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Abstract The control of nanofiber orientation in nanofi-

brous tubular scaffolds can benefit the cell responses along

specific directions. For small diameter tubular scaffolds,

however, it becomes difficult to engineer nanofiber orien-

tation. This paper reports a novel electrospinning technique

for the fabrication of 3-D nanofibrous tubular scaffolds

with controllable nanofiber orientations. Synthetic absorb-

able poly-e-caprolactone (PCL) was used as the model

biomaterial to demonstrate this new electrospinning tech-

nique. Electrospun 3-D PCL nanofibrous tubular scaffolds

of 4.5 mm in diameter with different nanofiber orientations

(viz. circumferential, axial, and combinations of circum-

ferential and axial directions) were successfully fabricated.

The degree of nanofiber alignment in the electrospun 3-D

tubular scaffolds was quantified by using the fast Fourier

transform (FFT) analysis. The results indicated that

excellent circumferential nanofiber alignment could be

achieved in the 3-D nanofibrous PCL tubular scaffolds. The

nanofibrous tubular scaffolds with oriented nanofibers had

not only directional mechanical property but also could

facilitate the orientation of the endothelial cell attachment

on the fibers. Multiple layers of aligned nanofibers in

different orientations can produce 3-D nanofibrous tubular

scaffolds of different macroscopic properties.

1 Introduction

The search for ideal vascular substitute materials for car-

diovascular applications as bypass or replacement of

obstructed blood vessels due to diseases or trauma has far

been a half-century endeavor [1, 2]. Polyethylene tere-

phthalate (PET, Dacron) and expanded polytetrafluoroeth-

ylene (ePTFE) are the currently standard materials for

large-diameter ([6 mm) vascular grafts [3], but no ideal

alternative to autologous vein grafts is currently available

for small-diameter (\5 mm) applications for its high fail-

ure rates owing to thrombosis, stenosis, and occlusion [4,

5]. Thus, finding a solution for small-diameter bypass

grafting has recently become a major focus of attention.

Integrating principles of tissue engineering with innova-

tions of biomaterial technology is directed to develop new

generations of vascular substitutes [2].

The extracellular matrix (ECM), composing of a base-

ment membrane and a cross-linked network of proteins,

glycosaminoglycans and collagen and elastin fibers with

features in nanoscale, plays an important role in controlling

cell behavior in living systems. In order to mimic the

natural ECM, fabrication of nanofibers is one of the

essential components for the development of an ideal

scaffold for vascular grafts [6].

Electrospinning technique, which enables the production

of continuous polymer micro- or nanofibers with diameters

in the range of 50–5000 nm from polymer solutions or

melts under high electric field, has been proposed as a

promising alternative for fabricating vascular scaffolds

because of its simplicity in setup, low cost productivity,
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and facile control of fiber diameter and porosity [7–12].

Since the electrospun nanofibers have a high surface area to

volume ratio, they provide more surface for cell attachment

than other structures. With the electrospinning process,

fibrous matrices in micro- or nano-scale dimensions have

been fabricated from various natural polymers like colla-

gen [13, 14] and fibrin [15] and a wide variety of absorb-

able synthetic polymers like poly-e-caprolactone (PCL)

[16, 17], poly(D-lactide) (PDLA) [18], poly(L-lactide)

(PLLA) [19], and copolymers poly(L-lactide caprolactone)

(P(LLA-CL) [20–23] and poly(D,L-lactide-co-glycolide)

(PLGA) [24]. Tests on both in vitro and in vivo biocom-

patibility [4, 25–27] of these electrospun nanofibrous

scaffolds confirmed the promise of using electrospun

nanofiber scaffolds as vascular grafts substitutes, since they

can effectively mimic the fine fibrous structure in con-

nective and porous ECM [28–31].

Recently, it has been acknowledged that the

two-dimensional (2-D) and three-dimensional (3-D)

architecture of the electrospun nanofibers could regulate

macroscopic mechanical properties and benefit cell dif-

ferentiation, proliferation and functional longevity in tissue

engineering scaffolds [32–34]. 2-D nanofiber membranes

with uniaxially aligned arrays have been successfully fab-

ricated by introducing insulating gaps into conductive

collectors in the electrospinning process [35–38]. For

specific applications in vascular grafts tissue engineering,

3-D nanofibrous tubular scaffolds with aligned nanofiber

arrays are required to create cellular responses. It is known

[32] that in the media layer of the native blood vessels, the

SMCs and collagen fibrils have a marked circumferential

orientation so as to provide the mechanical strength nec-

essary to withstand the circulatory high pressures. The

intima layer of the native blood vessels consists of a layer

of endothelial cells lining the vessels internal surface.

Between those two layers exists an internal elastic lamina

mainly composed of elastin, which confers elastic proper-

ties to the blood vessels. Therefore, the ideal tubular

scaffolds for vascular grafts may be the multilayered

nanofibrous combination of an outer layer of circumfer-

entially oriented nanofibers and an inner concentric layer of

axial oriented nanofibers.

Rotating electro-conductive collectors of large diameter

(e.g. rotating a disk collector with diameter of 20 cm [20],

a cylindrical mandrel with a diameter of 4 cm [39] and an

aluminum rod of 25.4 mm [40]) were used in electrospin-

ning to produce 3-D nanofibrous tubes with fibre align-

ment. However, when small diameter rotating devices (e.g.

rotating mandrel-type collectors with diameter of 6 mm

[32]) was used, the fiber alignment was poor in the col-

lected 3-D nanofibrous tubes. In order to improve fiber

alignment in smaller diameter (\5 mm, 4.75 mm for

example) vascular grafts scaffolds, Zhang and Chang [41]

recently developed a technique based on manipulating the

electric field through patterned protrusions. In their

approach, aligned arrays were formed from the suspended

nanofibers between protrusions, nevertheless disordered

nanofiber arrays unavoidably occurred on the protrusions.

Thus, there is a need to develop a more efficient and facile

methods for the fabrication of small diameter 3-D nanofi-

brous tubes with controllable nanofiber orientations.

In this work, we demonstrate for the first time a novel

electrospinning technique to fabricate the 3-D nanofibrous

tubular scaffolds (especially small-diameter nanofibrous

tubular scaffolds) with controllable nanofiber orientations

through the combination of regulating the electric field and

the rotation of the nanofiber collector. PCL was chosen as a

model polymer for its lack of toxicity, low cost and

degradability, and moreover, its well acknowledged role as

model biomaterial for growing various cells [16, 17]. By

using this novel technique, small diameter 3-D nanofibrous

tubular scaffolds of different nanofiber orientations

(e.g. circumferential orientation, axial orientation, and

combined circumferential and axial orientations) were

fabricated. Light microscopy and scanning emission

microscopy (SEM) was used to capture images of elec-

trospun scaffolds and fast Fourier transform (FFT) [33] was

used to evaluate fiber alignment. DMA tests confirmed that

the nanofibrous tubular scaffolds with oriented nanofibers

had directional mechanical properties, and bovine endo-

thelial cell culture data showed that fibre alignment in the

electrospun nanofibrous material facilitated the orientation

of the endothelial cell attachment on the fibers.

2 Materials and methods

2.1 Materials

Poly-e-caprolactone (PCL, Mw 80,000, Sigma–Aldrich, St.

Louis, MO) of 2 g was dissolved in 20 g chloroform

(Sigma–Aldrich) under gentle magnetic stirring for several

hours to obtain a homogeneous and stable solution. Then,

2 g DMF (Sigma–Aldrich) was added to the as-prepared

PCL-chloroform solution to adjust the evaporation rate and

solution surface tension of the polymer solution for

electrospinning.

2.2 Electrospinning

Figure 1a and b illustrates the novel electrospinning tech-

nique used in our experiments to fabricate 3-D nanofibrous

tubular scaffolds with circumferential (Fig. 1c) and axial

(Fig. 1d) nanofiber orientations, respectively. Two metallic

plates were separately placed with a distance of several

centimeters apart and both connected to a DC negative
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voltage power supply (EMCO High Voltage Cooperation,

Sutter Creek, CA) as the high voltage (EMCO High

Voltage Cooperation) is applied to PCL solution for elec-

trospinning. An electro-insulator Teflon rod connected to a

rotating motor was introduced between the metallic plates

as the collectors of the electrospun nanofibers. The rotation

speed of the motor was suitably set at 300 rpm when col-

lecting nanofibers in circumferential orientation, and at

50 rpm when collecting nanofibers in axial orientation.

For the process of electrospinning, the PCL solution was

placed in a 10 ml plastic syringe fitted with a metal needle

with tip diameter of 0.8 mm. Electrospun PCL nanofibers

were electrospun at 18 kV as the high voltage and -2 kV

as the negative voltage. The nanofiber collector was loca-

ted 15 cm away from the charged metal needle tip. The

feeding rate of the solution in the syringe was controlled at

0.4 ml/h by using a syringe pump.

In our experiments, the fabrication of the 3-D nanofibrous

tubular scaffold was achieved through three steps. Firstly,

aligned PCL nanofibers were electrospun by regulating the

electric fields through the two separately placed metallic

plates. Secondly, the aligned electrospun PCL nanofibers

were collected by using the rotating electro-insulative Tef-

lon rod. Thirdly, the electrospun 3-D nanofibrous tubular

scaffolds with specific nanofibers orientation were obtained

after the removal from the Teflon tube.

2.3 Light microscope

The morphology of the electrospun nanofibrous tubes was

observed by using a camera (Model Nikon E3200) and an

optical microscope (Model Nikon Optiphot).

2.4 Filed emission SEM

The morphology of electrospun nanofibers was investi-

gated by using a SEM (JEOL JEM-6335F) at an acceler-

ating voltage of 3–5 kV after coating the nanofibers with

gold.

2.5 Fast fourier transform (FFT)

The FFT analysis was used to quantifiably evaluate the

nanofiber alignment based on the SEM images of the as-

electrospun 3-D PCL nanofibrous tubular scaffold. The

FFT function converts information presented in an original

data image (i.e. ‘real space’) into mathematically defined

‘frequency space’ [33, 42]. The resulting FFT output image

High voltage 

(b)

Electro-insulative 
Teflon tube 

Negative 
voltage

Motor

High voltage 

Negative 
voltage 

(a)

Metallic plate

Motor

(d)(c)

(e) (f)

Fig. 1 Schematic illustration of

electrospinning setup for

fabrication of 3-D nanofibrous

tubular scaffold with

circumferential a and axial

b nanofiber orientations. c and

d illustrate the circumferential

and axial nanofiber orientations,

respectively. e and f are camera

images of circumferentially and

axially oriented nanofibers,

respectively
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contains grayscale pixels that are distributed in a pattern

that reflects the degree of the nanofiber alignment pre-

sented in the original data image.

A graphical plot of the FFT frequency distribution was

generated by placing a circumferential projection on the

FFT output image and conducting a circumferential sum-

mation of the pixel intensities for each degree between 0

and 360�, in 1� increments. It should be noted that the FFT

data has been rotated 90� to correct for the mathematical

transformation inherent to this type of analysis, allowing

the principal axis of orientation to be directly determined

from the position of the peak in the intensity plot. The

extent of alignment presented in the original data image is

reflected by the height and overall shape of the peak in the

graphical plot of the FFT frequency distribution.

For our analysis, digitized SEM images were converted

to 8-bit grayscale TIF files and cropped to 960 9 960

pixels. Images were processed with Image J software (NIH,

http://rsb.info.nih.gov/ij) supported by an oval profile plug-

in (authored by Bill O’Connell). All FFT data were nor-

malized to a baseline value of 0 and plotted in arbitrary

units, allowing different data sets to be directly compared.

2.6 DMA tests

A Perkin Elmer Diamond Dynamic Mechanical Analyzer

(DMA) Lay System with a maximum strength length of

5 mm was used to determine the tensile properties (load-

extension curves) of electrospun PCL scaffolds with

aligned and random nanofiber orientations at an ambient

temperature at a speed of 0.25 mm/min. Before the DMA

tests, the electrospun PCL nanofibrous tubes were first cut

open along the length direction into rectangular specimens

of a typical size of 5 mm (length wise) 9 10 mm (width

wise).

2.7 Thickness measurements

The thicknesses of the specimens were determined using a

Mitutoyo Litematic VL-50A.

2.8 Cell attachment on PCL electrospun nanofibrous

membranes

The evaluation of the BAEC cell attachment on the PCL

electrospinning fibrous membranes was performed by a

live-cell assay, i.e. Calcein-AM assay (Invitrogen). Calce-

in-AM is a fluorescent probe precursor that enters into live

cells and is then cleaved by intracellular esterases to form

calcein, a cytosolic fluorescent marker. The non-oriented

and oriented PCL fibrous membranes were cut into small

pieces (1.5 cm 9 1.5 cm) and sterilized under UV irradi-

ation for 45 min in a cell culture hood, and placed carefully

onto the 6 well cell culture plate, 70% ethanol sterilized

metal rings with proper size were used to hold down the

fibrous membranes. The Same amounts of BAEC cells at

an appropriate cell density concentration (50,000 cells/

well) were seeded onto each test well and then incubated in

a 5% CO2 incubator at 37�C. Cell media was carefully

changed every 2 days. After 4 days incubation, the cell

culture plates were removed from the incubator, and the

Calcein-AM assay was applied exactly following the

manufacturer’s protocol. Both the black-white and fluo-

rescent images of cells and fibrous membranes were cap-

tured with a Zeiss Axio Observer.Z1 m with a Hamamatsu

ORCA-ER camera. Images were pseudocolored with Axi-

ovision software v. 4.6.

3 Results

3.1 Electrospun 3-D nanofibrous tubular scaffolds

with axial and circumferential orientations

The camera images of the electrospun 3-D PCL nanofibers

collected on the Teflon rod with diameter of 4.5 mm

through the electrospinning technique are shown in Fig. 1e

and f, respectively. The images show that the majority of

the PCL nanofibers electrospun by the new fabrication

technique depicted in Fig. 1a have the orientation along the

circumferential direction of the Teflon rod. As a compari-

son, the majority of the PCL nanofibers electrospun

through the technique depicted in Fig. 1b have the orien-

tation along the axial direction of the Teflon rod. Therefore,

depending on the relative positions and angular alignments

of the metallic plates and the Teflon rod, the orientations of

the electrospun PCL nanofiber collected on the Teflon rod

can be readily regulated with the newly developed elec-

trospinning technique.

Figure 2a shows the optical image of the 3-D PCL

nanofibrous tubular scaffolds collected on Teflon rods of

different size (diameters 3.2 mm, 4.5 mm and 7.6 mm).

The electrospun 3-D PCL nanofibrous tubular scaffolds

could be readily obtained by removing the Teflon rods.

Figure 2b shows the optical images of an example PCL

nanofibrous tubular scaffold of 4.5 mm diameter. Figure 2c

and d shows the SEM images of the PCL nanofibrous

scaffold in the frontal and cross-sectional views. The

diameter of the PCL nanofibers was about 300–500 nm.

Excellent alignment of electrospun PCL nanofibers along

the circumferential direction was achieved as shown in

Fig. 2c and d. From Fig. 2d the wall thickness of the

electrospun PCL nanofibrous tubular scaffold were deter-

mined to be about 0.4 mm.
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3.2 Nanofiber alignment analysis of electrospun 3-D

nanofibrous tubular scaffolds with axial

and circumferential orientations

The FFT analysis of the SEM images [33] was also used to

quantitatively analyze the degree of the PCL nanofiber

alignment. In the FFT analysis, a graphical plot of the FFT

frequency distribution was generated by summing the pixel

intensities encountered along the radius of the FFT output

image obtained from the original SEM image. Figure 3a

shows the SEM images of the PCL nanofibrous tubular

scaffold of diameter 4.5 mm, with nanofibres aligned in the

circumferential direction. Figure 3b shows the FFT fre-

quency distribution for the SEM image (at 5009) shown in

Fig. 3a. A sharp peak with a normalized intensity of 0.26

can be observed at about 90.1�, confirming that most cir-

cumferentially oriented nanofibers were perpendicular (90�
angle) to the axial direction of the tubular scaffold.

Figure 3c shows the SEM image for the electrospun 3-D

PCL nanofibrous tubular scaffold of the diameter 4.5 mm with

the axially oriented nanofibers. As can be seen, although the

orientation was not as uniform as that for the circumferentially

oriented nanofibers, majority of the nanofibers aligned along

the axial direction of the tubular scaffold as also confirmed

from the FFT frequency distribution shown in Fig. 3d, which

indicates that the greatest intensity is located at the direction

close to 0� against the axial direction of the tubular scaffold.

3.3 Multilayered nanofibrous tubular scaffolds

with combined axial and circumferential

orientations

By combining the circumferential and axial nanofiber elec-

trospinning techniques as illustrated in Fig. 1a, b, electro-

spun 3-D multilayered PCL nanofibrous tubular scaffolds

with combined axial and circumferential nanofiber orienta-

tions could be fabricated. Figure 4 shows the optical and

SEM images of the 4.5 mm diameter electrospun 3-D mul-

tilayered PCL nanofibrous tubular scaffolds containing two

nanofiber orientations. The inner most layer of PCL nanofi-

bers were aligned along the axial direction of the tubular

scaffold. Then, the circumferentially-oriented PCL nanofi-

bers were deposited onto the first layer. It can be observed

that most nanofibers of the bottom layer align along the axial

direction of the tubular scaffold, while most nanofibers of the

top layer align along the circumferential direction.

3.4 Tensile properties of nanofibrous tubular scaffolds

with different nanofiber orientations

It is expected that different fiber orientation on the tubular

scaffolds will result in different mechanical properties.

Figure 5 plots the load-extension curves of the nanofibrous

tubular scaffolds with axially, circumferentially and ran-

domly oriented nanofibers, respectively, when the samples

(a) (b)

(c) (d)

Fig. 2 Surface images of the electrospun 3-D nanofibrous tubular

scaffold. a Camera images of the electrospun 3-D nanofibrous tubular

scaffolds collected on Teflon tubes with different diameters: 3.2 mm

(top), 4.5 mm (middle) and 7.6 mm (bottom): b Camera images of the

electrospun 3-D nanofibrous tubular scaffolds after the removal of the

Teflon tube with diameter of 4.5 mm: front view (left) and cross-

section view (right). c and d are SEM images through the

magnification of the patterns in b
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were stretched longitudinally along the axial direction on a

DMA Lay System. As shown in Fig. 5, the load-extension

curve of the tubular scaffold with axially oriented nanofi-

bers was very different from the rest in that it had a sig-

nificantly higher modulus (i.e. less extension at the same

load) after the extension exceeded 20% and a relatively

lower modulus when the extension was less than 20%. The

low modulus at initial extension may be due to the

straightening out of the sample during the initial period of

the test, and the high modulus, when the extension

exceeded 20%, was most probably caused by the extension

of the nanofibres along their length direction. This finding

is consistent with those of Li et al. [40] who also observed

the increased Young’s modulus of fiber-aligned scaffold,

although the magnitude is different as it depends on many
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(a) Fig. 3 a Surface SEM images

of tubular scaffold with

circumferentially oriented

nanofibers; top inset: magnified

image; bottom inset: cross-

section view. b FFT analysis of

tubular scaffold with

circumferentially oriented

nanofibers. c Surface SEM

image and d FFT analysis of

tubular scaffold with axial

nanofiber orientation

(a) (b)
Fig. 4 Optical microscope

(a) and SEM (b) images of the

electrospun 3-D PCL

nanofibrous tubular scaffold

with combined axial and

circumferential nanofiber

orientations. The arrow indicate

the axial direction of the Teflon

tube
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Fig. 5 Strain–stress curve of electrospun PCL nanofibrous tubular

scaffolds pulled along the axial direction
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processing parameters. The load-extension curve of the

tubular scaffold with circumferentially oriented nanofibers

was not too much different from that of the tubular scaffold

with randomly oriented nanofibers. This is due to the fact

that the circumferentially oriented nanofibers were not

load-bearing as the specimens were stretched along the

axial direction of the rod during the tests.

3.5 Cell response of nanofibrous tubular scaffolds

with different nanofiber orientations

Figure 6 shows the Green-stained (in light shade) Calcein-

AM assay of BAEC cells attached on the PCL aligned

(Fig. 6a) and randomly (Fig. 6b) oriented electrospun

fibrous membranes after 96 h incubation. As can be seen,

the green-stained BAEC cells on the oriented PCL nano-

fibrous membrane (Fig. 6a) showed an elongated mor-

phology and oriented along the same direction as the PCL

electrospun fibrous membranes (arrow in the figure). On

the contrary, the BAEC cells on the randomly PCL elec-

trospun fibrous membrane (Fig. 6b) didn’t show such

elongated and oriented cell morphology along the direction

of the PCL fibers. Therefore, both oriented and randomly-

oriented PCL electrospun nanofibrous membranes support

BAEC attachment and growth, but the oriented electros-

pinning fibrous membranes can facilitate and regulate the

orientation of the endothelial cell attachment on the fibers.

This finding is consistent to those reported by Li et al. [40],

who found that hMSCs seeded on increasingly aligned

scaffolds showed increased cellular alignment and forma-

tion of large stress fiber bundles.

4 Discussion

Fibre alignments in vascular grafts are essential for

achieving mechanical compliance of blood vessels. One of

the most frequent failure mode of synthetic vascular grafts

is due to the mismatch in compliance between the synthetic

vascular grafts and adjacent natural blood vessels. This

mismatch in compliance is the most pronounced at the

anastomotic site. Such a mismatch in compliance is mainly

due to the mismatch in fibre orientation between the syn-

thetic vascular grafts and adjacent natural blood vessels in

addition to the mismatch in mechanical property of the

synthetic fibers from the natural collagen and elastin fibers.

In natural blood vessels, there are preferential collagen and

elastin fibre orientations in the outermost layer (adventitia)

of a blood vessel which provide successfully concentrical

dilation and contraction during the diastolic and systolic

cycles.

The availability of advanced electrospinning technology

to fabricate tubular textile products has opened a new and

viable option toward the design of fibrous-based synthetic

vascular grafts that traditional textile fabrication methods

can’t achieve. Although 3-D nanofibrous tubular scaffolds

of a diameter greater than 25 mm with good fibre align-

ments have been fabricated by rotating electro-conductive

collectors during electrospinning [20, 39, 40], the fabrica-

tion of small diameter nanofibrous tubular scaffolds with

good fibre alignment remains quite challenging [32]. For

example, Zhang and Chang [41] attempted to improve fiber

alignment in relatively small diameter (\5 mm) scaffolds

through manipulating the electric field by patterned pro-

trusions, but disordered nanofiber arrays unavoidably

occurred on the protrusions.

In our current study reported in this paper, it is the first

time that small diameter (\5 mm) nanofibrous tubular

scaffolds with excellent fibre alignment could be fabricated

using a special novel electrospinning technique. The ori-

entations of the electrospun nanofibers depend on the rel-

ative positions and angular alignments of the metallic

plates and the Teflon rod, and, therefore, the fibre orien-

tation can be readily regulated with the newly developed

electrospinning technique. The thickness of the nanofibrous

(a) (b) 

Fig. 6 Green-stained (in light shade) Calcein-AM assay of BAEC cells on aligned (a) and random (b) PCL electrospun fibrous membranes after

96 h incubation, 109. The arrow indicates the direction of the oriented PCL fibers
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tubular scaffold can also be readily varied by regulating the

electrospinning process parameters, especially the duration

of the electrospinning process.

For the purpose of understanding how fibres are aligned

during the electrospinning process, the electric field

between the metallic plates and between the needle and the

plates were analyzed by using the Student’s QuickField

program [36]. The electric field lines in the vicinity of the

collector were split into two fractions pointing toward

opposite edges of the gap. With the action of the electric

field, the charged nanofibers experiences two sets of elec-

tric forces: one set originating from the splitting electric

field and the other one between the positive charges on the

nanofibers and the negative charges on the negative elec-

trodes. Considering the Coulomb force are inversely pro-

portional to the square of the separation between charges,

the two ends of the fiber close to the metal electrodes

generates stronger Coulomb force, which stretched the

nanofibers across the gap and induced oriented nanofibers

array between the two metallic plates. The aligned elec-

trospun nanofibers array regulated the electric field were

then collected by using the rotating electro-insulative

Teflon rods to form 3-D tubular scaffolds. The rotating

Teflon rod was introduced with its axial direction perpen-

dicular to the direction of the aligned electrospun nanofiber

array to form the 3-D nanofibrous tubular scaffold with

circumferential nanofiber orientation. Similarly, the 3-D

nanofibrous tubular scaffold with axial nanofibers orienta-

tion could be fabricated by introducing the Teflon rod with

its axial direction along the aligned electrospun nanofibers

array between the two metallic plates. It appears that the

speed of the rotation of the Teflon rod does not impact the

uniformity of collecting electrospun nanofibers. Moreover,

the tangential force originating the rotation of the Teflon

rod readily rolled the nanofibers on the Teflon rod.

In the present work, small diameter (i.e. 4.5 mm) elec-

trospun nanofibrous tubular scaffolds containing two

nanofiber orientations were produced with the newly

developed electrospinning technique. It is believed that 3-D

multilayered nanofibrous tubular scaffolds with complex

nanofiber orientation architectures can also be readily

fabricated by appropriately combining the two electros-

pinning techniques as illustrated in Fig. 1a, b.

As shown in Figs. 5 and 6, macroscopic mechanical

property and cell responses are different with different

nanofiber orientations. The nanofibrous tubular scaffolds

with controllable nanofiber orientations as fabricated using

the advanced electrospinning technique demonstrated in

the present study is therefore advantageous in regulating

the macroscopic mechanical property of the tubular scaf-

folds and benefit cell responses along different directions

so as to better mimic the natural structure and biological

responses of blood vessels.

5 Conclusions

A novel electrospinning technique was demonstrated to

fabricate small diameter 3-D nanofibrous tubular scaffold

with controllable nanofiber orientations so as to regulate

the macroscopic mechanical property of the scaffolds and

benefit cell responses along different directions for vascu-

lar grafts applications. The electrospun 3-D PCL nanofi-

brous tubular scaffold of diameter 4.5 mm with excellent

nanofiber alignment along the circumferential direction and

good alignment in the axial direction was successfully

fabricated, respectively. The degree of nanofiber alignment

was quantitatively evaluated by using the FFT analysis. By

appropriately combining the two orientations of nanofibers

in the multilayered nanofibrous tubular scaffolds, complex

nanofiber orientation architectures can be readily con-

structed to achieve desirable macroscopic mechanical

property and cell responses along specific directions for

vascular graft applications. The nanofibrous tubular scaf-

folds with oriented nanofibers had directional mechanical

property and could facilitate the orientation of the endo-

thelial cell attachment on the fibers.
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