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Abstract: An instrument made by ourselves was used to fabricate biodegradable chitosan-heparin artificial vascular 
prosthesis with small internal diameter (2 mm) and different crosslinking degree from biodegradable chitosan, 
chitosan derivates and heparin. In vivo and in vitro degradation studies, inflammatory analysis and electron micro-
scope scanning of this artificial vascular prosthesis were performed. It was observed that 50% of the prosthesis 
decomposed in vivo and was replaced by natural tissues. The degradation process of the chitosan-heparin artificial 
vascular prosthesis of small diameter could be controlled by changing the crosslinking degree. This kind of artificial 
vascular prosthesis shows good biocompatibility that can be controllability designed to achieve desirable in vascular 
replacement application.
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Introduction

There is a great demand of artificial vascular 
prosthesis in the clinical practice, especially 
those resemble vascular function, with good 
biocompatibility, and in small-diameter, are 
widely used in arterial and venous diseases. 
The synthetic vessels with the diameter larger 
than 6 mm have demonstrated a good applica-
tion in clinical practice, with high success rate 
and low side effects. However, when the diam-
eter of synthetic vessels smaller than 6 mm, 
the adverse effects, such as, thrombus forma-
tion, and intimal hyperplasia would probably 
occur [1-5]. It was shown by Brewster et al. that 
the thrombogenicity and intimal hyperplasia 
were the major causes of graft failure, and both 
occurred at the junction of luminal interface of 
vessel and graft. Therefore, to select a biologi-
cally compatible material is critical for opera-
tion success rate and long-lasting patency [6].

The investigation of artificial vascular prosthe-
sis has been focused on biomaterial that is 
non-thrombogenic, minimizes the risk of intimal 
hyperplasia, resembles the physical properties 
of native vessels, and allows for the regenera-
tion of endogenous arterial tissue. The latest 

research on biodegradable polymers has shed 
a light on the exploration of artificial vascular 
prosthesis. The biodegradable polymers dem-
onstrated a better bio-compatibility than the 
other synthetics, especially when used as a 
small diameter vessel. In addition, the biode-
gradable polymers can promote the regenera-
tion of vascular, and the endogenous de novo 
synthesized vascular will replace the artificial 
vessel in the end [2, 5].

Bio-absorbable polymers may provide the ideal 
solution by providing long-lasting luminal paten-
cy, on the other hand, they can be completely 
absorbed after angiogenesis and vascular 
remodeling. It was further developed by Zamiri 
et al. and Ignatius et al. that COS and NAG can 
be used as vehicles for drug delivery to inhibit 
in-stent restenosis [7, 8]. The biodegradable 
materials is supposed not only be able to pro-
mote vascular cell adherence (endothelial cells, 
vascular smooth muscle cells) but also inhibit 
the inflammatory response at the implantation 
site. Chitosan, chitosan derivatives and heparin 
are good candidates for artificial vascular pros-
thesis, for they are highly plastic in terms of 
chemical properties, which enables them good 
compatibility, favorable biophysical properties, 
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and controllable degradation rates, all of these 
allow the coincidence of physical properties 
throughout the entire remodeling period [9]. 
The natural materials like chitosan are highly 
abundant in the nature, and easily extracted 
and purified. Through simple separation steps, 
we can obtain various kinds of chitosan deriva-
tives, which have an even better biocompatibil-
ity than chitosan per se. Because of favorable 
physiochemical feature and good biocompati-
bility, we are able to obtain an ideal type of bio-
degradable small-diameter artificial vascular 
prosthesis.

The goal of the current study was to character-
ize the biodegradable chitosan-heparin small-
diameter artificial vascular prosthesis in terms 
of biodegradation (in vitro/in vivo) and to 
assess its’ in vivo compatibility with subcutane-
ous tissues. In vitro studies were carried out 
either in the presence of lysozyme or PBS buf-
fer (pH 7.0). For the in vivo assessment, the bio-
degradable chitosan-heparin small-diameter 
artificial vascular prosthesis were implanted in 
a subcutaneous rat model, the degree of degra-
dation at different time points was observed 
and recorded, followed up to 180 days.

Materials and methods

Fabrication of chitosan-heparin small-diameter 
artificial vascular prosthesis

Chitosan fiber, chitosan derivatives and hepa-
rin were used as raw materials to get the artifi-
cial vascular prosthesis with 2 mm inner diam-
eter using in-house built instrument. All the 
materials used were sterile and pyrogen-free. 
The mixed macromolecules were connected by 
the crosslinking agent butanediol diglycidyl 
ether. Chitosan-heparin small-diameter artifici- 
al vascular prosthesis with two different cross-
linking degrees were prepared (30:1 and 50:1). 
The crosslinking degree is calculated as the 
molar ratio of chitosan monosaccharide to the 
butanediol diglycidyl ether. 

In vitro degradation analysis

In vitro degradation studies of chitosan-heparin 
small-diameter artificial vascular prosthesis wi- 
th different crosslinking degrees were carried 
out in the presence of 50 units/ml of lysozyme 
in phosphate buffer saline (PBS) at 37°C, pH 
7.2 for 15, 30, 60, 90, 120, 150, 180 and 210 
days (n=6) and followed protocols similar to 
previous in vitro enzyme studies [10-12]. The 

degradation profile of chitosan-heparin small-
diameter artificial vascular prosthesis in lyso-
zyme-free PBS was also collected. Enzyme 
activity was measured as described previously 
[13]. A quantitative assessment of the degra-
dation of chitosan-heparin small-diameter arti-
ficial vascular prosthesis with different cross-
linking degrees was obtained.

Determination of releasing rate of heparin 
from the artificial vascular prosthesis

Heparin was determined by the method report-
ed by Park et al. To obtain the standard curve, 
various concentrations (5-35 mg/ml) of hepa-
rin solution (2.0 ml) were prepared in separate 
10 ml conical flasks. 3 ml of toluidine blue solu-
tion (25 mg toluidine blue dissolved in 500 ml 
0.01 M HCl containing 0.2% NaCl) was added 
to each flask, which was then shaken to ensure 
complete reaction. After 30 min, 3 ml n-hexane 
was added to the solution, mixed, and allowed 
to phase-separate. The heparin/toluidine blue 
complex formed was extracted in the n-hexane 
and its concentration was determined using a 
spectrophotometer at 631 nm. The amount of 
heparin present was then calculated. To mea-
sure the heparin releasing rate in the chitosan-
artificial vascular, 2 ml of distilled water and 3 
ml of toluidine blue solution were added into an 
empty 10 ml conical flask. A sample, which had 
been calculated for the total amount of hepa-
rin, was then immersed into the solution and 
the system was allowed to react for 30 min. 
After that, 3 ml of n-hexane was added into the 
flask, which was shaken to accelerate the 
extraction of heparin/toludine blue complex by 
n-hexane. By measuring the absorbance of the 
aqueous solution at 631 nm, the amount of 
heparin that had been released from the chito-
san-artificial vascular prosthesis could be de- 
termined from the standard curve. This experi-
ment was repeated three times and the aver-
age results were reported [14].

In vivo implantation 

Rats (250-300 g) were anesthetized with 3% 
pentobarbital sodium prior to the intramuscular 
implantation of the biodegradable chitosan-
heparin small-diameter artificial vascular pros-
thesis with different crosslinking degrees. Arti- 
ficial vascular prosthesis with 1 cm long was 
put into the incision in one leg. As contrast, a 
section of suture line with 5-8 cm long was put 
into the incision in the other leg. From then on, 
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the artificial vascular prosthesis and suture line 
were got from the rats once a month until the 
6th month. At each given time point, the rats 
were initially anesthetized with 3% pentobarbi-
tal sodium, and samples were explanted with a 
small amount of surrounding tissue being 
removed. The rats were sacrificed by cervical 
dislocation post explatation. All animal experi-
ments were conducted according to the ethical 
guidelines of Ocean University of China.

Explanted tissue digestion

Explanted chitosan-heparin small-diameter 
artificial vascular prosthesis not used for histol-
ogy or scanning electron microscopy (SEM) 
studies were treated using the methods men-
tioned previously [15]. After digestion of the 

explanted tissue, the remaining artificial vascu-
lar prosthesis were then dehydrated in increas-
ing concentrations of ethanol (30%, 50%, 70%, 
90%, 95%, and 100% for 1 h each) and left to 
air-dry for three days in a fume hood prior to 
weighing using an analytical balance (±0.0001 
g) and calculating the percent mass loss.

Scanning electron microscopy

Whole chitosan-heparin small-diameter artifi-
cial vascular prosthesis were washed in PBS 
(pH 7.2) and fixed in 2.5% glutaraldehyde over-
night prior to dehydration in increasing concen-
trations of ethanol (30%, 50%, 70%, 90%, 95% 
and 100%, 1 h each), which may depend on the 
initial conditions [16]. Then the samples were 
dried through critical point drying. The dried 

Figure 1. The appearance of chitosan-heparin small-diameter artificial vascular prosthesis (A) visual observation; 
(B) The SEM observation of the inner layer; (C) SEM observation of the cross section. 

Figure 2. A. The degradation of the chitosan-heparin 
small-diameter artificial vascular prosthesis with dif-
ferent crosslinking degree in vitro. B. The releasing 
rate of the heparin in the chitosan-heparin artificial 
vascular prosthesis. C. The observation of the releas-
ing concentration of the heparin in every week. 
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specimens were spatter coated with gold be- 
fore being observed under a scanning electron 
microscope to investigate the surface morphol-
ogy at the lumen of the prosthesis.

Histological staining

Following fixation for 18 h in formalin (10%; PBS 
at 37°C, pH 7.2), samples were embedded in 
paraffin and sectioned at 5 μm using a rotary 
microtome, following the method used by 
Trantina et al. [17]. The sections were stained 

with hematoxylin-eosin for the identification of 
cells. Sections were analyzed and inflammation 
was assessed using bright field light microsco-
py, and images were acquired using a digital 
color camera [18].

Results

Morphology

The inner diameter of the chitosan-heparin 
small-diameter artificial vascular prosthesis we 

Figure 3. A. The observation of the degradation of the chitosan-heparin small-diameter artificial vascular prosthesis 
with 30:1 (a-c) and 50:1 (d-f) crosslinking degree and the control group (g-i) at 30th, 90th, 180th days, respectively. 
B. The degradation of the chitosan-heparin small-diameter artificial vascular prosthesis with different crosslinking 
degree in vivo. 

Figure 4. SEM observation of the artificial vascular prosthesis with 30:1 crosslinking degree at 30th, 90th, 120th days 
(A-C) after intramuscular implantation and the artificial vascular prosthesis with 50:1 crosslinking degree at 30th, 
90th, 180th days (D-F) after intramuscular implantation. 
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have prepared is 2 mm. The length of the artifi-
cial vascular prosthesis varies from 10 cm to 
20 cm and the thickness of the wall of the arti-
ficial vascular prosthesis is about 0.5 mm. 
Figure 1 shows the smooth inner layer and the 
cross section of the chitosan-heparin small-
diameter artificial vascular prosthesis observed 
by scanning electron microscopy. 

In vitro degradation

In vitro degradation of the chitosan-heparin 
small-diameter artificial vascular prosthesis 
with different crosslinking degree is shown in 
Figure 2A. During the whole degradation time, 
a statistically greater mass loss of the chito-
san-heparin small-diameter artificial vascular 
prosthesis with 50:1 crosslinking degree in the 
presence of CE was observed when compared 
with samples with 30:1 crosslinking degr- 
ee (P<0.05). And both of the chitosan-heparin 
small-diameter artificial vascular prosthesis 
with 50:1 and 30:1 crosslinking degrees sho- 

wed a stable and controlled degradation in 
vitro. 

Releasing rate of heparin from the artificial 
vascular prosthesis

The gross releasing rate of heparin and releas-
ing concentration of heparin every week from 
the artificial vascular prosthesis with different 
crosslinking degree are shown in Figure 2B and 
2C, respectively. The result reveals that after 
degradation of more than 2 months, the release 
of heparin with different crosslinking degree 
was sustained and stable, and there was no 
burst release in the whole process of degrada-
tion. The releasing rate of heparin with 50:1 
crosslinking rate is much faster than the releas-
ing rate of heparin with 30:1. 

In vivo implantation

At the earliest degradation time point (30 days), 
the chitosan-heparin small-diameter artificial 

Figure 5. Hematoxylin-eosin staining of the specimens and suture lines being put into the back’s subcutaneous 
(100×). A-C were the control group with suture lines at 30th, 90th and 180th days, respectively; D-F is the experimen-
tal group with 30:1 crosslinking degree at 30th, 90th and 180th days, respectively; G-I is the experimental group with 
50:1 crosslinking degree at 30th, 90th and 180th days, respectively. 
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vascular prosthesis with 30:1 crosslinking 
degree showed less tissue adhesion than the 
samples with 50:1 crosslinking degree (Figure 
3Aa, 3Ad). The degradation of the two samples 
by 90 days showed no obvious difference, how-
ever, by 180 days the degradation of the sam-
ple with 50:1 crosslinking degree was higher 
than the sample with 30:1 crosslinking degree 
(Figure 3Ab, 3Ac, 3Ae, 3Af). Figure 3B revealed 
in vivo degradation of the chitosan-heparin 
small-diameter artificial vascular prosthesis 
with 50:1 and 30:1 corsslinking degree. The 
result of the in vivo degradation is similar with 
the result of the in vitro degradation. Both of 
them showed stable and controlled degrada-
tion, and the samples with 50:1 crosslinking 
degree showed higher degradation percentage 
than the samples with 30:1 crosslinking degree 
during the whole degradation time. The control 
group has no evident degradation showed as 
the Figure 3Ag-i. Both of the chitosan-heparin 
small-diameter artificial vascular prosthesis 
with 50:1 crosslinking degree and 30:1 cross-
linking degree caused no evident inflammatory 
response in the lateral tissues. 

Scanning electron microscopy

SEM observation results showed that after six 
months of implantation, the artificial vascular 
prothesis itself (Figure 4A-F) has degraded to a 
great degree, and similar tissues have grown in 
the inside of the implants (Figure 4C-F). The 
part of the artificial vascular prosthesis that 
degrades first is the inner membrane and then 
is the chitosan fiber. Degradation of the chito-
san-heparin small-diameter artificial vascular 
prosthesis with 30:1 crosslinking degree (Fig- 
ure 4A-C) is similar with the samples with 50:1 
crosslinking degree (Figure 4D-F), and the dif-
ference of them lies in the amount of tissues 
grow in the inner structure of the sample.  

Histological staining

Histological evaluation of the explanted grafts 
revealed that the negative control has serious 
inflammatory response during the whole time 
of implantation (Figure 5A-C). Both of the 
experimental groups with 30:1 crosslinking 
degree (Figure 5D-F) and 50:1 crosslinking 
degree (Figure 5G-I) have serious inflammatory 
response at the early time of the implantation, 
but the inflammatory response alleviated to a 
great extent at the 90th and 180th day after 

implantation compared with the control group. 
The inflammatory response of the samples with 
30:1 crosslinking degree is less serious than 
that of the samples with 50:1 crosslinking 
degree. Ingrowths of the nature tissues can be 
observed obviously at 90th and 180th day after 
implantation. 

Discussion

There is an urgent need for improved coating 
strategies in vascular prosthesis design, both 
to enhance endothelial cell (EC) adhesion and 
function, thereby providing an anti-thrombo-
genic luminal surface with vasoactive proper-
ties, and to limit smooth muscle cell (SMC) 
migration to the luminal surface and subse-
quent neointimal formation. Chitosan and its 
derivates such as carboxymethyl chitosan have 
a good compatibility and mechanical property, 
and heparin is known as a kind of good antico-
agulant. So it is potentially feasible to prepare 
an ideal biodegradable small-diameter artificial 
vascular prosthesis using chitosan, chitosan 
derivatives and heparin.

The degradation rate is especially important to 
the biodegradable artificial vascular prosthe-
sis, and it influenced the ultimate success of 
failure of artificial vascular prosthesis implanta-
tion. If the degradation is too fast, the artificial 
vascular prosthesis would have been degraded 
totally or could not remain its original shape or 
function, which could induce the failure of the 
implantation. If the degradation is too slow, the 
growth of the autologous tissue would be 
restrained, and there would not be enough 
space for the cells to grow inside the artificial 
vascular prosthesis. In which case, the autolo-
gous tissue would grow outside the structure of 
the artificial vascular prosthesis, which would 
cause intimal hyperplasia and clinical failure. 
The degradation rate of the artificial vascular 
prosthesis is determined by the material itself 
and crosslinking degree. Therefore it is neces-
sary to evaluate the degradation and compati-
bility of the artificial vascular prosthesis with 
different crosslinking degrees. Previously, we 
have demonstrated that chitosan artificial vas-
cular prosthesis with 30:1 and 50:1 crosslink-
ing degree had good mechanical property, so 
the degradation and biocompatibility of the chi-
tosan artificial vascular prosthesis with differ-
ent crosslinking degrees was evaluated. 
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In this study, the percentage of degradation of 
the chitosan-heparin artificial vascular prosthe-
sis after six months of implantation is about 
50%, and when the crosslinking degree in- 
creased, the degradation was slowed down to 
some degree. Both of the artificial vascular 
prosthesis with 30:1 and 50:1 crosslinking 
degrees showed stable and controlled degra-
dation, and the integrity of the samples was 
favorable until 6 months after the implantation. 
Considering the importance of heparin in the 
whole process of anticoagulation, it is essential 
to evaluate the releasing rate and amount of 
heparin from the artificial vascular prosthesis. 
The heparin and chitosan were crosslinked by 
butyl glycol double glycidyl ether. Heparin will 
be released from the artificial vascular prosthe-
sis by the interaction with various kinds of 
enzymes, and then enter into the blood. After 
degradation for a while, there must be enough 
heparin left in the artificial vascular to inhibit 
coagulation during the interaction of the blood 
and the artificial vascular prosthesis. In this 
study, after degradation of more than 2 months, 
the release of the heparin with different cross-
linking degrees was sustained and stable, and 
there was no burst release during the whole 
time of degradation, and the amount of heparin 
released every week is always 5-15 ug/ml. The 
good release performance ensures the sus-
tained anticoagulation function of the artificial 
vascular prosthesis, and provides enough time 
for the ingrowths of the autologous tissues. 

The physical dimensions of open spaces thr- 
ough which the inner and outer surfaces of the 
graft directly communicate determines the 
porosity of a scaffold or synthetic graft through 
which cellular ingrowths can occur while the 
permeability of a graft is defined by its ability to 
permit passage of a substance (i.e. growth fac-
tor) through itself. Still, the rate of tissue in- 
growths can be improved by optimizing graft 
porosity or permeability. Clowes et al. have 
demonstrated enhanced tissue ingrowths and 
complete reendothelialization of ePTFE grafts 
in a baboon model [19]. 

The SEM observation results revealed that, 
during the degradation process, the part of arti-
ficial vascular prosthesis that degraded first is 
the inner membrane, which degraded com-
pletely 3 months after implantation, and at the 
same time, the chitosan fiber degraded to 
some extent too. After 6 months of implanta-

tion, the remaining structure of the artificial 
vascular prosthesis were coated with autolo-
gous tissues. HE staining revealed that, at the 
earliest time of the implantation, the inflamma-
tory response was rather serious, 90 days after 
the implantation, there have been a number of 
cells growing in the inner space of the artificial 
vascular prosthesis although there are still 
some inflammatory cells. And 180 days after 
the implantation, the inflammatory cells disap-
peared and more autologous cells grew in the 
inner space regularly. 

In this study, the degradation of the chitosan-
heparin small-diameter artificial vascular pros-
thesis could be controlled by changing the 
crosslinking degree. Both of the implantation 
and degradation test in vivo and in vitro demon-
strated good biocompatibility of the biodegrad-
able chitosan-heparin small-diameter artificial 
vascular prosthesis, and this study may provide 
a theoretical and experimental support for its 
potential application in the medical field.
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