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a  b  s  t  r  a  c  t

In  the  vascular  prosthetic  field,  the prevailing  thought  is that  for  clinical,  long-term  success,  especially
bioresorbable  grafts,  cellular  migration  and  penetration  into  the  prosthetic  structure  is required  to  pro-
mote  neointima  formation  and  vascular  wall  development.  In this  study,  we  fabricated  poly  (l-lactic
acid-co-�-caprolactone)  P(LLA-CL)/silk  fibroin  (SF)  vascular  scaffolds  through  electrospinning  using  both
perforated  mandrel  subjected  to  various  intraluminal  air  pressures  (0–300  kPa),  and  solid  mandrel.  The
scaffolds  were  evaluated  the  cellular  infiltration  in vitro  and  mechanical  properties.  Vascular  scaffolds
were  seeded  with  smooth  muscle  cells  (SMCs)  to  evaluate  cellular  infiltration  at  1, 7,  and  14 days.  The
results revealed  that  air-impedance  scaffolds  allowed  significantly  more  cell  infiltration  as  compared
to  the  scaffolds  fabricated  with  solid  mandrel.  Meanwhile,  results  showed  that  both  mandrel  model  and
applied  air  pressure  determined  the  interfiber  distance  and the alignment  of  fibers  in  the  enhanced  poros-

ity regions  of  the  structure  which  influenced  cell  infiltration.  Uniaxial  tensile  testing  indicated  that  the
air-impedance  scaffolds  have  sufficient  ultimate  strength,  suture  retention  strength,  and  burst  pressure
as  well  as  compliance  approximating  a native  artery.  In conclusion,  the  air-impedance  scaffolds  improved
cellular  infiltration  without  compromising  overall  biomechanical  properties.  These  results  support  the
scaffold’s  potential  for vascular  grafting  and  in  situ  regeneration.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

In 2009, there were 416,000 surgical procedures performed
nvolving coronary artery bypass surgery in USA as an example
f the clinical need for small diameter (<6 mm inner diameter
I.D.)) vascular grafts [1]. Today, the saphenous vein remains the
old standard to replace diseased vascular tissue, but it may  not

e suitable for some patients because of vascular disease, ampu-
ation and previous harvest. Additionally, the use of this vein
equires a secondary surgical procedure to obtain the vessel [2–5].

∗ Corresponding author at: Biomaterials and Tissue Engineering Lab, College of
hemistry, Chemical Engineering and Biotechnology, Donghua University, Rm 4091
o.4 College Building, Shanghai 201620, PR China. Tel.: +86 021 67786523.

E-mail address: xmm@dhu.edu.cn (X. Mo).

ttp://dx.doi.org/10.1016/j.colsurfb.2014.04.011
927-7765/© 2014 Elsevier B.V. All rights reserved.
Due to limited autologous vessels for grafting, synthetic vascu-
lar prosthetics composed of Dacron (polyethylene terephthalate
(PET)) and expanded polytetrafluorethylene (ePTFE) were devel-
oped but have had limited success when used as small-diameter
arterial substitutes whereas these materials as large-caliber arterial
substitutes have succeeded. The reason for this limited suc-
cess is lower blood flow velocities and increased flow resistance
within these smaller vascular grafts leading to the failure modes
of acute thrombogenicity and anastomotic/intimal hyperplasia.
Thus, there remains a clear clinical need for a functional small-
diameter arterial graft. Tissue engineered blood vessels (TEBV) are
promising alternatives as a method of treatment for blood ves-

sel defects. Over the past two decades, much effort has therefore
been devoted to developing a viable TEBV in terms of biome-
chanical and biological performance, however with limited success
[6].

dx.doi.org/10.1016/j.colsurfb.2014.04.011
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2014.04.011&domain=pdf
mailto:xmm@dhu.edu.cn
dx.doi.org/10.1016/j.colsurfb.2014.04.011
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Electrospinning is an attractive process which can generate
icro- to nano-fibrous vascular scaffolds with a high surface

rea to volume ratio mimicking the architecture of the nat-
ral extracellular matrix (ECM) [7]. Moreover, electrospinning
ffords the opportunity to incorporate drugs, growth factors and
ther biomolecular signals into the polymeric solutions before
lectrospinning. A variety of natural and synthetic biodegrad-
ble polymers have been electrospun as manufacturing materials
or the fabrication of scaffolds, such as collagen [8], elastin [9],
ilk fibroin [10–12], chitosan [8,10,13] and synthetics including
oly(lactic acid) (PLA) [14,15], poly(glycolic acid) (PGA) [16,17],
olycaprolactone (PCL) [18], polydioxanone [19,20] and poly(l-

actic acid-co-�-caprolactone) (P(LLA-CL)) [8,21]. Pore size, pore
nterconnectivity, and porosity are important characteristics for
ny scaffold to provide sufficient cell infiltration, exchange of nutri-
nts and metabolic products of host cells, and three-dimensional
3-D) tissue regeneration [22,23]. However, a historic limitation of
lectrospinning is the inability to control the pore size and poros-
ty of the scaffolds attributed to the random deposition of fibers.
t is logical that cells should be distributed throughout the entire
caffold to allow for the development of a functional tissue engi-
eered product. Thus, when fabricating a scaffolding to promote
issue regeneration, cell and capillary infiltration must occur with
he pore size and interconnectivity determining success or failure
24].

In order to overcome the limitations of uncontrolled porosity
nd pore size that hinder cells from penetrating into electrospun
caffolds, several methods have been attempted to enhance cell
nfiltration upon seeding. Ju et al. developed a bilayered vascular
caffold where the inner layer yielded small diameter fibers and
he outer layer consisted of large diameter fibers to provide differ-
nt pore sizes to facilitate adequate cellular interactions [25]. The
ilayered scaffolds permitted endothelial cells (EC) adhesion on the

umen and smooth muscle cells (SMC) infiltration into the outer
ayer. Wu et al. developed a novel nanoyarn scaffold by dynamic liq-
id electrospinning [26]. Through this method, aligned nanoyarns
ere fabricated and formed a 3-D scaffold. This scaffold possessed

arge pore sizes or interfiber distance and high porosity which facil-
tated cell infiltration into the structure. Baker et al. used water
oluble polyethylene oxide (PEO) as sacrificial fibers intermingled
ith PCL fibers through electrospinning [27]. After immersing the

EO/PCL scaffolds into water, the PEO dissolved leaving only the
CL fibers, thus increasing the effective pore size of the scaffold,
nd enhancing cellular infiltration. Unfortunately, the mechanical
roperties of these scaffolds decreased significantly with increasing
EO composition.

In a previous study by Dr. Bowlin and associates, electrospun PCL
rafts fabricated with porous mandrel were evaluated. During the
ir-impedance process, traditional solid mandrel was  replaced with

 perforated mandrel, and added pressurized air exiting the pores
o impede fiber deposition. Through this procedure, air-impedance
lectrospun grafts possessed larger pore diameter (interfiber dis-
ance) and the fibers formed less compacted, this kind of graft
tructure allowed partially increased cellular infiltration in defined
egions than on traditional electrospun fiber grafts [24].

In this study, an elastic material of P(LLA-CL) and natural protein
f SF were used to fabricate P(LLA-CL)/SF vascular scaffolds, uti-
izing air-impedance electrospinning method. The air-impedance
rocessing method uses air flow to impede fiber deposition onto the
andrel in a controlled, patterned fashion to increase the scaffold

orosity. The fabricated scaffolds were characterized to determine
heir potential application as a vascular scaffold/prosthetic. This

tudy explored cell penetration into the scaffold, and calculated
he depth of cellular infiltration. Furthermore, scaffold mechani-
al properties were evaluated in terms of tensile testing, suture
etention, burst pressure and compliance.
Fig. 1. Diagram of the prototype air-impedance mandrel.

2. Materials and methods

2.1. Silk fibroin extraction

SF was extracted from the cocoons of Bombyx mori silkworms
(The Yarn Tree, NY, USA) by following a published protocol [28].
Briefly, cocoons were cut into pieces and boiled in a 0.02 M Na2CO3
(Sigma Aldrich) solution for 30 min  to remove the sericin gum, fol-
lowed by thorough rinsing in de-ionized water (DI), the boiling and
rinsing processes were repeated three times, and then air-dried
overnight in a fume hood. The SF was  then dissolved in a LiBr (Fisher
Scientific) solution at 60 ◦C for 1 h, (1 g silk raw fiber dissolved in
4 mL  (9.3 mole/L) LiBr solution). This solution was then dialyzed
against deionized water for 3 days using 12,000–14,000 MWCO
dialysis tubing (Fisher Scientific). The SF solution was then frozen
and lyophilized to provide pure SF for electrospinning.

2.2. Electrospinning

A polymer of P (LLA-CL) (MW:  300,000, LA to CL mole
ratio is 50:50, Gunze Limited, Japan) and SF were dissolved in
1,1,1,3,3,3-hexafluoro-2-propanol (HFP, TCI America) at 70 mg/mL,
respectively. P(LLA-CL) and SF solution were blended at volume
ratio of 70:30. To create vascular graft scaffolds, the blended solu-
tion was loaded into a 5 mL  plastic Becton Dickinson syringe with
a 16 ga blunt tip needle and dispensed at a rate of 5 mL/h. The nee-
dle tip was subjected to +30 kV with an air gap distance of 20 cm
between the needle and the grounded mandrel. Electrospinning
was performed on both solid and perforated stainless steel man-
drels [24]. Fig. 1 is the sketch of perforated mandrel. The perforated
mandrel was  subjected to a luminal air pressure of 0, 50, 100, 200
and 300 kPa to determine the effect of a range of air-flow rates on
fiber deposition and vascular graft structural properties.

2.3. Scaffold morphology characterization

Scaffold morphology characterization was performed using
scanning electron microscopy (SEM, JEOL JSM-5610LV, Japan). SEM
micrographs were analyzed with a software Image-J (National
Institutes of Health). The average fiber diameter was determined
by measuring 50 randomly selected fibers in the SEM image. Inter-
fiber distance was measured by determining distance based on both
the most superficial fibers and by measuring from one fiber to the
next closest fiber (SEM image). Calibration of the Image Tool soft-
ware was  achieved by using the scale bar on each image. Moreover,

we evaluated the alignment of fibers which typically deposited on
solid and perforated mandrels (within pore regions) according to a
previous procedure [29], a two-dimensional fast Fourier transform
(2D FFT) approach. In brief, a quadrate region was captured from
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Fig. 2. Image of burst pressure strength device. Air flows from a pressure regulator

2.9. Statistics analysis
A. Yin et al. / Colloids and Surfac

EM images and then analyzed with Image-J software to create
orresponding frequency plots and 2D FFT alignment plots.

.4. Cellular analysis

In order to studying the infiltration and proliferation of cells on
caffolds, cells were seeded on the scaffolds. Air-impedance elec-
rospun vascular scaffolds were seeded with human aortic smooth

uscle cells (SMCs, Cascade Biologics). To culture SMCs, DMEM
Gibco) was supplemented with 10% fetal bovine serum (Hyclone),
nd 1% penicillin/streptomycin (Invitrogen). Scaffolds were placed
nto 48-well plates, disinfected by soaking in 90% ethanol (Sigma)
or 30 min  followed by three 10 min  Phosphate Buffered Saline
PBS) washes, seeded with 100 �L of the cell suspension (cell con-
entration of 200,000 cells/mL), and placed in an incubator at 37 ◦C
nd 5% CO2 for 1, 7 and 14 days. Media was changed every 2 days.

After cellular interaction time periods, Cryosections were
tained with 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen) for
maging and examination of cellular infiltration. Samples were first
xed using 10% buffered formalin for 24 h at 4 ◦C, then embedded in
ptimal Cutting Temperature (O.C.T) Compound (Tissue Tek) and

rozen at −80 ◦C. Frozen samples were then sectioned at a thickness
f 30 �m and stained with DAPI. All samples were imaged using

 Nikon TE300 microscope equipped with a 20× objective and a
XM 1200 digital camera was used to capture images at a reso-

ution of 3840 × 3072. Ultraviolet light was used to capture DAPI
tained nuclei. Cell depth was measured using Image-J software.
riefly, images were first imported, and calibrated according to the
cale bar, and then measurements were taken from the edge of the
caffold to the center of the furthest cell nuclei in line with the
easurement tool.

.5. Uniaxial tensile testing

Tensile tests were conducted on all scaffolds to determine
hether the properties were conducive for use as a vascular graft.

or testing, six specimens (n = 6) in a “dog bone” shape were
unched from electrospun mats (sample size: 2.75 mm wide at
heir narrowest point with a length of 7.5 mm)  and before testing
ere hydrated in PBS for 6 h. Uniaxial tensile testing was performed

n a MTS  Bionix 200 testing system with a 100 N load cell (MTS Sys-
ems Corp.) with an extension rate of 10.0 mm/min. Modulus, peak
tress, and strain at break were calculated using Test Works version
.

.6. Suture retention

Due to the electrospun fibers to form a non-woven fibrous scaf-
olding on enhanced porosity for use in vascular tissue engineering,
his may  raise concerns on the abilty to retain a suture upon implan-
ation as a bioresorbable vascular prosthetic. Thus, the ability for
uture retention was investigated. Suture retention strength was
easured on grafts with a rectangular test sample (size: 10 mm  in
idth by 20 mm in length). Before testing, one end of the graft was

lamped to one arm of micro material testing machine (MMT-250N,
himadzu Co., Japan). A loop of a 5-0 polyester suture (Shanghai
udong Jinhuan Medical Products Co., Ltd, China) was  placed 2 mm
rom the edge of the free end of the sample and clamped to the
ther arm which moved at a constant speed of 120 mm/min  until
ailure [22]. The suture retention strength was defined as the peak
orce obtained during the procedure (n = 6 for each graft type). All
amples were kept hydrated throughout the testing protocols.
.7. Burst pressure

The burst pressure of a vascular scaffold is one of the most
mportant parameters, the burst pressure strength determine the
into grafts, and graft pressure is measured with a pressure transducer.

suitability of scaffold use as a vascular graft for implantation. Burst
strength testing of electrospun scaffolds was  completed using six
different (n = 6) grafts and a device designed in accordance with
section 8.3.3.3 of ANSI/AAMI VP20:1994.31,32 [24]. Tubes, 4 cm in
length, were hydrated in PBS for 6 h, fitted over 2.5 mm  diameter
nipples attached to the device, a thin latex balloon (Party Like Crazy,
Target) was inserted, and the balloon/scaffold was  secured with 2-
0 silk suture to the nipples (Fig. 2). Pressurized air was introduced
into the system, increasing the pressure at a rate of 5 mmHg/s until
the tubes ruptured. Burst pressure (mmHg) were recorded when
the structures ruptured.

2.8. Dynamic compliance

As vascular scaffolds, it is required to be elastic to match
the compliance of native blood vessels. Dynamic compliance was
determined for tubular grafts taken from six different electrospun
grafts (n = 6) at a length of 4 cm under simulated physiologi-
cal conditions in accordance with Section 8.10 of ANSI/AAMI
VP20:1994.32,33 [24]. Grafts were soaked in PBS for 6 h before
testing. The specimens were tested in a bioreactor developed by
Tissue Growth Technologies (Minnetonka, MN)  filled with PBS.
The bioreactor provided a cyclic (1 Hz, representing 60 beats per
minute) pressure change to the inside of the graft at a pressure
level of 120/80 mmHg  systolic/diastolic. Prior to compliance mea-
surements, all grafts were allowed to stress relax for 600 cycles.
Internal pressure was  measured with a pressure transducer capa-
ble of measuring dynamic pressure up to 200 ± 2 mmHg, while
the external diameter of the graft was recorded with a laser
micrometer system with an accuracy of ±0.001 mm.  Compliance
was calculated from recording of pressure and inner diameter
as:

(1)% compliance = RP2
−RP1

RP1

1
P2−P1

× 104while R is the internal

radius, P1 is the lower internal pressure, and P2 is the higher internal
pressure.
All the data were obtained at least in triplicate and expressed as
means ± standard deviation (SD). One-way ANOVA at a significance
of p < 0.05 was  performed using Origin 8.0 (Origin Lab, USA).
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. Results

.1. Scaffold characterization

The morphology of P(LLA-CL)/SF fibers collected separately on
he perforated and traditional solid mandrel was observed under
EM and shown in Fig. 3. In Fig. 3A, the fibers deposited on a
raditional solid mandrel (scaffold was named “solid” in the full
aper) were acquired with the fiber diameter of 615 ± 104 nm
Fig. 3G) and interfiber distance of 3.5 ± 1.0 �m (Fig. 3H). The
bers deposited on perforated mandrel with air flow pressure of
, 50, 100, 200, 300 kPa (in this full paper, scaffolds were named
, 50, 100, 200 and 300 kPa, respectively) are shown in Fig. 3(B–F)
ith fiber diameter of 707 ± 93, 701 ± 99, 686 ± 95, 668 ± 101 and

74 ± 132 nm (Fig. 3G), respectively. The measurement of interfiber
istance (inside of the pore region) for those scaffolds produced
y air-impedance electrospun (0–300 kPa) is showed in Fig. 3H,
ith interfiber distance of 4.9 ± 1.3, 6.5 ± 2.7, 4.8 ± 1.5, 4.0 ± 1.3

nd 4.7 ± 1.8 �m,  respectively. Fig. 3H displayed that the 50 kPa
ith largest interfiber distance was significantly different (p < 0.05)

rom other scaffolds, and the 0 kPa also has a significantly different

p < 0.05) from solid.

With the aim of measuring the mandrel and air pressure impact
n the fiber orientation and alignment, we measured scaffolds
sing the 2D FFT approach with the results presented in Fig. 4. The
ndrel. ((B)–(F)) Fibers deposited on perforated mandrel with an applied air pressure
lds produced. (H) Interfiber distance results for different scaffolds. ((A)–(F) 2000×
are crossed or knotted).

FFT of an original data image containing random fibers (Fig. 4A)
which deposited on solid mandrel generates an output image
containing pixels distributed in a circular shape (Fig. 4C). This dis-
tribution means the frequency at which specific pixel intensities
occur in the data image is theoretically identical in any direction. In
contrast, the FFT of a data image containing aligned fibers (Fig. 4B)
which deposited on perforated mandrel (inside of pore region) with
air pressure of 300 kPa generates an output image containing pixels
distributed in a non-random distribution (Fig. 4D). This distribution
occurs because the pixel intensities are preferentially distributed
with a specific orientation. The amount of alignment present in the
original data images is reflected by the height and overall shape
of the peak present in this plot (Fig. 4E and F). For aligned fibers
(300 kPa), there are two  main peaks at 38◦ and 218◦ (Fig. 4F), which
show most of the fibers distributed in one direction. In contrast, the
random fibers (solid) distributed in any direction, thus more than
two peaks are presented in Fig. 4E.

3.2. Cellular infiltration

SMCs were seeded on the scaffolds to study cellular infiltra-

tion. As demonstrated by the micrographs in Fig. 5, all of the
air-impedance grafts enhanced cellular migration and infiltration.
However, cells seeded on the solid grafts were confined to the graft
surface and did not infiltrate into the scaffold. The air-impedance
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Fig. 4. 2D FFT analysis results of scaffold anisotropy. Representative SEM images of solid scaffold (fibers deposited on solid mandrel) (A) and air-impedance scaffold within
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ore  region (300 kPa) (B). FFT output image ((C) and (D)) and 2D FFT alignment plo
lignment plot reports the principle axis of orientation for the fiber field.

caffolds (from 0 to 300 kPa) all had apparent cellular infiltration
Table 1), with the average depth of 52 ± 7, 137 ± 8, 82 ± 12, 78 ± 17,
nd 96 ± 26 �m at 14 days, respectively.

.3. Tensile testing & suture retention strength

The tensile testing results are shown in Table 2. It revealed that
fter fabrication by the air-impedance procedure, the peak stress of
he electrospun mats with an applied air pressure of 0 and 50 kPa
as significantly (p < 0.05) increased (11.1 ± 1.0 and 12.1 ± 0.2 MPa,
espectively) relative to the solid mandrel (7.6 ± 0.5 MPa). When

ontinuing to increase the applied air pressure, the peak stress did
ot significantly increase. As for the strain at break data, the 0 kPa
rafts had a significantly reduced value (143%) compared to oth-
rs. While the remainder of the strain at break data results showed

able 1
verage depth results of cellular penetration. Smooth muscle cells (SMC)-seeded
caffolds with different mandrel conditions after 1, 7 and 14 days of in vivo culture.

Mandrel condition Depth of cellular penetration (�m)

Day 1 Day 7a Day 14a

Solid <10 <20 <20
0  kPa <10 35 ± 5 52 ± 7↑
50 kPa 41 ± 6 84 ± 11* 137 ± 8*↑
100  kPa 28 ± 3 55 ± 10 82 ± 12↑
200  kPa 32 ± 6 39 ± 4 78 ± 17↑
300  kPa 27 ± 3 63 ± 10*ˆ 96 ± 26*#

The statistical significance was compared with air impedance grafts in day 7 and
ay  14.
Have a significant difference from others.

ˆ Have a significant difference from others except 100 kPa.
# Have a significant difference from 0 kPa and 50 kPa. For each group corresponding
rafts compared between day 7 and day 14.
Have significant growth from day 7 to day 14 (p < 0.05).
) and (F)) for the corresponding SEM images. Note the peak position in the 2D FFT

that the air-impedance grafts (50–300 kPa) had no significant dif-
ference between each other, as well as the solid. Comparing elastic
modulus, the 0 and 50 kPa grafts had a significantly higher (p < 0.05)
modulus value (10.4 and 8.2 MPa, respectively) compared to oth-
ers. The grafts of 100–300 kPa had no significant difference between
each other, as well as the solid.

The ability for suture retention was  investigated with the results
presented in Table 2. The results showed that the solid mandrel
grafts had an average value of 2.0 ± 0.5 N, and air-impedance elec-
trospun grafts from 0 to 300 kPa applied air pressure have average
values of 3.1 ± 0.6, 2.8 ± 0.4, 2.6 ± 0.2, 2.7 ± 0.2, and 2.5 ± 0.3 N,
respectively. Overall, the air-impedance grafts have a bit higher
suture retention strength than that of the solid.

3.4. Burst pressure & dynamic compliance

The burst pressure results are presented in Fig. 6A. Overall,
the air-impedance fabrication method with increasing applied air
pressure significantly reduced (non-linear) the graft burst pressure
strength. The burst pressure of the air-impedance grafts trended
lower than solid grafts, with the grafts of 100 kPa and 200 kPa being
significant decreased (p < 0.05) from other grafts. More specifically,
the air-impedance grafts with an applied air pressure from 0 to
300 kPa had burst pressures of 2732 ± 21, 2359 ± 95, 1700 ± 47,
1780 ± 108, 2431 ± 166 mmHg, respectively, and the solid grafts
possess a burst pressure of 2774 ± 93 mmHg. (Mandrels in this
paper with diameter of 6 mm were used, while scaffolds were taken
off from mandrel had different degrees of shrinkage, and the inner
diameter of grafts were 4–5 mm.  Thus, the tubular diameter for
all scaffolds was  normalized and calculated as 3 mm (saphenous

vein has inner diameter about 3 mm)  according to Barlow’s Formula
[24].)

Dynamic compliance testing was  conducted with the results
presented in Fig. 6B. It showed the compliance of the solid grafts
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Fig. 5. Fluorescence microscopy images of cell infiltration over a period of 1, 7 a

1.9 ± 0.4%) and air-impedance graft of 0 kPa (1.9 ± 0.3%) were
ower than (without significant difference) air-impedance grafts
f 50, 100, 200, and 300 kPa. More specifically, the air-impedance
rafts produced with an applied air pressure of 50–300 kPa had an
verage compliance value of 2.2 ± 0.1, 2.4 ± 0.2, 2.3 ± 0.3, 2.5 ± 0.2%,

espectively, with none of these grafts significantly different from
ach other. Overall, the results indicate that air-impedance could
nhance scaffold dynamic compliance.

able 2
echanical properties results of scaffolds with different mandrel conditions.

Mandrel condition Thickness (mm)  Modulus (MPa) 

Solid 0.17 ± 0.03 6.6 ± 0.8 

0  kPa 0.18 ± 0.02 10.4 ± 1.0 

50  kPa 0.18 ± 0.02 8.2 ± 0.6 

100  kPa 0.18 ± 0.03 6.0 ± 0.9 

200  kPa 0.17 ± 0.01 5.9 ± 0.9 

300  kPa 0.17 ± 0.01 5.7 ± 0.4 
 days. All images are displayed using a 200× magnification (scale bar = 100 �m).

4. Discussion

Electrospinning is a versatile process, which can rapidly and
easily fabricate tissue engineering scaffolds. Electrospun fibrous
scaffolds can simulate the extracellular matrix structure of native

tissue in both structure and composition. Unfortunately, the dense
packing of the fibrous network impedes cellular infiltration. In
order to obtain functional tissue engineered products, it is highly

Peak stress (MPa) Strain at break (%) Suture strength (N)

7.6 ± 0.5 169 ± 14 2.0 ± 0.5
11.1 ± 1.0 143 ± 12 3.1 ± 0.6
12.1 ± 0.2 204 ± 15 2.8 ± 0.4

8.1 ± 0.8 189 ± 11 2.6 ± 0.2
8.7 ± 0.2 207 ± 23 2.7 ± 0.2
8.1 ± 0.4 202 ± 7 2.5 ± 0.3



A. Yin et al. / Colloids and Surfaces B: Biointerfaces 120 (2014) 47–54 53

F ith dif
t dance

b
t
h
i
f

f
g
t
g
d
a
r
t
t
d
g
t
h
I
f
i
c
fi
r

a
t
b
s
d
t
a
t
c
s
s
s
t
p
t
m
d
s
p
fi
f

ig. 6. Burst pressure (A) and compliance (B) results of the P(LLA-CL)/SF scaffolds w
he  solid grafts (p < 0.05), # indicates a significant difference from solid and air impe

elieved that a three-dimensional scaffold will require cells infiltra-
ion and migration within the scaffold. Thus, the significant efforts
ave been made over the past decade at improving the cellular

nteraction and infiltration of electrospun tissue engineering scaf-
olds.

In this study, P(LLA-CL)/SF vascular scaffolds were fabricated
or potential use in vascular tissue engineering. These vascular
rafts, as a bioresorbable prosthetic capable of in situ regenera-
ion, were processed through air-impedance electrospinning. In
eneral, it is evident that fibers deposited on the perforated man-
rel (Fig. 3B–F) resulted in less compacted fiber deposition. In
ddition, the uniformity of fiber alignment increased in the pore
egion with the increasing applied air pressure (Fig. 4). In con-
rast, the randomly oriented fibers which were deposited on the
raditional solid mandrel appeared very compacted. The interfiber
istance measurement results (Fig. 3H) revealed that the 50 kPa
rafts had significantly larger interfiber distance when compared
o other grafts. Perforated mandrel and air pressure appeared to
ave an effect on interfiber distance as well as fiber alignment.

t is hypothesized that, under the effects of the local electrostatic
orces within each pore region and pressurized air flow deposition
mpedance that the fibers were deposited onto mandrel are less
ompacted regionally. Meanwhile, as the air pressure increased, the
ber alignment increased, while the interfiber distance trended to
educing.

As noted, the degree of cellular infiltration is a critical property of
 scaffold to create a functional, 3-D tissue. Previous study indicated
hat P(LLA-CL)/SF electrospun nanofibrous scaffold possessed good
iocompatibility, it promoted cells growth significantly compari-
on with P(LLA-CL), however, the cellular infiltration were hindered
ue to the small interfiber distance of scaffolds [30]. The results of
his study demonstrate an improvement in cellular infiltration with
ir-impedance processing of the grafts (Fig. 5 and Table 1), par-
icularly in the air-impedance graft of 50 kPa. This is in dramatic
ontrast to the solid where the cells attached on the surface of the
caffold and remained as a confluent layer of cells on the scaffold
urface. According to the literature, the architectural features of
caffold could affect the cells behavior [31–34]. It is hypothesized
hat cell infiltration can be influenced by two factors. If the scaffold
ossesses large interfiber distance, cells could infiltrate deep into
he scaffold independent of fiber alignment. Among the scaffolds

entioned by this study, the 50 kPa graft had the largest interfiber
istance and promoted the deepest penetration of cells into the

caffold. On the other hand, it was noticed that an increase in air
ressure resulted in increasing fiber alignment and reduced inter-
ber distance (200 and 300 kPa). The depth of cellular infiltration

or air-impedance grafts (200, 300 kPa) are deeper than solid and
ferent processing conditions and mandrels. * indicates a significant difference from
 grafts (0, 50, 300 kPa) (p < 0.05).

0 kPa grafts. Although the interfiber distance of these grafts has no
significant difference, the fiber alignment for 200, 300 kPa scaffolds
are higher. It is suggested that cells appeared as spindle like shape
and elongated along with the aligned fiber so that cells could pen-
etrated along the gap of the parallel fibers. While as for the solid
scaffold, fibers are randomly oriented, have a smaller interfiber dis-
tance, and are very compacted. As a result, the cells spread fluent
on the fiber and were confined to the surface of scaffold.

As the electrospun scaffolds were modified by the induced air
flow, there was concern that the affects could have lead to the
deterioration of the overall structure’s mechanical properties and
structural integrity. Thus, we  conducted comprehensive evalua-
tions of the scaffold’s mechanical properties in terms of tensile
testing, suture retention, burst pressure, and dynamic compliance.
It is evident that the mandrel and air pressure affected the grafts’
mechanical properties.

Fibers deposited on the solid mandrel were randomly oriented,
while the fibers deposited on the perforated mandrel are not as
random as on solid mandrel due to the different local electrostatic
forces on the perforated mandrel (without air pressure), and the
fibers are crossed and knotted partially (see Fig. 3B). As the air pres-
sure increased, the fibers became more aligned. Thus, when the
scaffolds are stretched, part of strength will concentrated on the
knotting (0 kPa), so it is difficult to stretch but will break abruptly.
As a result, we noticed that the stress of 0 kPa was  very higher
than solid grafts while the strain was  lower. When air pressure
is increased, the fiber knotting will be reduced (50 kPa). Therefore,
when the scaffold is stretched, the stress is still large but it will not
break as abruptly as 0 kPa. This result in a higher strain for 50 kPa
than 0 kPa, however, the modulus will reduce. As air pressure con-
tinues to increase, the fibers orientation will be defined and become
increasingly aligned (from 100 to 300 kPa), thus most of the fibers
will be stretched along the same direction when subjected to tensile
load. Therefore, those scaffolds should possess higher strain, mod-
erate stress (lower than 0 and 50 kPa but higher than solid one) and
low modulus. The suture retention strength of all scaffolds has the
same tendency with their stress. For vascular prosthetic applica-
tions such as a small diameter artery, the tensile strength required
to withstand the intraluminal blood pressure is 4.4 MPa, thus all of
the scaffold fabricated in this study have satisfied this requirement
[22,35,36], and the ultimate strain of these scaffolds was  compara-
ble to the human artery (45–99%) [37]. Although the modulus is still
stiffer than the native artery (2.68 ± 1.81 MPa) [38], previous study

showed the modulus will be decreased with bulk degradation of
the electrospun porous scaffolds, and even faster when implanted
in vivo [39]. For cardiovascular tissue engineering, it is very impor-
tant to retain strength until the ECM remodeled for withstanding
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he physiological load. Additionally, the air-impedance grafts pos-
essed suture retention strengths greater than 2 N, which is greater
han the values for native blood vessels (suture retention strength
alue of 1.7 N) [22], therefore, the suture retention strength of the
caffold be sufficient for use in a surgical procedure.

With the air flow out of the pore of mandrel, the fibers deposited
nto the perforated mandrel loosely while compactly on solid
andrel, thus for burst pressure resistance, the tubular scaffolds

ollected on perforated mandrel were weaker than on that of solid
andrel. While for the compliance, the effect will be just opposite,

he air-impedance tubular scaffolds had a higher compliance than
hat of solids. This is attributed to the higher air pressure causing an
ncrease in fiber alignment. The saphenous vein is considered the
old standard for small diameter vascular grafting procedures with
his vessel possessing a burst pressure strength of approximately
600 mmHg  [3,6,40]. Thus the air-impedance electrospun grafts
ave potential for surgical procedures to replace the saphenous
ein and non-absorbable vascular prosthetics. After inducing the air
ressure, the results showed the compliance of the air-impedance
rafts improved and were higher compared to the saphenous vein
0.7–1.5%/100 mmHg) [41], meanwhile the values of compliance
ere approximately 2%/100 mmHg  which is very close to that of
ative tissue (2.6%/100 mmHg) [40–42].

. Conclusion

This study demonstrated that the mandrel architecture and
ir pressure affect the fiber deposition, fiber alignment, and the
nterfiber distance of scaffold. Fibers deposited onto perforated

andrels possess larger interfiber distances than on solid man-
rels. Additionally, the high air pressure caused aligned fiber
eposition which resulted in enhanced cellular infiltration for air-

mpedance electrospun scaffolds. Meanwhile the air-impedance
caffold still possessed adequate mechanical properties such as
ensile strength, suture retention strength, burst pressure and com-
liance which are very close to that of native tissue. Thus, this type
f scaffold may  be useful in applications such as biodegradable
ascular substitutes.
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