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ABSTRACT: The development of vascular scaffolds with controlled mechanical
properties and stimulatory effects on biological activities of endothelial cells still remains
a significant challenge to vascular tissue engineering. In this work, we reported an
innovative approach to prepare a new type of vascular scaffolds with anisotropically and
heterogeneously aligned patterns using electrospinning technique with unique wire
spring templates, and further investigated the structural effects of the patterned
electrospun scaffolds on mechanical properties and angiogenic differentiation of human
umbilical vein endothelial cells (HUVECs). Results showed that anisotropically aligned
patterned nanofibrous structure was obtained by depositing nanofibers on template in a
structurally different manner, one part of nanofibers densely deposited on the
embossments of wire spring and formed cylindrical-like structures in the transverse
direction, while others loosely suspended and aligned along the longitudinal direction,
forming a three-dimensional porous microstructure. We further found that such
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structures could efficiently control the mechanical properties of electrospun vascular scaffolds in both longitudinal and transverse
directions by altering the interval distances between the embossments of patterned scaffolds. When HUVECs were cultured on
scaffolds with different microstructures, the patterned scaffolds distinctively promoted adhesion of HUVECs at early stage and
proliferation during the culture period. Most importantly, cells experienced a large shape change associated with cell cytoskeleton
and nuclei remodeling, leading to a stimulatory effect on angiogenesis differentiation of HUVECs by the patterned
microstructures of electrospun scaffolds, and the scaffolds with larger distances of intervals showed a higher stimulatory effect.
These results suggest that electrospun scaffolds with the anisotropically and heterogeneously aligned patterns, which could
efficiently control the mechanical properties and bioactivities of the scaffolds, might have great potential in vascular tissue

engineering application.
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1. INTRODUCTION

Nowadays, cardiovascular disease is regarded as the leading
cause of morbidity and mortality worldwide, and the strong
demand for cardiovascular grafts has constantly been increasing,
while key challenges associated with the outcome of vascular
grafting remain unsolved.' > The emerging vascular tissue
engineering scaffolds offer an attractive “off-the-shelf” alter-
native as such scaffolds can be predesigned and prepared to
address the specific need in clinical applications.* ® An ideal

to process a rich variety of biomaterials into nanofibers, has
recently been garnering a lot of attention as the scaffolds
obtained through electrospinning possess many attractive
features, such as high surface area to volume ratio, formation
of interconnected porous networks, similarity in fiber size scale
to those of the extra cellular matrix (ECM) of native
vasculature, and adjustable surface structure. These advantages
make the electrospun nanofibrous scaffolds a favorable
candidate for vascular tissue engineering.g_11

vascular scaffold should mimic not only the organized structure However, there are still two Asigniflicant challenges for
but also the physiological function of a normal blood vessel, electrospun vascular scaffolds. First, it has been already
known that a vascular scaffold should be able to resist the

which is crucial to successful vascular tissue engineering.
Many fabrication approaches have been explored with the
aim to produce such an appropriate vascular tissue engineering
scaffold, such as self-assembly, phase inversion, foaming
procedures, particle leaching, and so on.”® Among them,
electrospinning, as a simple yet versatile manufacturing method
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shear force exerted by blood flow along the longitudinal
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Figure 1. (A) Electrospun scaffolds with various structures prepared with different collecting devices. Optical images (a—e) and SEM images (al—
el) in (A) show the electrospun scaffolds with different aligned patterns: (a,al) nonwoven; (b,b1) single directionally aligned pattern; anisotropically
aligned patterns with distances of intervals were 300 (c,c1), 800 (d,d1), and 1500 ym (e,el), respectively. The high-magnification SEM images of the
aligned nanofibers between the embossments in cl—el are shown in c1’—el’, and the higher magnification images of nanofibers deposited on the
embossments in c1—el are shown in c2—e2 (higher magnification) and c2’—e2’ (the highest magnification), respectively. (B) Schematic illustration

of the preparation of anisotropically aligned patterned electrospun scaffolds.

direction while maintaining structural integrity until mature
tissue forms in vivo. Moreover, because the blood dashes
against the vascular wall continuously, the radial mechanical
strength of vascular scaffolds should be strong enough to
withstand the pulsatile nature of blood flow as well. Therefore,
the appropriate vascular scaffold should provide sufficient
mechanical strengths not only in longitudinal directions but
also radial directions. Undoubtedly, either the traditional
electrospun scaffolds with randomly deposited electrospun
nanofibers or electrospun scaffolds composed of single
directionally aligned nanofibers cannot efficiently control the
tensile strengths of scaffolds in both longitudinal and radial
directions simulta.neously,u_14 especially for that in the radial
direction, which is of great importance for meeting the
mechanical requirements of ideal vascular scaffolds."" Second,
the design and fabrication of vascular tissue engineering
scaffolds with appropriate surface architectures to induce cell
growth and angiogenesis represent another major challenge. A
series of studies have well demonstrated that the appropriate
surface topography of scaffolds could promote various cellular
processes, including adhesion, proliferation, and rnigration.”_20
Furthermore, the specific surface physical cues could even guide
the direction of cell differentiation. Lei et al. have demonstrated
that the narrow stripes on micropatterned surfaces may result
in the organization of vascular endothelium cells into tubular
structures and the induction of sprouting angiogenesis, which is
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of great importance to regenerate vascularized tissues.

However, the current tissue engineering scaffolds with
randomly deposited or single directionally aligned nanofibers
seem to be not able to provide enough and effective
topographic cues to guide the cell behaviors. So far, little effort
has been devoted to the fabrication of electrospun vascular
scaffolds with well-defined structural patterns, and the structural
effects of the patterned electrospun scaffolds on the vascular
endothelial cell behavior are still unclear.'®**

To achieve an electrospun vascular scaffold with adjustable
mechanical properties in both longitudinal and radial directions,
we hereby design a unique electrospun nanofibrous vascular
scaffold with anisotropically and heterogeneously aligned
structure. By using wire spring as a template collector, we
hypothesize that nanofibers will deposit in different regions of
the collector in a structurally different manner due to the varied
electrostatic force, and with the unique structure of the wire
spring collector, electrospun vascular scaffolds with aligned
nanofibrous structures in both longitudinal and radial directions
may be obtained, and such structurally anisotropic scaffolds can
not only withstand the forces along the radial directions of
scaffolds, but also provide structural cues to stimulate
angiogenesis of vascular endothelial cells.

On the other hand, in our previous study, we have proofed
that the combination of p,L-poly(lactic acid) (PDLLA) and
poly(e-caprolactone) (PCL) has better pattern formation
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ability and mechanical stability in wet condition."" Therefore,
PDLLA/PCL composite was selected, and gelatin was added
into the composite to further improve the biocompatibility. In
this work, PDLLA/PCL/gelatin electrospun scaffolds with
anisotropically and heterogeneously aligned patterns were
fabricated. Wire springs with different interval distances (300,
500, and 1500 um) were applied as collector templates to
obtain patterned scaffolds with different interval distances
between two embossments, and then microstructures and
mechanical properties of the scaffolds were systematically
investigated. Finally, the structural effects of the electrospun
scaffolds with anisotropically aligned patterns on morphology,
proliferation, and differentiation of human umbilical vein
endothelial cells (HUVECs) were studied, and the possible
mechanism was proposed.

2. MATERIALS AND METHODS

2.1. Materials. Poly(p,.-lactide) (PDLLA, M,, = 45 kDa) was
purchased from Jinan Daigang Biomaterial Co, Ltd. (Shandong,
China). Polycaprolactone (PCL, M,, = 80 kDa) was purchased from
Sigma Co. Analytical grade gelatin and hexafluoro-2-propanol (HFIP)
(>99.5%) were purchased from Sinopharm Chemical Reagent Co.
(Shanghai, China).

2.2. Electrospinning Preparation of Scaffolds with Aniso-
tropically Aligned Patterns. For the preparation of electrospun
scaffolds with anisotropically aligned patterns, a special wire spring
collector (as shown in Figure 1B) was applied in the electrospinning
setup. In a typical experimental procedure, the blend of PDLLA, PCL,
and gelatin with a certain mass ratio (w/w/w = 35/35/30) was
dissolved in HFIP, and then stirred for 6 h to obtain a homogeneous
and stable solution with polymer concentration of 4.8% (w/v). The
flow rate of the solution in the syringe (2 mL) was 0.02 mL m™' by
using a syringe pump (LSP01-1A, Baoding Longer Precision Pump,
China). The voltage applied to the needle of the syringe was 8 kV. The
distance between the tip of the needle and the collector was 12 cm. In
this process, the external diameter of the wire spring is 2 cm, and the
wire diameter is 0.3 mm. The wire spring was placed horizontally on a
conductive plate, and by applying certain pressure on both ends of the
spring, the pitch of thread could be controlled to modulate the interval
distance. After electrospun nanofibers were directly deposited on the
surface of the spring, the patterned electrospun scaffolds with different
interval distances (300, 800, and 1500 ym) were obtained. In addition,
aligned nanofibrous scaffolds were fabricated by electrospinning
process using a rotating drum collector (2500 r/min), and the
nonwoven nanofibrous scaffolds were also prepared using a plane
collector as controls. To obtain scaffolds with similar thickness, the size
of the collecting surface was controlled by using aluminum foils with
the same surface area to cover the surfaces of the conductive plate or
rotating drum before the collections, and the collecting time for all
samples was fixed for 30 min.

To characterize the nanofiber alignment of the electrospun scaffolds
with different aligned patterns, the values of order degree were
calculated according to the following equation: >+~

(1)

where 6 is the average angle between the random nanofiber
orientation and the preferred alignment direction. Theoretically, the
value of S is 0 when the nanofiber arrangement is completely random,
while S is 1 for all nanofibers with perfect alignment.

All of the experiments were conducted at room temperature, and
the relative humidity was about 40—60%, and all of the as-prepared
electrospun scaffolds were vacuum-dried for 24 h to completely
remove the residual solvent prior to further characterization.

2.3. Microstructure, Mechanical Properties, and Surface
Wettability of the Electrospun Scaffolds with Anisotropically
Aligned Patterns. The morphology and microstructure of the
electrospun scaffolds were observed using an optical microscope
(Leica DM2500 M) and an environment scanning electron micro-
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scope (SEM, FEI, QUANTA 250, The Netherlands) operated at an
accelerating voltage of 10 kV.

To investigate the mechanical strengths of the prepared scaffolds,
the tensile tests of the electrospun scaffolds were conducted using an
Autograph AG-SkNX mechanical testing machine (Shimadzu)
according to Japanese Industrial Standards (JIS) K 7161. In this
process, the samples were cut into rectangular strips with an average
area of 50 X 10 mm?” The specimens were gripped by two tensile
fixtures with a gauge length of about 20 mm, and the cross-head speed
for the tensile tests was 2 mm min~". The tensile test of patterned
electrospun scaffolds was performed along the direction of parallel
nanofibers between embossments (defined as longitudinal (L)) and
the direction of embossments (defined as transverse (T)), respectively.
At least one group of five samples was used for each test to obtain an
average. All tests were performed at room temperature and a relative
humidity of about 60%.

For investigating the effect of anisotropically aligned patterns on the
surface wettability of the scaffolds, the static water contacting angles
(WCA) were measured using a Kruss GmbH DSA 100 Mk 2
goniometer (Hamburg, Germany), followed by image processing of
sessile drops using a DataPhysics OCA20 CA system at ambient
temperature. Water droplets (3.0 uL) were dropped carefully onto the
surfaces of the patterned electrospun scaffolds. The average WCA
value was obtained by measuring the water droplets set at 10 randomly
distributed positions.

2.4. Cell Culture. Human umbilical vein endothelial cells
(HUVECs) were isolated from the human umbilical cord vein
according to the descriptions of Bordenave et al. and Jaffe.””*® The
procedure was approved by the Ethics Committee of Shanghai
Jiaotong University. The obtained cell pellets were redispersed in
endothelial cell medium (ECM) (Sciencell, U.S.) containing $% (vol/
vol) FBS and 1% (vol/vol) endothelial cell growth supplement/
heparin kit (ECGS/H, Promocell). In this study, cells between
passages 3 and S were employed.

2.5. HUVECs Proliferation Assay. To evaluate the influence of
the anisotropically aligned pattern of electrospun nanofibrous scaffolds
on cell proliferation, samples were first sectioned into 10 X 10 mm?
squares, and then cross-linked with glutaraldehyde/ethanol (v/v = 1/
1) for 0.5 h. After that, samples were washed out with a large amount
of deionized water and soaked in 75 vol % medical alcohol solution for
another 2 h for sterilization prior to seeding cells on the samples.
HUVECs were seeded on the surfaces of those scaffolds at a density of
1.5 X 10* cells per well in a 24-well culture plate, and then cultured in
a humidified 37 °C/5%, CO, incubator for 1, 3, and 7 days. Cells
cultured with nonwoven, single directionally aligned electrospun
scaffolds were regarded as controls. The medium was replaced every 2
days. A CCK-8 assay (Cell counting kit-8, Dojindo, Kumamoto, Japan)
was performed according to the manufacturer’s instructions. The
absorbance of the samples was measured at 450 nm using an enzyme-
linked immunosorbent assay plate reader (Synergy 2, Bio-TEK).

2.6. Live/Dead Staining. To evaluate cell viability to the
electrospun nanofibrous scaffolds, after being cultured for 7 days, a
live/dead viability cytotoxicity kit (Invitrogen) was applied to stain
cells according to the supplier’s procedure. The cell viability and
arrangement on the surfaces of electrospun nanofibrous scaffolds with
different patterns were observed and photographed using a CCD
camera (Leica DFC 420C) equipped with a fluorescence microscope
(Leica DM2500 M).

2.7. Immunofluorescence Staining. For further investigating the
cytoskeletal and nuclear organizations of HUVECs cultured on
different scaffolds, the actin filaments and nuclear of HUVECs were
stained utilizing rodamine phalloidin R415 (Invitrogen) and 4—6-
diamidino-2-phenylindole (DAPI) (Invitrogen) according to the
supplier’s procedure, respectively. A confocal microscope (Leica
TCS SPS) was used to image the morphologies of the seeded cells
as a function of scaffold architecture, and the cell area and perimeter
were measured by the measure tool in ImageJ software. The cell
morphology was further characterized by cell shape index, which was
calculated according to the following equation:***°
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Table 1. Primer Sequences Used in Q-RT-PCR

gene gene bank primer sequences T,, (°C)

VEGF 45 AB_021221 F:5-TGCGGATCAAACCTCACCA-3’ 58
R:5-CAGGGATTTTTCTTGTCTTGCT-3'

KDR NM_002253 F:5-GTGATCGGAAATGACACTGGAG-3’ 60
R:5'-CATGTTGGTCACTAACAGAAGCA-3’

eNOS NM_001160111.1 F:5'-TGTCCAACATGCTGCTGGAAATTG-3’ SS
R:5-AGGAGGTCTTCTTCCTGGTGATGCC-3’

VE-cad NM_001795 F:5-GGCTCAGACATCCACATAACC-3' 63
R:5’-CTTACCAGGGCGTTCAGGGAC-3’

GAPDH NM_002046 F:50-GATTTGGTCGTATTGGGCG-30 60
R:50-CTGGAAGATGGTGATGG-30

I, = 4xS/ ? (2) calculated using two-tailed analysis of variance (ANOVA) and

where I is the value of a cell body shape index, and S and L are the
cellular area and perimeter, respectively. The cell is round when I is
equal to 1, and the cell becomes infinitely elongated as I approaches 0.
About 100 cells for one local region with special microstructure in
scaffolds were analyzed, and the obtained average value (I,) represents
the body shape index for cells in the corresponding local region.

On the basis of these, the mean cell body shape index for cells in a
whole scaffold (I,) was further determined using the following
equation:

I,= (N, + LN, + .. + LN,)/(N, + N, + ..N,) 3)

where I, I, I, are the values of the cell body shape index in different
local regions with special microstructure in scaffolds, and N, N,, N,
are the number of cells in the corresponding local regions, respectively.
Using this method, the mean cell body shape index for cells in
scaffolds with anisotropically aligned pattern as well as nonwoven and
single directionally aligned structure was further investigated.

2.8. Quantitative Real-Time Polymerase Chain Reaction (Q-
RT-PCR). To investigate the effect of anisotropically aligned patterns
on the differentiation of HUVECs, gene expression of vascular
endothelial growth factor (VEGF), VEGF receptor 2 (KDR),
endothelial nitric oxide synthase (eNOS), and vascular endothelial
vadherin (VE-cad) from the cells cultured on different scaffolds for 7
days was detected by quantitative real-time polymerase chain reaction
(Q-RT-PCR). For RNA extraction, at the determined time point, cells
were washed twice with cold phosphate buffered saline (PBS), and the
total RNA was prepared from cells using an E. Z. N. A Total RNA kit I
(OMEGA, Biotek) according to the manufacturer’s guidelines. The
concentration of RNA was measured using a nanodrop 1000 reader
(Thermo Scientific). cDNA was synthesized using a ReverTra Ace-a
kit (Toyobo, Japan) according to the instructions. One microliter of
cDNA, which was diluted at 1:10 in sterilized Mill-Q water, was mixed
with 9 uL of SYBR-Green. Primers of VEGF, KDR, eNOS, and VE-cad
(all from Sangon Biotech (Shanghai)) were used as the final
concentration of 400 nM. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as a housekeeping gene. Their sequences are
summarized in Table 1. Real-time PCR Master Mix (Toyobo)
containing primers were loaded in a 384-well plate. Real-time PCR
analysis was performed using the 7900 Real-time PCR system
(Applied Biosystems). After an initial incubation step of denaturation
for 1 min at 95 °C, 40 cycles (95 °C for 15 s, 60 °C for 15 s, 72 °C for
45 s) of PCR were performed. Reactions were performed in triplicate.
Data were analyzed with the SDS 2.3 software and compared using the
AACt method, and each Q-RT-PCR was performed in triplicate for
Q-RT-PCR yield validation. Data were normalized to GAPDH mRNA
expression of each condition and were quantified relative to the
corresponding gene expression from the control samples (cell cultured
on the surface of nonwoven electrospun nanofibrous scaffolds), which
were standardized to 1.

2.9. Statistical Analysis. The results were expressed as the
arithmetic mean =+ standard deviation. Three independent experiments
were carried out, and at least five samples per each test were taken for
statistical analysis. Statistical significance between two groups was
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performed with a Student’s t test program. Differences were
considered significant when p < 0.05 (*), p < 0.01 (**), or p <
0.001 (***). In addition, a one-way ANOVA with Tukey’s post hoc
test was used for statistical analysis of multiple comparisons.
Significant difference was considered when p < 0.05 (*), p < 0.01
(%), or p < 0.001 (***),

3. RESULTS

3.1. Microstructure of Electrospun Nanofibrous
Scaffolds with Anisotropically Aligned Patterns. Figure
1A shows the electrospun scaffolds with various structures
prepared with different collecting devices. The optical micro-
scopic images of scaffolds are shown in Figure 1A(a—e), and
the corresponding SEM images are shown in Figure 1A(al—
el), respectively. Figure 1A(a) and (al) shows the electrospun
scaffold prepared using a flat collector during the process of
electrospinning. As observed from the optical microscopic
image, a scaffold with tightly packed two-dimensional (2D)
sheet-like structure was generated after the electrospinning
process. From the corresponding SEM image, it is clear to see
that the nanofibers are randomly deposited in an interwoven
network structure and the average diameter of nanofibers is
500—700 nm. Similar to the scaffolds collected with a flat
collector, the electrospun nanofibrous scaffolds collected with a
rotating drum system shown in Figure 1A(b) exhibit a uniform
and dense feature. However, different from the random
arrangement of nanofibers observed in Figure 1A(al),
nanofibers in the scaffolds collected with rotating drum are
aligned in a single direction (Figure 1A(b1)).

In contrast to those random or single directionally aligned
nanofibers, scaffolds prepared using a wire spring as a template
collector show well-organized topological structures with
anisotropically and heterogeneously aligned patterns, and the
schematic illustration of the template-assisted collection process
is shown in Figure 1B. Figure 1A(c—e) shows the optical
images of patterned scaffolds. A distinct difference in nanofiber
density in different regions of scaffolds can be seen: the density
of nanofibers deposited on the embossments is higher than that
of the nanofibers suspended between the embossments. SEM
images of scaffolds collected through wire springs with intervals
distances of 300, 800, and 1500 pm are shown in Figure
1A(cl,cl’), (d1,d1’), and (el,el’), respectively. From these
images, it can be seen that nanofibers deposited on the
embossments are randomly distributed, while those nanofibers
suspended between the embossments are tending to arrange in
a parallel manner. As a result, a patterned scaffold with spatially
heterogeneous fiber alignment was generated, in which some
regions were anisotropic. Nanofibers deposited on the
embossments are shown in (c2,c2’), (d2,d2’), and (e2,e2’),
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Table 2. Order Degree of the Different Aligned Structures within the Patterned Electrospun Scaffolds

micropattern (300 ym) 800 ym 1500 ym
nonwoven aligned longitudinal (L) transverse (T) L T L T
4 (deg) 34.285 4.843 3.278 34.761 3.525 37.727 2461 40.501
order degree (S) 0.365 0.986 0.993 0.350 0.992 0.251 0.996 0.156

respectively. As observed, a large number of nanofibers are
assembled on the embossments and formed into a cylindrical-
like structure (c2—e2). SEM images with high magnification
show that nanofibers randomly deposited on the embossments
with high density and formed into a compact structure (c2'—
e2’), which is different from the loose and porous three-
dimensional (3D) nanofibrous structure formed by suspended
aligned fibers between embossments (c1’—el’). In addition, the
order degree of the electrospun scaffolds with different aligned
patterns was calculated. As shown in Table 2, the nanofibers
suspended between the embossments possess an extremely
high value of order degree, which is similar to that of the single
directionally aligned electrospun scaffolds; meanwhile, the
nanofibers assembled on the embossments of patterned
scaffolds show a relatively lower value of order degree, while
the scaffolds with nonwoven structures are in the same
situation. In addition, these results also confirm the fact that
the interval distance between embossments has no obvious
effect on the nanofiber deposition and patterns.

3.2. Effect of Anisotropically Aligned Patterns on
Surface Wettability and Mechanical Properties of
Electrospun Nanofibrous Scaffolds. The surface wettability
of the electrospun scaffolds with different arrangements of
nanofibers was investigated by water contact angle measure-
ments, and the results are shown in Figure 2. As observed, the
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Figure 2. Water contact angles of electrospun nanofibrous scaffolds
with different aligned patterns (** represents p < 0.01).

nonwoven electrospun scaffold has a highest water contact
angle of 122.8° + 3.79°, which is essentially hydrophobic, and
the electrospun scaffolds with single directionally aligned
pattern show a water contact angle similar to that of the
nonwoven scaffolds. In contrast, three anisotropically patterned
scaffolds tended to have much lower water contact angles
(~113° + 2.76°) than those of nonwoven and single
directionally aligned scaffolds. However, there is no obvious

8710

difference among the three patterned scaffolds with varied
interval distances between embossments (Figure 2).

The tensile strengths and elastic moduli in both the
longitudinal (L) and the transverse (T) directions of
electrospun nanofibrous scaffolds with different aligned
patterns are shown in Figure 3A and B, respectively. The
electrospun scaffolds with nonwoven nanofibers show mechan-
ical isotropy as their tensile strengths and elastic moduli in both
the L and the T directions are nearly identical. However, the
nanofibrous scaffolds with single directionally aligned nano-
fibers exhibit mechanical anisotropy as their tensile strengths
and elastic moduli in the L directions are greatly higher than
those in the T directions. Interestingly, the electrospun
scaffolds with anisotropically aligned patterned nanofibers
show mechanical properties between isotropy and anisotropy
as their tensile strengths and elastic moduli in the L and T
directions are significantly different, but the direction with
superior mechanical properties can be changed by the interval
distance between embossments. With the decrease of interval
distance, the tensile strengths and elastic moduli in the L
direction are significantly decreased, while the ones in T
direction gradually increased. When the interval distance is as
long as 1500 pm, the tensile strengths of patterned scaffold in L
and T directions are 1.75 and 0.54 MPa (Figure 3A), while the
corresponding elastic moduli are 5.27 and 1.54 MPa (Figure
3B), respectively.

3.3. Effect of Anisotropically Aligned Patterns on Cell
Proliferation and Distribution. The proliferation behaviors
of HUVEC:s on the scaffolds with different aligned patterns are
shown in Figure 4. After 1 day of culture, the number of
HUVEC: in the scaffolds with anisotropically aligned patterns
is higher than that in the nonwoven or single directionally
aligned scaffolds. With culture time increasing, all scaffolds can
support HUVECs growth. However, after 7 days, the number
of HUVEC:s cultured on scaffolds with anisotropically aligned
patterns is much higher than those cultured on nonwoven and
single directionally aligned scaffolds, which indicates that the
scaffolds with anisotropically aligned patterns have stimulatory
effects on HUVEC proliferation.

After 7 days of culture, the viability and distribution of
HUVECs on all electrospun scaffolds were observed using a
florescence microscope, and the images are shown in Figure S.
It is clear to see that HUVECs attached and grew well on all
electrospun scaffolds. HUVECs evenly distributed on both the
nonwoven and the single directionally aligned scaffolds. On the
nonwoven scaffolds, cells spread toward different directions
(Figure SA). In contrast, cells grew along the direction of the
fiber arrangement on the single directionally aligned scaffolds
(Figure SB). Unlike the even distribution of the cells on these
two kinds of scaffolds, HUVECs in different regions of
anisotropically aligned patterned scaffolds show quite different
distributions. The cells are found to align and organize under
the guidance of the micropatterned constructs of underlying
scaffolds (Figure SC—E). In the intervals between emboss-
ments of anisotropically patterned electrospun scaffolds, a
guided growth with cell polarity following the aligned fiber
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Figure 4. Proliferation of HUVECs on electrospun scaffolds with
different aligned patterns: (1) nonwoven; (2) single directionally
aligned pattern; (3—S) anisotropically aligned patterns with distances
of intervals 300, 800, and 1500 ym, respectively (*** represents p <
0.001).

direction is clearly evident (Figure SC1—E1), while the cells on
the embossments of scaffolds gathered together to form
cylindrical-like cell layers without directional elongation (Figure
SC2—-E2).

3.4. Effect of Anisotropically Aligned Patterns on the
Cell Cytoskeleton and Nuclei Organizations. Cytoskeleton
organizations of HUVECs grown on the surfaces with different
aligned patterns were investigated after 7 days of cell culture. As
shown in Figure 6, HUVECs adapted their cytoskeleton
morphologies on electrospun scaffolds with different micro-
structures. HUVECs exhibited a typical cobblestone-like
structure on the culture plate (Figure 60). When cultured on
the surfaces of nonwoven electrospun scaffolds, the cells were
flattened and showed round shape morphology (Figure 6A),
while some of the HUVEC:s in the single directionally aligned
scaffolds elongated along the direction of nanofibers (Figure
6B). Interestingly, cells in different regions of anisotropically
aligned patterned scaffolds presented different morphologies.
As shown in Figure 6C1—El, the cells grew uniformly along the
direction of the fiber arrangement on the suspended nanofibers
between the embossments of scaffolds. Under high magnifica-
tions, the cells are observed to show a spindle shape along the
long axes (Figure 6C1'—El’). As compared to the cell
alignment on the single directionally aligned scaffolds, higher
alignment degree of HUVECs can be observed on the
anisotropically patterned scaffolds. Meanwhile, the cells on
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the embossments of anisotropically patterned scaffolds
exhibited a polygonal shape with stretching in random
directions (Figure 6C2'—E2’).

The quantitative analysis of the body elongation of HUVECs
in different local regions with special microstructures in
scaffolds was conducted. As shown in Figure 7A, cells in the
regions with different aligned structures show lower shape
index as compared to that in the regions with nonwoven
structures in scaffolds, and the shape index of the cells in the
regions with suspended aligned nanofibers between the
embossments of patterned scaffolds is the lowest as compared
to cells in other regions. In addition, it is also noticed that the
cells seeded on the embossments of the patterned scaffolds
possess a relatively lower shape index than that in regions with
nonwoven structures. Moreover, the cells on the scaffolds with
anisotropically aligned patterns present significantly lower
mean shape index than those on the nonwoven scaffolds
(Figure 7B), and a significant drop in the mean shape index of
HUVECs could be observed with the increase of the interval
distance in micropatterns, and the patterned scaffolds with the
longest distance of interval (1500 ym) have the lowest mean
cell shape index.

Nuclear organizations of HUVECs grown on different
aligned patterns were investigated after 7 days of cell culture.
Nuclei of HUVECs distributed on the nonwoven scaffolds
randomly show no polarization (Figure 8A), while some nuclei
of HUVECs cultured on the single directionally aligned
scaffolds elongated along the direction of nanofibers (Figure
8B). However, nuclei of HUVECs cultured in different regions
of patterned scaffolds show different morphologies. Nuclei of
HUVECs on the suspended aligned nanofibers in the regions
between embossments exhibited an obvious long oval shape
with the long axes parallel to each other (Figure 8C1—E1 and
Cl’—El’). In addition, the nuclei elongation of HUVECs
cultured on the suspended aligned nanofibers in the scaffolds
with anisotropically aligned patterns is more apparent than that
cultured on nonwoven or single directionally aligned scaffolds.
Meanwhile, the nuclei of HUVECs cultured on the emboss-
ments of scaffolds display a round shape with random
distribution directions, which are similar to those on the
nonwoven scaffolds (Figure 8C2—E2 and C2'—E2’).

3.5. Effect of Anisotropically Aligned Patterns on
Angiogenesis Related Gene Expression. Expression of
VEGF, KDR, eNOS, and VE-Cadherin from HUVECs cultured
on scaffolds with different aligned patterns has been
investigated. As shown in Figure 9, expression levels of
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Figure S. Live/dead staining of HUVECs after 7 days growth on electrospun scaffolds with different aligned patterns, in which green indicates live
cells and dead cells could be stained in red. The results showed that all cells are green stained and no dead cells were observed. (A) Nonwoven; (B)
single directionally aligned pattern; (C—E) anisotropically aligned patterns with distance intervals of 300, 800, and 1500 ym, respectively. The cell
shape and arrangement on the aligned nanofibers between the embossments in (C—E) are shown in (C1—E1), while the cell shape and arrangement
on the nanofibers deposited on the embossments are shown in (C2—E2), respectively (scale bar = 100 um).

angiogenesis-related genes, such as VEGF (Figure 9A), KDR
(Figure 9B), eNOS (Figure 9C), and VE-Cadherin (Figure
9D), from HUVECs cultured on the anisotropically aligned
patterned electrospun scaffolds are much higher than those
from HUVECs cultured on the nonwoven scaffolds. In
addition, it is found that the interval distance of the patterns
in the scaffolds plays an important role in influencing those
gene expressions of HUVECs. Cells cultured in the patterned
scaffolds with the longest distance of interval (1500 pm)
demonstrate the highest level of gene expression than the
nonwoven or single directionally aligned scaffolds (Figure 9).

4. DISCUSSION

Currently, the electrospun nanofibers are typically collected
randomly in a nonwoven structure as a result of the bending
instability associated with the electrified polymeric jets, and the
fabrication of scaffolds composed of single directionally aligned
nanofibers has also been widely reported as the main
topographical control of electrospun materials.'>"* Herein, we
demonstrated an innovative approach based on the modified
collecting technique for preparing a new type of electrospun
scaffolds with anisotropically and heterogeneously aligned
patterns, which can not only provide controlled mechanical
properties but also activity to stimulate the proliferation and
differentiation of endothelial cells.
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It is well-known that the natural blood vessel is an extremely
complex multilayered tissue, and each layer plays an integral
role in providing adequate mechanical strength to withstand the
high flow rate of blood. Especially, it is worth mentioning that
the middle layer of the blood vessel makes the main
contribution to resist the high pressure of blood pulsation on
the radial direction, which benefits from the smooth muscle
cells and collagen fibrils arranged in a marked circumferential
orientation.”" Because of these distinct structural organizations
of each layer, the blood vessel exhibits a multidirectional
mechanical behavior.>* Therefore, for fabrication of an ideal
vascular tissue engineering scaffolds, to mimic the mechanical
property of the native blood vessel and achieve effective control
of the tensile strengths in multiple directions of the scaffolds is
of great importance.

In the present study, a wire spring was introduced as a
template collector of electrospinning. As shown in Figure 1, the
space between the neighboring convex embossments of the
wire spring can be regarded as a tridimensional void gap
model,*® which can alter the configuration of the electrostatic
forces acting on the nanofibers spinning across the gap, and the
nanofibers thus align into a uniaxial array between the
embossments with a porous 3D nanofibrous construct under
the action of electrostatic forces in opposite directions.
Meanwhile, the nanofibers deposit with a high density on the
electroconductive embossment with a compact cylindrical-like
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Figure 6. Cytoskeleton organizations of HUVECs after being cultured for 7 days on electrospun scaffolds with different aligned patterns: (A)
nonwoven; (B) single directionally aligned pattern; (C1—E1) aligned nanofibers between the embossments in the anisotropically aligned patterns,
which possess interval distances of 300, 800, and 1500 ym, respectively, and (C1’—E1’) are the corresponding higher magnification images of (C1—
E1), respectively; (C2'—E2’) show cells on the embossments in the anisotropically aligned pattern (as shown in (F)). (F) A typical SEM image of
anisotropically aligned pattern. Part (O) shows the cytoskeleton organizations of HUVECs after 7 days growth on a culture plate (scale bar = S0

ym).
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Figure 7. Cell body shape index of HUVECs after being cultured for 7 days on (A) different local regions with special microstructures in scaffolds
and (B) scaffolds with different aligned patterns (¥, **, and *** represent p < 0.05, p < 0.01, and p < 0.001, respectively).

structure, where the electric field is more intense as compared
to the area between embossments. As a result, electrospun
scaffolds with anisotropically and heterogeneously aligned
patterns containing multiple structural features were success-
fully fabricated, and the mechanical test results demonstrated
that the electrospun scaffolds with anisotropically aligned
patterns can furthest imitate the multidirectional mechanical
behaviors of native vessels, as the tensile strengths and elastic
moduli in both longitudinal and radial directions of the
scaffolds could be efficiently controlled by controlling well-
defined fibrous patterns. Wang et al. have demonstrated that
the orientation of nanofibers largely affected the mechanical
behaviors of electrospun scaffolds as when the fiber orientation

increased, the nanofibrous scaffolds showed a significantly
increased tensile strength along the fiber direction, and the
tensile strength of parallel nanofibers along the fiber direction
was ag‘proximately 3 times that of the randomly arranged
fibers.” Consistent with the previous studies, similar tensile
strength differentials between the nonwoven and single
directionally aligned scaffolds in the present work are observed.
However, unlike the previous studies, we took a further
investigation on the tensile strengths and elastic moduli of
electrospun scaffolds not only in the longitudinal direction but
also in the transverse direction. The results demonstrated that
the nonwoven scaffolds exhibited mechanical isotropy with
nearly identical tensile strengths and elastic moduli in both the
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Figure 8. Nuclei morphology of HUVECs cultured for 7 days on electrospun scaffolds with different aligned patterns: (A) nonwoven; (B) single
directionally aligned pattern; (C1—E1) aligned nanofibers between the embossments in the anisotropically aligned pattern, which possess the
interval distances of 300, 800, and 1500 ym, respectively. (C1’—E1’) show the nuclei morphology of HUVECs cultured in the same regions (higher
magnifications); correspondingly, (C2—E2) (low magnification) and (C2'—E2’) (high magnification) are the images of nuclei of HUVECs cultured
on the embossments in the anisotropically aligned pattern (scale bar = 50 ym).

L and the T directions, which is mainly due to the uniform
distribution of fibers in each direction. Meanwhile, the single
directionally aligned scaffolds possess significant high tensile
strengths and elastic moduli in the direction of nanofiber
alignment as a result of the good alignments of nanofibers along
this direction. However, low tensile strengths and elastic moduli
in the perpendicular direction to the fiber alignment direction
was observed, which could be attributed to the weak
connection between the neighboring parallel fibers. In contrast,
for the scaffolds obtained in the present work with anisotropi-
cally aligned pattern, the aligned nanofiber suspended between
the embossments is able to withstand the force along the L
direction. In addition, the emergence of compact cylindrical-like
structure can disperse the stress from the T direction, resulting
in an improved tensile strength and elastic modulus in that
direction, which is quite different from those of the nonwoven
or single directionally aligned electrospun scaffolds. Further-
more, our method also provides an effective way to control the
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tensile strengths and elastic modulus in the two directions by
adjusting the distance of intervals between two embossments,
which is very important to meet the requirements of vascular
scaffolds with varied mechanical strength for specific clinical
applications. Holzapfel et al. have reported that the ultimate
tensile stresses of adventitia in human coronary arteries were
1300 and 1430 kPa in the longitudinal and circumferential
orientations, respectively.”> Ozolanta et al. have also reported
that the elastic moduli of coronary arteries of males were in the
rage of 1.06—4.11 MPa.*® In our work, the longitudinal tensile
strengths of the anisotropically aligned patterned electrospun
scaffolds are in the range of 0.911—1.746 MPa and the
transverse ones are between 0.536—1.463 MPa, while the
corresponding elastic moduli are 1.008—5.27 and 1.54—3.188
MPa, respectively, which are in the ranges of those of the native
tissues.

Besides the controlled mechanical properties, the structural
effects of the electrospun scaffolds on cell behavior should not
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Figure 9. Expressions of angiogenesis-related genes in HUVECs after being cultured for 7 days on electrospun scaffolds with different aligned
patterns: (1) nonwoven; (2) single directionally aligned pattern; (3—S5) anisotropically aligned patterns with distances of intervals of 300, 800, and
1500 pm, respectively. The corresponding gene expression in HUVECs shown in each panel is (A) VEGF, (B) KDR, (C) eNOS, and (D) VE-

Cadherin, respectively (* represents p < 0.0S, and ** represents p < 0.01).

be neglected. Various studies have demonstrated that the fiber
orientation of electrospun scaffolds had a significant impact on
directing the alignment and elongation of endothelial cells
(ECs), which could be regarded as the phenomenon of contact
guidance.'”” Whited et al. took a further investigation on the
structural protein organization of ECs on an aligned PCL
electrospun scaffold, and the results showed that endothelium
cells on aligned electrospun scaffolds displayed thick F-actin
bundles parallel to the direction of fiber alignment and strong
VE-cadherin expression at cell—cell junctions.”” All of those
studies have proved that the microstructures of scaffolds play
vital roles in influencing the ECs behaviors, which is of great
importance to construct tissue engineered blood vessels.

Sun et al. have already demonstrated that the cell attachment
and migration would be greatly influenced by the diameter of
electrospun fibers.”® In this work, our aim is to investigate the
effect of the fibrous patterns on cells, so attention has been paid
to fabricating electrospun nanofibers with similar diameters for
all samples by controlling the experimental conditions to
eliminate the effect of the fiber diameters. Our results showed
that the well-designed scaffolds with anisotropically and
heterogeneously aligned patterns could significantly promote
ECs adhesion at the early stage and proliferation during the
culture period. Meanwhile, the traditional nonwoven or single
directionally aligned scaffolds possess a relatively lower cell
proliferation, which is mainly due to the tightly packed sheet-
like shapes with uncontrollable microstructures.”” In addition,
WCAs measurement results revealed that the scaffolds with
anisotropically aligned patterns showed higher hydrophilicity as
compared to the nonwoven or single directionally aligned
nanofibers, which is mainly due to the altered nanofiber density
distribution on the surfaces of patterned scaffolds.*®* The
aligned nanofibers suspended between embossments have a
much lower fiber density and present low hydrophobicity,

which can significantly improve cell adhesion at the early stage.
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Furthermore, the suspended aligned nanofiber bundles in this
region construct a loose 3D structural microenvironment,
which may be beneficial to supply oxygen and nutrient to cells
and finally induce a relatively high proliferation and good cell
viability.

Moreover, another important finding in our study is that the
micropatterned scaffolds could significantly promote the
angiogenic differentiation of HUVECs. When HUVECs were
cultured on scaffolds with different structures, the cells aligned
and organized within the micropatterned constructs of
underlying scaffolds. Meanwhile, the cell shape varied and
associated with cell cytoskeleton and nuclei remodeling as a
result of the morphological restriction by micropatterns. It has
been widely reported that the remodeling of cell cytoskeleton
and nuclei plays a significant role in the regulation of cellular
differentiation, as the coupling cytoskeletal/nuclear alterations
could modulate the chromosomal architecture and dynamic
positioning in the nuclear space, which will regulate the
subse(;fuent accession of transcription factors to their target
genes. L

To further elucidate how the micropatterns affect the shapes
and angiogenesis-related gene expression of cells, quantitative
analysis of the body elongation of HUVECs in different local
regions with special microstructures in scaffolds was conducted.
As the lower shape index means higher elongation of cell
bodies,”® our results suggest that the cell elongation in the
regions with suspended aligned nanofibers between the
embossments of patterned scaffolds is more distinct than that
in other regions. As compared to the regions of single
directionally aligned structure in tightly packed 2D sheet-like
scaffolds, the regions with suspended aligned fibers between
embossments have a lower fiber density and exhibit a loose 3D
nanofibrous microenvironment. Therefore, the cells in these
regions may catch fewer fibers in the transverse direction than
that for cells in the regions with single aligned structures, so the
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directional effect of aligned structures is much stronger for the
cells in regions with suspended aligned fibers between
embossments, which will result in more obvious elongation
of cell body along the fiber direction,™ as schematically
illustrated in Figure 10B and C. In addition, it is noticed that

Figure 10. Schematic mechanism illustration of the cell morphologies
on electrospun membranes with different aligned pattern: (A)
nonwoven; (B) single directionally aligned pattern; (C) anisotropically
aligned patterns (top view); and (D) anisotropically aligned patterns
(front view).

the cells seeded on the embossments of the patterned scaffolds
possess a relatively higher degree of elongation than that in
regions with nonwoven structures. The possible explanation is
that, as the electric force acting on the fibers is directed
preferentially toward the highest points of the convex
embossments, the fibers deposited on the embossments with
a gradient variation of fiber density and the highest points of
embossments possess the maximum fiber density.** Therefore,
the embossments possess a relatively uneven surface as
compared to the regions with nonwoven structures. Cells
cultured in these regions are affected by the surface with a
gradient density, resulting in the cellular polarization to a
certain degree (Figure 10D) as compared to cells in regions
with nonwoven structures (Figure 10A).*

The mean cell body shape index is a parameter reflecting the
degree of cell polarization on a whole scaffold.*” Notably, the
cells on the scaffolds with anisotropically aligned structures
present a significantly higher degree of cell polarization than
those on the nonwoven scaffolds, and the interval distance in
micropatterns seems to have an obvious effect on the body
shape index of HUVEC:s. Interestingly, the quantitative analysis
of mean cell shape index is well correlated with the expression
of angiogenesis related genes of HUVECs. The HUVECs on
the scaffolds with lower shape index lead to a higher level of
gene expression. Lei et al. have also demonstrated that the ECs
with larger elongation on the narrower stripes of patterned
substrates resulted in the formation of the central lumen of
tubular structures as compared to those with smaller elongation
on the wider stripes.21 Consistent with their studies, the
patterned scaffolds with the longest distance of interval (1500
um), which have the lowest mean cell shape index and largest

cellular shape change among all scaffolds, showed the highest
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stimulatory effects on angiogenesis-related gene expression of
HUVECs.

Overall, our results suggest that the microstructures of
electrospun scaffolds could change the cell body shape index
and further regulate angiogenic differentiation of HUVECs for
potential vascular tissue engineering application. However, we
need to bear in mind in designing scaffolds that mechanical
strength is another factor that determines the overall properties
of the scaffolds, and we have found that the radial tensile
strength of patterned scaffolds decreased with increase of the
distance of interval, and the radial tensile strength of patterned
scaffold is 0.54 MPa when the interval distance is 1500 pm,
which is lower than that of most of the natural vascular
tissue.***” Therefore, a balance between the mechanical
strength and biological activity of the scaffold needs to be
considered, and 1500 ym distance of interval might be the
uplimit for patterned scaffolds.

5. CONCLUSIONS

In this work, 3D electrospun scaffolds with anisotropically and
heterogeneously aligned patterns were successfully fabricated
by an innovative approach using unique wire spring templates.
Such well-designed patterned microstructures could not only
effectively control the tensile strengths and elastic modulis of
scaffolds in both longitudinal and radial directions, but also
stimulate proliferation of HUVECs in the scaffolds. Most
importantly, cells experienced a large shape change associated
with cell cytoskeleton and nuclei remodeling, leading to a
stimulatory effect on angiogenesis differentiation of HUVECs
by the patterned microstructures of electrospun scaffolds, and
the scaffolds with larger distances of intervals showed a higher
stimulatory effect. Our results suggest that electrospun scaffolds
with the anisotropically and heterogeneously aligned patterns,
which could efficiently control the mechanical properties and
bioactivities of the scaffolds, might have great potential in
vascular tissue engineering application.
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