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Abstract. Various tissue-engineered vascular grafts have been studied in order to overcome the clinical disadvantages associated with conventional prostheses. However, previous tissue-engineered vascular grafts have possessed insufficient mechanical properties and thus have generally required either preoperative cellular manipulation or the use of bioreactors to
improve their performance. In this study, we focused on the concept of in situ cellularization and developed a tissueengineered vascular graft with degradable/ non-degradable polymer composites for arterial reconstruction that would facilitate the renewal of autologous tissue without any pretreatment. Additionally, these composites are designed to improve the
mechanical performance of a small-diameter vascular prosthesis scaffold that is made from a flexible membrane of poly(εcaprolactone) (PCL). The PCL scaffold was reinforced by embedding a tubular fabric that was knitted from polyethylene
terephthalate (PET) yarns within the freeze-dried composite structure. Adding this knitted fabric component significantly
improved the mechanical properties of the composite scaffold, such as its tensile strength and initial modulus, radial compliance, compression recovery, and suture retention force. Finally, this reinforced composite structure is a promising candidate for use as a tissue-engineered scaffold for a future small diameter vascular prosthesis.
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1. Introduction
Atherosclerotic vascular disease is pathological condition characterized by the hardening, narrowing,
and occlusion of arteries and may therefore lead to numerous adverse health conditions: claudication
pain, numbness, gangrene, as well as the possibility of amputation. In response, a variety of tissueengineering therapies have been investigated with the ultimate objective of developing a functional
small-diameter vascular prosthesis [1–4]. Indeed, these tissue-engineered vascular grafts (TEVG) are
considered to be potentially advantageous over the current use of the patients’ autologous tissue, such
as the saphenous vein [5–7]. However, both the biodegradable scaffold’s structural design, as well as
its material components, remain critical aspects in the engineering of a functional and biocompatible
vascular substitute [8–10]. Furthermore, numerous limitations still remain despite the many ongoing
efforts to develop such scaffolds [11,12]. For example, the long-term patency of a TEVG, or the time
span for which blood will continue to flow, is influenced by the structure’s biomechanics [13]. As the
TEVG is constantly subjected to dynamic shear stresses, wall tensile, and radial stresses from the pulsatile blood flow, the structure should have sufficient ultimate bursting strength. Concurrently, for
surgeons to confidently perform anastomoses, adequate suture retention strength is also crucial, and in
addition, the device needs radial compliance to avoid intimal hyperplasia [14].
A natural artery structure contains a series of layers, with each layer being responsible for one aspect of the whole vessel’s mechanical behavior [11,13,15]. Therefore, we decided to fabricate a smalldiameter tubular scaffold and then reinforce it by adding a middle knitted tubular layer in order to improve its mechanical performance. In this study, PCL was selected as the scaffold material for several
reasons: namely its biocompatibility, compliance and extensibility, and appropriate bioresorption profile. Additionally, it has been approved by the Food and Drug Administration (FDA) as a suture material and has also been widely used in various tissue engineering applications. For the reinforcing
knitted component, PET yarns were chosen because of their long clinical history in fabricating vascular prosthesis.
2. Experimental
2.1. Materials
The PET multifilament yarn (50 denier, 36 filaments) that was used in this study was supplied by
the Fangxin Chemical Fiber Company (Shaoxing, China). The PCL polymer (Mw=80,000 g/mol) was
purchased from the Brightchina Industrial Co., Ltd., Shenzhen, China, and the analytical grade acetic
acid was obtained from the Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.
2.2. Preparation of a reinforced PCL composite scaffold
A PCL tubular freeze-dried scaffold was fabricated by dissolving PCL in acetic acid and then preparing a 15wt% solution. Next, this solution was coated on to the outside of a 6mm diameter polytetrafluorothylene (PTFE) rod that served as the mold to control the inside diameter of the tubular scaffold. Furthermore, additional layers of coating were added to control the wall thickness to within
0.20±0.02 mm. Then, to reinforce this scaffold, PET yarns were knitted into a 6 mm diameter single
jersey-knitted structure using a 25 needle circular weft knitted machine that was specially designed
and built in our laboratories. The PCL solution was then coated on to both sides of this tubular knitted
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structure prior to mounting it on the 6mm diameter PTFE rod. After coating, the PCL composite scaffolds were cooled and then held at -10℃ for 12 h. They were then freeze-dried at -60°C at a pressure
of 10 Pa of less for 5 h in a model FD-1A-50 freeze drying machine. The scaffolds were subsequently
immersed into a series of 3 distilled water baths; each bath was for a 12 h period so as to remove any
residual solvent.
2.3. Characterization methods
The scaffold morphology was examined by a Hitachi scanning electron microscope (Model “S4800”). Additionally, the scaffolds’ tensile strength and initial modulus were measured in both the
longitudinal and circumferential direction on a Wenzhou Darong (Model YG-B026H) universal mechanical tester. The strain rate was maintained at 50 mm/min, and the gauge length for the longitudinal
and circumferential test was 60 mm and 18.8 mm, respectively. Each sample was tested in triplicate,
and the values were calculated and reported as the mean ± standard deviation (SD) in Table 1.
The suture retention force was tested according to Standard ISO 7198: 1998 [16]. Furthermore, the
scaffold’s elastic recovery after compression was determined on a Laizhou Electronic Instrument
(Model YG061) radial compression apparatus. The compression rate was 10 mm/min, and the samples
were compressed to 50% of the original diameter using a 3 mm diameter indenter. The compression
recovery of each sample was calculated according to the following Eq. (1):

+
E % = E1 E 2 × 100%
ET

(1)

where E1 is the delayed elastic deformation as measured after 10 seconds, E2 is the spontaneous elastic deformation as measured at the moment of removing the external force, and ET is the total deformation.
The tubular dynamic radial compliance was determined by measuring the percentage change in the
internal radius with changes in the internal pressure, as presented in Eq. (2) [17]. Additionally, the
measurements of the pressurized external diameter were taken at different pressures using a dynamicpulsatile system (Bose Corporation, MN, USA). The measured external diameters were then converted
to pressurized internal radii according to Eq. (3):

C% =
Rp =

(R p 2 − R p1) × 104
R p1 × ( P 2 − P1)

Dp
−t
2

(2)

(3)

where C % is the radial compliance, Rp is the internal radius (mm) corresponding to pressure P
(mmHg), whereas Dp is the measured external diameter (mm) corresponding to pressure P (mmHg),
and t is the graft wall thickness (mm).
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The data was statistically analyzed by a student t-test to determine whether differences in the mechanical properties with and without reinforcement were significant at the 95% confidence interval (p≤
0.05).
3. Results and discussion
Images of the reinforced PCL/PET freeze-dried composite scaffold are shown in Figure 1. Figure
1(a) presents a schematic diagram that reveals the three layer structure of the reinforced PCL/PET
composite scaffold. The illustration indicates that the reinforcing weft-knitted tubular structure was
embedded between two layers of the PCL porous matrix. Figure 1(b) illustrates the single jersey weftknitted structure composed of PET multifilament yarns. Once fabricated and freeze-dried, the circular
PCL scaffold had a 0.2 mm-thick wall (Figure 1(c)). The SEM image of the composite scaffold shows
that the solidified membrane had numerous 1~2 µm in diameter pores that resulted from phase separation during the freeze-drying (Figure 1(d)) [18]. Its appearance was similar to that of a commercial
ePTFE vascular graft as shown in Figure 1(e). The SEM micrograph of the reinforced composite scaffold confirms that the PET fibers were intimately embedded within the PCL matrix and therefore were
able to improve the scaffold’s mechanical performance (Figure 1(f)). These observations confirm that
adding a knitted fabric layer successfully reinforced the freeze-dried resorbable PCL scaffold and, in
the process, created a microporous morphology with a similar appearance to that of a commercial
ePTFE vascular graft.

Fig. 1. (a) Schematic diagram representing the three layered structure of the reinforced PCL/PET composite scaffold. (b)
Optical image of the PET jersey knit structure and (c) PCL/PET freeze-dried composite scaffold. (d) SEM image showing the
porous microfibrillar morphology of the PCL/PET composite scaffold, which has a similar appearance to the (e) SEM image
of a commercial ePTFE vascular graft. (f) SEM photomicrograph showing reinforcing fiber/PCL matrix bonding at the fiber/matrix interface following delamination in a cryobending test.
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Table 1
The mechanical properties of the unreinforced and reinforced PCL scaffolds
Pure PCL scaffold
PCL/PETcomposite scaffold
Circumferential tensile strength (MPa)
7.35±0.17*
10.37±1.00*
Circumferential initial modulus (Mpa)
2.39±0.03
2.24±0.04
Longitudinal tensile strength (MPa)
4.93±0.37*
12.11±0.54*
Longitudinal initial modulus (Mpa)
4.89±0.34*
5.47±0.80*
Compression force (50%) (cN)
79.23
123.34
Compression recovery (%)
89.9
93.85
Note: *Statistical analysis was performed using a t-test to compare the data with and without reinforcement, and the probability value of p≤0.05 was considered to indicate a statistically significant difference.

As detailed in Table 1, the unreinforced PCL scaffolds’ mechanical properties significantly increased because of the addition of the knitted reinforcing layer. Furthermore, the longitudinal initial
modulus grew from 4.89 to 5.47 MPa, while the tensile strength climbed from 4.93 to 12.11 MPa. In
terms of the circumferential initial modulus and tensile strength, the values presented in Table 1 suggest a similar enhancement due to the reinforcing layer addition. However, statistical analysis has not
confirmed that such improvements are significant at the 95% confidence interval. Additionally, the
extent of compression recovery for the reinforced PCL/PET composite scaffold increased from 89.9%
to 93.85%. This demonstrates that the scaffold will more easily resume its original dimensions as well
as be easier to maintain and restore its original shape following compression loading, flexing, and/or
kinking.
PCL/PET reinforced composite scaffold
Unreinforced PCL scaffold
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Fig. 2. Typical suture retention force elongation curves for the reinforced and unreinforced PCL scaffolds.
Table 2
Comparison of dynamic radial compliance of the unreinforced and reinforced PCL scaffolds with typical commercial vascular grafts and a small caliber natural artery
No.

Samples

Thickness (mm)

Radial Compliance (%/100mmHg)

Ref.

1
2
3
4
5
6

Reinforced PCL
Unreinforced PCL
ePTFE
Woven
Knitted
Porcine carotid

0.193±0.023
0.182±0.058
0.600
0.100
0.35
-

1.179
1.188
0.31-0.57
0.57-0.81
0.94-2.52
7.21-10.04

This study
This study
[13]
[13]
[13]
[13]
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Figure 2 shows the typical suture retention force-elongation curves for the unreinforced and reinforced PCL scaffolds. From these curves, it can be seen that as a result of adding the knitted component, the maximum force increases, the elongation at break is extended, and the scaffold’s toughness is
enlarged by increasing the total area (energy) under the curve. As was mentioned in the introduction,
small caliber vascular prostheses need superior radial compliance so as to avoid complications, such as
intimal hyperplasia, that are caused by a compliance mismatch at the distal anastomosis [19]. Table 2
provides the average dynamic radical compliance values as measured for the unreinforced and the
reinforced PCL scaffolds that were prepared in this study. The results reveal that the radial compliance
significantly improved by adding a knitted reinforcing layer as compared to the woven and microporous ePTFE fluorocarbon vascular prostheses. However, when these radial compliance values are compared with those for natural arteries, it becomes evident that further work is necessary in order to improve the compliance of these artificial scaffolds so that they resemble natural vessels.
4. Conclusion
The fabrication of PCL scaffolds for small diameter blood vessel replacements has been successfully demonstrated by adding a reinforcing knitted fabric layer into a freeze-dried tubular PCL membrane.
The reinforced scaffolds’ mechanical properties, such as their tensile strength, initial modulus, compression recovery, and suture retention force, were significantly improved compared to those of the
unreinforced sample. Meanwhile, both the unreinforced and the reinforced scaffolds exhibited comparable radial compliance. Furthermore, the SEM micrographs exhibit a microporous morphology similar to that of commercial ePTFE vascular prostheses. Next, this reinforced scaffold will be evaluated
in an animal model in order to determine its suitability as a template for a small caliber vascular graft.
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