstrated that this mixture leads to an even Figure 6 shows the results of chemotaxis experi-
higher proliferation rate than those of 20 pg/mi ments. The lower chambers of the chemotaxis
of Ap (2.00 vs 0.85) and 20 ug/ml of collagen | setup were filled according to 3 different condi-
(2.00 vs 1.80) (Figure 5C). The mixture of 20 tions: 10% FBS (control), 20 g collagen I/ml,
ug/ml of Ap and 40 ug/ml of collagen | led to a 20 g collagen | plus 20 pg Ap/ml. Chemotaxis
lower proliferation of HUVECs. From these re- was evaluated at three time points: 6h, 12h and
sults, we conclude that a mixture of 20 pg/ml of 24h. Collagen | induced in the presence of 20
Ap and 20 pg/ml of collagen | appears to be ug collagen | significant increases of the chemo-
optimal for stimulating cell proliferation. tactic activity with 42% and 41% after 12 and

24 h resp. . Upon loading 20 ug collagen | and
Next we used these experimental conditions for 20 pg Ap/ml to the lower chamber increases of
further testing the effects on directed cell migra- the chemotaxis with 73% and 71% after 12 and
tion and on the protein expression of angiopoi- 24h resp. as compared to the control conditions
etin 1, VEGF and integrin av. were observed. At 6 hours, no significant differ-
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Figure 6. Chemotactic activity of HUVECs as function
of variable concentrations of soluble collagen | in
combination with Ap in Transwell assays. 20 ug/ml of
collagen 1 (20 C) or 20 pg/ml of collagen | and 20 pg/
ml of Ap (20 C + 20 Ap) were dissolved into the lower
chamber of the Transwell setup. Medium was used
as control. Columns show mean values, error bars
represent the corresponding standard deviations (n =
3). * indicates statistically significant differences
(p<0.05).

ences between the 3 groups could be observed.

In order to elucidate the underlying mechanism
for enhancing HUVECs proliferation and migra-
tion, we evaluated the effects of the Ap/
collagen mixtures on the expression of angiopoi-
etin 1, VEGF and integrin av by Western blot
analysis. Figure 7 shows the expression of an-

— -
| ——

Fold protein expression

50
45
40
35
30
25
20
15
10

giopoietin 1, VEGF and integrin avin HUVECs in
contact with various concentrations of Ap and
collagen | and mixtures thereof. Whereas the
protein expression of angiopoietin 1 and VEGF
demonstrated only little variation, the expres-
sion of integrin avwas characterized by a large
increase: the protein expression being in-
creased 40-fold. The expression of VEGF was
maintained at a high level and did not change;
the protein expression of angiopoietin 1 ap-
peared to occur at a lower level and did not
change.

Discussion

A common approach in tissue engineering is to
apply highly porous matrices in which invading
cells have the potential to develop into the tis-
sue of interest and then implanting this con-
struct for development in situ. Major concerns
still exist in relation with implants not being ade-
quately vascularized for long-term survival. Both
mass transfer limitations and fibrosis associ-
ated with the foreign body response can contrib-
ute to failure of the implantation. Therefore,
biomaterials with improved angiogenic capabili-
ties might be of great interest for the develop-
ment of scaffolds for tissue regeneration in
wound healing. Up to date, many methods have
been used for enhancing the angiogenic func-
tions of biomaterials, among these are the in-
corporation of angiogenic growth factors such
as basic fibroblast growth factor (bFGF) [4,5]
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Figure 7. Expression levels of angiopoietin 1, VEGF and integrin owv observed in HUVECs exposed to variable concen-
trations of collagen | (C) and Astragalus polysaccharides (Ap) as determined by Western blot analysis. A. Western blot
analysis of angiopoietin 1, VEGF, integrin av and B-actin. The different lanes refer to experimental conditions. HUVECs
were exposed to: Lane 1: Medium; Lane 2: 10 pg collagen I/ml; Lane 3: 20 pg collagen I/ml; Lane 4: 20ug collagen |
+ 20ug Ap/ml; Lane 5: 20ug collagen | + 40ug Ap/ml. B. Columns show intensities as observed by Western blot
analysis. Intensities were normalized to the expressed B-actin. Columns show mean values, error bars represent the
corresponding standard deviations (n = 3). * indicates statistically significant differences (p<0.05).
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and vascular endothelial growth factor (VEGF)
[13,17]. Although quite some progress has
been achieved in the development of biomate-
rials by incorporating angiogenic growth factors,
there are still shortcomings, such as short half-
life time of the growth factor and problems with
sterilization as well as shelf storage [18].

Radix Astragalis, known as one of the most
widely used tonic drugs, is considered to convey
resistance to many human diseases and to heal
chronic ulcerations [19]. It can ameliorate the
impairment of vascular endothelial cells [7] and
enhance their proliferation [8] and adherence to
the ECM [9]. The injection of astragal has been
used in clinical practice for many years to cure
coronary artery disease with good therapeutic
results and only little side effects have been
reported [20]. The Astragalus polysaccharides
(Ap) are easily extracted from the Astragali root
and applications are cost-efficient. They have
been shown to improve angiogenesis through
increasing proliferation and migration of HU-
VECs in vitro [21]. Therefore, we thought it
might be interesting to incorporate Ap into colla-
gen matrices by creating a zero-length amide
cross-link using the water soluble carbodiimide
EDC in conjunction with NHS. The angiogenic
properties of the modification products were
evaluated with the chorioallantoic membrane
assay (CAM), results show that the modified
matrices Ap1E1 were more angiogenic than the
non-modified matrices ApOEO and the modified
matrices ApO.5E1 and Ap2E1.

The next step was to confirm these results by
implanting modified and non-modified collagen
matrices into subcutaneous pockets of rats and
to evaluate the hemoglobin contents within the
collagen matrices and hydroxyproline contents
in the surrounding tissues. The highest hemo-
globin contents were observed with the A1E1
matrices. Since more blood supply means more
nutrients and therefore more tissue regenera-
tion, we evaluated the changes of the dry
weights of the explanted collagen matrices.
These dry weights are assumed to correspond
to the amount of invaded cells and deposited
ECM components [19]. The obtained results
were in accordance with the hemoglobin con-
tents. This time we also tried to monitor the ef-
fects of the implanted collagen matrices on the
surrounding tissue by determining their hy-
droxyproline contents. We observed that the
hydroxyproline concentrations in the tissue sam-
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ples in close vicinity of the modified collagen
matrices of Ap1E1 were much higher than those
of their non-modified counterparts. Further-
more, the immunohistochemical pathological
sections demonstrated an increase of CDass-
positive cells indicative of an improved vascu-
larization in the neighbourhood of the AplE1l
matrices as compared with those of ApOEO.
These data confirmed the initial observations of
AplEl-matrices being more beneficial to the
growth and regeneration of the surrounding
tissue.

Zhang et al. [22] proposed that 20 ug Ap/ml
was an optimal concentration of Ap for vascular
endothelial cell proliferation. In line with this
observation we performed experiments with
HUVECs for evaluating the effects of variable
concentrations of Ap and collagen | on their pro-
liferation. In accordance with Zhang et al. [22],
we observed that 20 ug Ap/ml is indeed an opti-
mal concentration and in addition, we observed
that a concentration of 20 pg collagen I/ml was
optimal for proliferation. Higher Ap concentra-
tions provoked, in accordance with the in vivo
results obtained from the CAM assays, less
good results. Furthermore, we investigated
whether HUVECs migration assay for the evalua-
tion of the interaction of suitable concentration
of Ap and collagen compared with the suitable
concentration of collagen. The results revealed
that the concentrations which were optimal for
proliferation also showed the strongest effects
on the chemotaxis of HUVECs.

Furthermore we investigated whether soluble
collagen | and Ap, as well as mixtures thereof,
had effects on the expression of a number of
proteins relevant for endothelial cell behaviour
by Western analysis. The protein expression of
integrin ov was observed to be increased to a
larger extent as compared to the protein expres-
sion levels of angiopoietinl and VEGF. As we
know, endothelial cell growth, proliferation and
differentiation also depend on the recruitment
of specific integrins on the cell surface. These
integrins must bind to its proper ligands in order
to initiate distinct signalling pathways that fi-
nally lead to the transformation of the endothe-
lial cell into a more angiogenic phenotype [23].
Therefore, we assume that the induction of the
up regulation of integrin av may be part of the
mechanism leading to the improvement of the
angiogenic potential of AplE1-matrices. It was
also found that integrins av have strong effects
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on the vascular endothelial cells migration,
which may explain why we observed more in-
tense effects of the modifications on the cell
migration than on proliferation.

Though it has been concluded previously from
experimental and clinical research that Ap are
beneficial to angiogenesis and ischemic dis-
eases, such as myocardial ischemia, Ap have so
far not been used to enhance angiogenesis in
collagen matrices. To our knowledge, this manu-
script represents the first investigation of incor-
porating covalently Astragalus polysaccharides
into collagen matrices and investigating the
effects on their angiogenic capabilities. We ear-
lier observed that the cross-linking of collagen
itself had a positive angiogenic effect and that
VEGF loading only gave rise to relatively small
additional effects [24]. From this paper, we con-
clude that the observed positive effect of cross-
linking of collagen scaffolds by EDC/NHS might
be due to the up regulation of the expression of
integrin o, since the expression levels of VEGF
and angjopoietin 1 did not change upon contact
of endothelial cells with cross-linked collagen. In
the future, we will expose endothelial cells and
to cross-linked and non-cross-linked collagen
matrices and evaluate their effects on relevant
signal transduction pathways.

Acknowledgements

This work was supported by Grant no.
BK2008491 from Natural Science Foundation
of Jiangsu Province and Grant no. 30973756
from National Natural Science Foundation of
China.

Address correspondence to: Dr. Guy C.M. Steffens,
Institute of Biochemistry and Molecular Cell Biology,
RWTH Aachen University, Pauwelsstrasse 30, 52057
Aachen, Germany. E-mail: gusteffens@ukaachen.de

References

[1] Velnar, T, Bailey T, Smrkolj V. The wound heal-
ing process: an overview of the cellular and
molecular mechanisms: J Int Med Res 2009,
37:1528-1542.

[2] Przybylski M. A review of the current research
on the role of bFGF and VEGF in angiogenesis J
Wound Care 2009, 18: 516-519.

[3] Bentz H., Schroeder JA, Estridge TD. Improved
local delivery of TGF-beta2 by binding to in-
jectable fibrillar collagen via difunctional poly-
ethylene glycol. J Biomed Mater Res 1999; 39:
539-548.

25

(7]

(8]

(9]

(10]

(11]

(12]

(13]

[14]

(15]

Wissink, MJ.,Beernink R, Pieper JS, Poot AA,
Engbers GH, Beugeling T, van Aken WG, Feijen
J.. Binding and release of basic fibroblast
growth factor from heparinized collagen matri-
ces. Biomaterials 2001; 22: 2291-2299.
Wissink, MJ, Beernink R, Pieper JS, Poot AA,
Engbers GH, Beugeling T, van Aken WG, Feijen
J. Immobilization of heparin to EDC/NHS-
crosslinked collagen. Characterization and in
vitro evaluation. Biomaterials 2001; 22: 151-
163.

Chen WY, WL, Chen Y. Progress of Mechanisms
on Chinese Herbal Medicines Modulating Angio-
genesis. Chinese Journal of Basic Medicine in
Traditional Chinese Medicine 2009; 15:237-
239 [Article in Chinese].

Yang JQ, He HB. The review of pharmacological
researches on Astragalus. The Journal of Medi-
cal Theory and Practice 2010; 23: 148-150
[Article in Chinese].

Xiong YC, Hong XP, Chen ZB, Yuan SR. Effects
of Astragalus on the pattern of vascular endo-
thelial cells of diabetic rats. Zhong Hua Zhong
Yi Yao Zha Zi, 2004; 4: 6-7 [Article in Chinese].
Xu J, Huang XJ, Qi FL, Zeng MS, Du XM. Im-
provement of vascular endothelial function by
Luotai and Astragalus injection in coronary
heart disease patients Zhong guo Linchuang
Kangfu 2004; 8: 1762-1763 [Article in Chi-
nesel.

Hao Y, Qiu QY, Wu J. The molecular mechanism
of Astragali Polysaccharide on the effect of the
adherent function of lymphocytes and vascular
endothelial cells. Zhong Guo Mian Yu Xue Zha
Zi 2000; 16: 206.

Li R, Chen WC, Wang WP, Tian WY, Zhang XG.
Extraction, characterization of Astralagus poly-
saccharides and its immune modulating activi-
ties in rats with gastric cancer. Carbohydrate
Polymers 2009; 78: 738-742.

Chen XH, Yao C, Groeger A, Huang J, Zhu YK,
Pan LQ, Tang SH, Xu ZY, Pallua N, Steffens
GCM. Enhancement of angiogenesis by con-
trolled release of astragali from modified colla-
gen matrices. Journal of Clinical Rehabilitative
Tissue Engineering Research 2007; 11: 6143-
6148

Yao C, Roderfeld M, Rath T, Roeb E, Bernhagen
J, Steffens G. The impact of proteinase-induced
matrix degradation on the release of VEGF from
heparinized collagen matrices. Biomaterials
2006; 27: 1608-1616

Jaffe EA, Nachman RL, Becker CG, Minick CR.
Culture of human endothelial cells derived from
umbilical veins. Identification by morphologic
and immunologic criteria. J Clin Invest 1973;
52: 2745-2756.

Vargas A, Zeisser-Labouebe M, Lange N, Gurny
R, Delie F. The chick embryo and its chorioal-
lantoic membrane (CAM) for the in vivo evalua-
tion of drug delivery systems. Adv Drug Deliv
Rev 2007; 59: 1162-1176.

Int J Burn Trauma 2011;1(1):17-26



[16]

[17]

(18]

[19]

[20]

[21]

26

Collagen matrices with Astralagus polysaccharides

Zern BJ, Chu H, Wang Y. Control growth factor
release using a self-assembled [polycation:
heparin] complex. PLoS One 2010; 5: 110-
117.

Yao C, Markowicz M, Pallua N, Noah EM,
Steffens G. The effect of cross-linking of colla-
gen matrices on their angiogenic capability.
Biomaterials 2008; 29: 66-74.

Kato M, Okugawa G, Wakeno M, Takekita Y,
Nonen S, Tetsuo S, Nishida K, Azuma J, Kino-
shita T, Serretti A. Effect of basic fibroblast
growth factor (FGF2) gene polymorphisms on
SSRIs treatment response and side effects. Eur
Neuropsychopharmacol 2009; 19: 718-725.

Li JH. Pharmacology research of Astragalus.
Journal of Liaoning University of Traditional
Chinese Medicine 2009; 11: 188-189.

Zhou HB, Leng YQ. One example of finger swell-
ing with clinical report is caused of Astragali
injection. Chinese Journal of Hospital Pharmacy
2008; 28: 384.

Mori M, Murata Y, Kotani T, Kusakari S, Ohnishi
H, Saito Y, Okazawa H, Ishizuka T, Mori M,
Matozaki T. Promotion of cell spreading and
migration by vascular endothelial-protein tyro-
sine phosphatase (VE-PTP) in cooperation with
integrins. J Cell Physiol 2010; 224: 195-204.

[22]

(23]

[24]

Zhang Y, Hu G, Hong S., Lao S, Lee SM, Wang
Y. The proangiogenic effect of Radix Astragali
extract in human umbilical vein endothelial
cells (HUVEC) J Traditional Chinese Medical
Pharmacology and Clinic 2009; 23: 34-37.
Oommen S, Gupta SK, Vlahakis NE. Vascular
endothelial growth factor - A (VEGF-A) induces
endothelial and cancer cell migration through
direct binding to integrin a9B1: identification of
a specific ®9B1 binding site. J Biol Chem 2010;
11:1-19.

Yao, C, P. Prével P, Koch S, Schenck P, Noah
EM, Pallua N, Steffens G. Modification of colla-
gen matrices for enhancing angiogenesis. Cells
Tissues Organs 2004; 178: 189-96.

Int J Burn Trauma 2011;1(1):17-26




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


