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Abstract
Introduction—Human induced pluripotent stem cells (iPSCs)
are a promising source of endothelial cells (iPSC-ECs) for
engineering three-dimensional (3D) vascularized cardiac
tissues. To mimic cardiac microvasculature, in which capil-
laries are oriented in parallel, we hypothesized that endothe-
lial differentiation of iPSCs within topographically aligned
3D scaffolds would be a facile one-step approach to generate
iPSC-ECs as well as induce aligned vascular organization.
Methods—Human iPSCs underwent endothelial differentia-
tion within electrospun 3D polycaprolactone (PCL) scaffolds
having either randomly oriented or parallel-aligned micro-
fibers. Using gene, protein, and endothelial functional assays,
endothelial differentiation was compared between conven-

tional two-dimensional (2D) films and 3D scaffolds having
either randomly oriented or aligned microfibers. Further-
more, the role of parallel-aligned microfiber patterning on
the organization of vessel-like networks was assessed.
Results—The cells in both the randomly oriented and aligned
3D scaffolds demonstrated an 11-fold upregulation in gene
expression of the endothelial phenotypic marker, CD31,
compared to cells on 2D films. This upregulation corre-
sponded to >3-fold increase in CD31 protein expression in
3D scaffolds, compared to 2D films. Concomitantly, other
endothelial phenotypic markers including CD144 and
endothelial nitric oxide synthase also showed significant
transcriptional upregulation in 3D scaffolds by >7-fold,
compared to 2D films. Nitric oxide production, which is
characteristic of endothelial function, was produced 4-fold
more abundantly in 3D scaffolds, compared to on 2D PCL
films. Within aligned scaffolds, the iPSC-ECs displayed
parallel-aligned vascular-like networks with 70% longer
branch length, compared to cells in randomly oriented
scaffolds, suggesting that fiber topography modulates vascu-
lar network-like formation and patterning.
Conclusion—Together, these results demonstrate that a 3D
scaffold structure promotes endothelial differentiation, com-
pared to 2D substrates, and that aligned topographical
patterning induces anisotropic vascular network-like organi-
zation.
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INTRODUCTION

Three-dimensional (3D) engineered tissues are a
promising solution to the shortage of donor myo-
cardium for transplantation. With the advent of
human induced pluripotent stem cell (iPSC) technol-
ogy,50 the ability to derive patient-specific cardiovas-
cular lineages for tissue engineering is no longer a
limitation. However, a major remaining roadblock to
engineering scalable 3D myocardial tissue constructs is
the lack of effective strategies to transport nutrients to
cells.30 Physiologically, cells reside within 100–200 lm
from blood vessels in order to survive, due to the dif-
fusion limit of oxygen through biological tissues.27

Moreover, the microvascular architecture of the myo-
cardium is well-organized and anisotropic, in which
capillaries lined by vascular endothelial cells (ECs) are
oriented in parallel along the direction of the muscle
fibers.19 Accordingly, the ability to derive ECs from
human iPSCs and organize them into ordered vascular
networks is important for developing vascularized
engineered cardiac tissues.

Stem cell specification and tissue morphogenesis are
largely dependent on spatiotemporally coordinated
signaling mechanisms16,25 and architectural organiza-
tion.15 Cells use mechanosensitive mechanisms to sense
their surroundings, and are often highly influenced
developmentally and functionally by their extracellular
microenvironment.13 Since vascular patterning during
embryonic development takes place within a 3D envi-
ronment, 3D scaffolds may confer more physiologi-
cally relevant spatial cues to ECs, compared to
conventional 2D substrates.34 Moreover, since topo-
graphical cues from scaffolds have been shown to
modulate the orientation, organization and fate com-
mitment of cells,14 their strategic incorporation into
scaffold design can serve as an additional modulator of
cellular organization. However, the effect of 3D scaf-
fold structure and aligned topographical patterning on
endothelial differentiation and organization is largely
unknown. Aside from what has been previously shown
of endothelial differentiation within 3D fibrin hydro-
gels,57 very little is known of how 3D scaffolds and/or
aligned topographical cues influence this process.

A common strategy to create 3D vascularized
engineered tissues is to differentiate human iPSCs into
iPSC-derived ECs (iPSC-ECs) on a 2D platform using
soluble factors, followed by embedding the cells into
3D scaffolds to induce vascular network organiza-

tion.33,58 We hypothesized that endothelial differenti-
ation directly within topographically aligned 3D
scaffolds may be a facile one-step approach to generate
iPSC-ECs with aligned network-like organization that
mimics myocardial microvasculature.

Here, we investigated the endothelial differentiation
process and vascular network-like formation of iPSC-
ECs in topographically parallel-aligned 3D microfi-
brous scaffolds. We demonstrate that both randomly
oriented and aligned 3D scaffolds promote more
endothelial differentiation, compared to 2D films.
However, aligned 3D scaffolds direct the formation of
parallel-oriented vascular network-like structures,
producing significantly longer branches than that on
randomly oriented scaffolds. These findings have
important implications in engineering cardiac tissues
with ordered microvasculature.

MATERIALS AND METHODS

Polymer Preparation and Electrospinning

3D porous microfibrous scaffolds with either ran-
domly oriented or parallel-aligned fiber orientation
were fabricated by electrospinning of polycaprolactone
(PCL) scaffolds (Suppl Fig. 1). Polyethylene oxide
(PEO) was concurrently electrospun with PCL as a
sacrificial polymer to further increase the porosity of
the scaffolds. To prepare 3D scaffolds of random fiber
orientation by electrospinning, a 30% solution of PCL
(Sigma Aldrich, Mn 80,000) was dissolved in chloro-
form and loaded into a syringe pump (New Era Pump
Systems Inc.). PEO (18%, Sigma Aldrich, Mv 100,000)
was dissolved in chloroform and loaded into a separate
syringe. PCL and PEO were simultaneously electro-
spun from separate spinnerets at 2.5 mL/h using a
commercial electrospinner (Nanospinner 24-XP, In-
ovenso Ltd.) at a voltage of 30.0 kV, mandrel speed of
200 RPM, and a distance from spinneret to mandrel of
100 mm (Fig. 1a). After electrospinning, the scaffold
sheet was dessicated for 24 h. The 3D scaffold of
aligned fiber orientation was generated from 3D ran-
dom scaffolds by heat-based mechanical stretching.24

Briefly, scaffolds strips (0.5 9 1 9 0.04 inches) were
stretched uniaxially to 300% of original length using a
1 kg weight for 1 h at 55 �C. After fabrication of both
random and aligned fiber scaffold strips, circular
scaffold discs were cut using a 6 mm biopsy punch
(Medex Supply), and then scaffold discs (6 mm in
scaffold diameter, 0.8 mm in thickness) were sub-
merged in ddH2O at 37 �C overnight, with agitation,
to remove the PEO. The following day, scaffold discs
were incubated in 70% ethanol with agitation at room
temperature for 2 h for disinfection. After ethanol
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disinfection, the scaffold discs were washed three times
in sterile ddH2O, and stored in sterile ddH2O until
ready for cell seeding. As a basis for comparison, 2D
PCL films were prepared by preparing a 1% (w/v)
solution in chloroform. The PCL solution was then
poured onto 18 mm round glass coverslips (Fisher
Scientific) and allowed to cure for 24 h prior to ethanol
disinfection and cell seeding.

Cell Culture and Endothelial Differentiation

The human iPSC line (obtained from Dr. Joshua
Knowles, MD, PhD) was generated from reprogram-
ming of healthy human adult peripheral blood
mononuclear cells using Sendai virus-mediated trans-
duction of Sox2, Oct3/4, KLF4, and c-myc.7 The
iPSCs were expanded on tissue culture polystyrene
(TCPS) dishes coated with geltrex (Sigma) in Essential

8 medium (Gibco). Endothelial differentiation was
carried out using a protocol modified from Patsch
et al.45 The iPSCs were seeded into randomly oriented
or aligned scaffolds at 250,000 cells/cm2 in Essential 8
medium. After 6 h, during which cells have attached to
the scaffolds, endothelial differentiation was initiated
using a differentiation media composed of Dulbecco’s
Modified Eagle Medium: Nutrient Mixture F-12
(DMEM/F12, Gibco), supplemented with 1X B27
(Gibco), 1X N27 (Gibco), 5 lM Wnt agonist CHIR-
99021 (Selleckchem) and 25 ng/mL bone morpho-
genetic protein-4 (BMP-4, Peprotech). The cells were
maintained in this media formulation for 3 days, after
which the media was replaced with StemPro-34 media
(Gibco), supplemented with 50 ng/mL vascular
endothelial growth factor-A (VEGF-A,Peprotech) and
5 lM forskolin (LC Labs). Cells were then cultured in
this media for 2 days, and subsequently prepared for

FIGURE 1. Fabrication and characterization of electrospun 3D PCL scaffolds. (a) Schematic of concurrent electrospinning of PCL
and PEO; (b) Macroscopic view of 3D scaffold; (c–d) SEM images of randomly oriented (c) and aligned (d) scaffold structure; (e)
Quantification of average microfiber diameter (n = 3); (f) Quantification of average pore size (n = 3). Scale bar: 1 mm (b); 50 lm (c–
d).
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analysis. As controls for 3D scaffolds, iPSCs were
seeded onto 2D PCL films at a seeding density of
50,000 cells/cm2 and differentiated using the same
method as that of 3D scaffolds.

Immunofluorescence Staining of Endothelial
Differentiation

Immunofluorescence staining was performed to as-
sess endothelial differentiation based on the expression
of the phenotypic marker, CD31, using established
procedures.22,44 In brief, at 1, 3, and 5 days of differ-
entiation, the cells were fixed in 4% paraformaldehyde
(Electron Microscopy Sciences), permeabilized in 0.1%
Triton X-100 (Sigma-Aldrich), and then blocked with
5% normal goat serum (Cell Signaling Technology).
The samples were then incubated with primary anti-
bodies mouse anti-human CD31 (Dako), sheep anti-
human CD31 antibody (R&D Systems) or mouse anti-
human paxillin (BD Transduction). Afterwards, the
cells were washed in phosphate buffered saline (PBS)
before the application of AlexaFluor 488- or Alexa-
Fluor 594-conjugated secondary antibodies (Thermo
Fisher Scientific) for 2 h. Next, the samples were wa-
shed in PBS, and total nuclei were counterstained using
either Hoechst 33342 or TO-PRO-3 (Thermo Fisher
Scientific) nuclear dyes. Samples were then stored at
4 �C protected from light until ready for imaging using
a laser scanning confocal microscope (LSM 710,
Zeiss). Confocal 3D z-stacks were acquired with a z-
stack thickness of 300–400 lm. Using ImageJ (version
1.48, NIH), confocal microscopy depicting maximum
projections were generated from the z-stacks. Each
maximum projection image depicting CD31 was con-
verted to grayscale, and the mean gray value was
computed using ImageJ. In the corresponding image
stained using TO-PRO-3 for nuclei, total nuclei were
counted using the particle counting tool. Measure-
ments of CD31 mean intensity were extracted and then
normalized by total cell nuclei. For each treatment
group at each time point, three independent samples
were assessed.

Analysis of Cell Penetration Depth

After 5 days of differentiation within the 3D scaf-
folds, the depth of cell penetration was analyzed his-
tologically. The scaffold samples containing cells were
embedded in optimal cutting temperature compound
(OCT, Sakura Finetek) and then cryosectioned trans-
versely at 50 lm thickness and then mounted onto
glass slides. The cell nuclei within the sections were
counterstained with TO-PRO-3. The mounted sections
were subsequently imaged with a confocal microscope.
The depth of cellular infiltration into the scaffold was

quantified using ImageJ using the line measurement
tool. For each treatment group, five sections per
sample were analyzed, and the data was averaged
among three independent samples.

Morphological Assessment of Differentiated iPSC-ECs
Seeded in 3D Scaffolds

To better visualize the morphology of iPSC-ECs
within 3D randomly oriented or aligned scaffolds,
iPSC-ECs were generated using a high efficiency dif-
ferentiation protocol modified from previous litera-
ture38,54 and then seeded onto the 3D scaffolds. In
brief, iPSCs cultured on tissue culture dishes were
incubated with CHIR-99021 (5 lM), BMP-4 (25 ng/
mL), B27 supplement, and N2 supplement. After
3 days, the cells were dissociated with HyQtase (Fisher
Scientific) and plated back onto tissue culture dishes
(3.3 9 104 cells/cm2) in StemPro-34 media (Gibco),
containing forskolin (5 lM), VEGF-A (50 ng/mL),
and polyvinyl alcohol (2 mg/mL, Sigma). After 7 days,
the cells were washed twice with PBS, and cultured in
endothelial growth media (EGM-2MV, Lonza) sup-
plemented with additional VEGF (100 ng/mL) for 7
more days. The differentiated iPSC-ECs were then
seeded into randomly oriented or aligned scaffolds for
2 days before fixation in 4% paraformaldehyde and
immunofluorescence staining for CD31 (Dako) as de-
scribed above.

Scanning Electron Microscopy (SEM)

For variable pressure SEM (VP-SEM) analysis,
samples were fixed for 24 h with 4% paraformalde-
hyde and 2% glutaraldehyde in 0.1 M sodium
cacodylate (pH 7.2), rinsed in the same buffer and
post-fixed for 1 h with 1% aqueous OsO4 to enhance
contrast of cellular material. Samples were mounted
fully hydrated onto 10 mm cup-shaped stubs custom-
fitted for the Deben cold-stage (Deben Ltd, Suffolk),
and temperature was gradually decreased during
evacuation. VP-SEM was carried out with a Hitachi S-
3400 N VP-SEM (Hitachi High Technologies) oper-
ated at 15 kV and 50–60 Pa, using Backscattered
Electron detection and cold-stage (�25 �C) control of
hydration.

Field emission SEM (FESEM) analysis was carried
out according to previous methods.44 In brief, samples
were fixed with 4% paraformaldehyde and 2% glu-
taraldehyde in 0.1 M sodium cacodylate buffer (pH
7.2), and post-fixed with 1% aqueous OsO4, followed
by dehydration in an ascending ethanol series. Samples
were then critical point dried with liquid CO2 in a
Tousimis Autosamdri-815B apparatus (Tousimis),
mounted onto double-sided copper tape on 15 mm
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aluminum stubs (Electron Microscopy Sciences), and
sputter-coated with 50 Å of gold–palladium using a
Denton Desk II Sputter Coater (Denton Vacuum).
Visualization was performed with a Zeiss Sigma
FESEM (Carl Zeiss Microscopy) operated at 2–5 kV
using a combination of InLens and SE2 (Everhart–
Thornley) secondary electron detectors. Images were
captured in TIFF using store resolution 2048 9 1536
pixels and a line averaging noise reduction algorithm.

Scaffold attributes were quantified using ImageJ.
The line measurement tool was used to measure fiber
diameter, with a minimum of ten measurements made
per SEM image, with a total of ten images per sample.
Pore sizes were quantified by thresholding using a
high-pass filter to detect the void spaces between fibrils.
For each treatment group, three independent samples
per treatment group were assessed.

Reflectance Microscopy Imaging of Scaffold
Topography

Complementary to SEM imaging, reflectance mi-
croscopy was employed to visualize scaffold structure
using a laser scanning confocal microscope (LSM 710,
Zeiss). Two-dimensional Fast Fourier Transform (2D
FFT) analysis was performed using an ImageJ plugin
to generate frequency plots and alignment histograms
that depict fiber orientation (n = 3).3

Quantitative Polymerase Chain Reaction

Gene expression analysis was conducted using RT-
PCR of cDNA synthesized from purified RNA. The
GeneJET RNA purification kit (Thermo-Fisher Sci-
entific) was used to isolate and purify total RNA,
according to the manufacturer’s instructions. The
concentration of total RNA was measured using a
UV–Vis Spectrophotometer (NanoDrop 2000, Thermo
Scientific), and cDNA was synthesized from total
RNA using the SuperScript II First-Strand cDNA
Synthesis kit (Thermo Fisher Scientific) following the
manufacturer’s instructions and synthesized in a
compact thermal cycler (T100 Thermal Cycler, Bio-
Rad). Real time PCR was carried out using Taqman
primers (Thermo Fisher Scientific) for CD31, CD144,
VEGF-A, von Willebrand factor (vWF), endothelial
nitric oxide synthase (eNOS), and GAPDH using a
7300 Real-Time PCR System (Applied Biosystems)
with the following thermal profile: 50 �C for 2 min,
95 �C for 10 min, 40 cycles of 95 �C for 15 s/cycle, and
then 60 �C for 1 min. The data were quantified by the
DDCt method,40 normalized to GAPDH housekeeping
gene, and then expressed as relative fold changes
(n = 3).

Nitric Oxide Assay and Quantification

Endothelial cell function was assessed via quantifi-
cation of nitric oxide production using the fluorescent
probe, 4-amino-5-methylamino-2¢,7¢-difluorofluores-
cein (DAF-FM) diacetate (Thermo Fisher Scientific).32

Samples were incubated with 5 lM solution of DAF-
FM in DMSO for 40 min at 37 �C and then washed in
PBS to remove excess probe. After an additional
30 min of incubation in EGM-2MV endothelial
growth medium (Lonza) to allow for complete de-es-
terification of intracellular diacetates, the living cells
were then imaged using a confocal microscope (Zeiss
LSM710). 3D z-stacks were acquired, with a z-stack
thickness of 300–400 lm, and a 1 lm optical section
thickness. DAF-FM intensity was captured and
quantified using ImageJ by thresholding image stacks
based on hue, saturation and pixel value. The mea-
surement of DAF-FM integrated density was ex-
tracted, and the values were normalized by total cell
number based on Hoechst staining. For each sample, 5
images at 109 magnification were analyzed (n = 3).

Analysis of Vascular Network-Like Formation

Vascular network organization metrics were
obtained using Imaris 8.3 (Bitplane) equipped with the
Filament Tracer tool. Using whole z-stack confocal
microscopy images, filament objects were added and
segmented using the ‘‘autopath no loops’’ algorithm
setting. The average filament length and number of
branch points were quantified from image stacks of
CD31 expression as measures of vascular branch
length and complexity (n = 5).

Statistical Analysis

All data are expressed as mean ± standard devia-
tion. Statistical analysis was performed by the Stu-
dent’s t test for comparison of two groups or one-way
analysis of variance (ANOVA) with Holm’s adjust-
ment for multiple comparisons. For comparison of the
same treatment group at three time points, a repeated
measures ANOVA with Holm’s adjustment was per-
formed. Statistical significance was accepted at
p< 0.05.

RESULTS

Characterization of 3D Microfibrous Scaffold

The randomly oriented fibrous polymer scaffolds
were fabricated by co-electrospinning of the PCL
structural polymer with PEO sacrificial polymer
(Fig. 1a). To generate parallel-aligned fibrous scaf-
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folds, the resultant scaffolds were further mechanically
stretched uniaxially by 300% of original length. After
thorough removal of PEO, the remaining PCL scaffold
was approximately 800 lm in thickness (Fig. 1b). The
scaffolds were imaged using VP-SEM to capture the
geometrical architecture of scaffolds in the wet state.
Quantitative characterization of PCL scaffolds by VP-
SEM imaging revealed a mean fiber diameter of
9.2 ± 0.7 lm on the randomly oriented scaffolds
(Figs. 1c and 1e). Mechanical stretching to create
aligned fibrous scaffolds resulted in a mean fiber
diameter of 7.6 ± 0.3 lm (Figs. 1d and 1e), which was
not significantly different from the mean fiber diameter
of randomly oriented scaffolds. In addition, the aver-
age pore area between the randomly oriented and
aligned fiber configurations was similar (randomly
oriented scaffold 338 ± 39 lm2, aligned scaffold:
356 ± 32 lm2, Fig. 1f). The randomly oriented and
aligned scaffold configurations were used for all sub-
sequent assays to compare the effect of three-dimen-
sionality and fiber topography on endothelial
differentiation and vascular network-like formation.

To quantify the degree of parallel fiber alignment
(anisotropy), we performed 2D FFT analysis using the
reflectance microscopy images to generate frequency
plots and alignment histograms (Fig. 2). A frequency
plot (Figs. 2b and 2d insets) is composed of grayscale

pixels distributed about the center. For images that
lack parallel fiber alignment, the frequency plot con-
sists of white pixels distributed symmetrically about
the center, in which pixels close to the center represent
pixels in the source reflectance microscopy image that
do not vary notably in intensity with adjacent pixels in
the image.3 In contrast, for images that contain parallel
fiber alignment, the frequency plot contains pixels
distant from the center and concentrated along the axis
of anisotropy.3 In comparing the frequency plots
between aligned and randomly oriented scaffolds, the
aligned scaffold showed distinctive characteristics of
anisotropy based on the pattern of white pixels along
the axis of fiber alignment (Fig. 2d inset), whereas the
randomly oriented scaffold showed characteristics of
isotropy in which the white pixels were generally dis-
tributed about the center (Fig. 2b inset).

The frequency plots were also displayed quantita-
tively as frequency alignment histograms that depict
the principal angle of orientation within 360� of space
(Figs. 2b and 2d). In brief, the frequency alignment
histogram depicts pixel intensities summed along the
radius for each angle of circular projection (0–360�).3

Notably, images showing parallel fiber alignment have
histograms with preferential arrayed pixels along the
axis of fiber orientation, producing a prominent peak
within the 0–180� followed by a second peak 180� later

FIGURE 2. Characterization of 3D scaffolds using 2D Fast Fourier Transform (FFT) analysis. (a–b) Representative reflectance
microscopy image of randomly oriented scaffold (a) and corresponding alignment histogram (b); (c–d) Representative reflectance
microscopy image of an aligned scaffold (c) and corresponding alignment histogram (d). Insets in B and D depict frequency plots.
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due to symmetry. As shown in Figs. 2b and 2d, the
aligned scaffold was characterized by two distinctive
peaks, whereas the randomly oriented scaffold was not
characterized by any distinctive peaks. These results
show that the aligned microfibrous scaffolds were
similar to the randomly oriented 3D scaffolds in fiber
diameter and pore size, with the notable difference of
parallel-aligned fiber organization.

Cell Viability in 3D Scaffolds

The biocompatibility of PCL scaffolds and their
ability to support cellular viability were assessed using
vital fluorescent dyes. After 5 days of differentiation,
the majority of the cells in both the randomly oriented
and aligned fibrous scaffolds showed similar levels of
viability that were not significantly different from that
on 2D PCL films or TCPS (2D TCPS: 96 ± 3%; 2D-
PCL: 96 ± 3%; 3D-random oriented scaffold:
93 ± 5%; and 3D aligned scaffold: 91 ± 8%,
(Figs. 3a–3e). These results demonstrated high viabil-
ity of cells cultured in all PCL conditions and com-
parable viability to conventional TCPS. Therefore,
there did not appear to be cytotoxic effects associated
with PCL scaffolds in 2D or 3D configurations.

Depth of Cell Penetration into 3D Scaffolds

In order to determine the penetration depth of dif-
ferentiating iPSCs, the cell-seeded aligned or randomly
oriented scaffolds were cryosectioned transversely, and
then stained with TO-PRO-3 nuclear dye for fluores-
cence visualization of cells. Cryosections were fluores-
cently visualized using a laser scanning confocal
microscope. In both randomly oriented and aligned 3D
PCL scaffolds, the cells were able to infiltrate nearly
through the entire depth of the scaffolds after 5 days of
culture in endothelial differentiation media (Figs. 4a
and 4b). The average depth of penetration for ran-
domly oriented scaffolds was 770 ± 14 lm, corre-
sponding to 683 ± 18 lm for aligned scaffolds
(Fig. 4c). The total scaffold thickness was ~800 lm.
These results demonstrated that the geometrical
architecture of both random and aligned PCL scaf-
folds enabled deep cellular penetration.

Phenotypic and Functional Analysis of Endothelial
Differentiation

After confirmation of cellular viability and adequate
depth penetration of iPSCs in 3D microfibrous scaf-
folds, the capacity of iPSCs to undergo endothelial
differentiation was subsequently investigated. After
5 days of differentiation in either randomly oriented or
aligned fibrous scaffold configurations, as well as on

2D PCL film control samples, the cells were fixed and
immunofluorescently stained for the endothelial cell
adhesion marker, CD31. Confocal stacked images
were acquired using a laser scanning confocal micro-
scope, and the CD31 intensity was normalized to total
nuclei and then expressed relative to the 2D PCL
treatment group. The normalized relative intensity of
CD31 was significantly higher in the 3D scaffolds
(randomly oriented scaffold: 3.8 ± 0.6 fold higher;
aligned scaffold: 3.6 ± 0.7 fold higher), compared to
2D PCL films (p< 0.05) (Fig. 5a).This enhancement in
CD31 protein expression in 3D environments sug-
gested that, regardless of fiber topography, 3D porous
scaffolds induced more endothelial differentiation than
2D substrates. To explore the temporal response of
endothelial differentiation in 3D scaffolds, normalized
relative CD31 protein expression measured between 1
through 5 days of differentiation revealed the direct
relationship of increasing CD31 protein expression
with time (Suppl Fig. 2). However, there was no sig-
nificant difference in expression between the randomly
oriented scaffolds and aligned scaffolds.

To verify these results derived from protein
expression, we further compared the gene expression of
endothelial phenotypic markers for cells that were
differentiated on either 2D films or the 3D scaffolds for
5 days (Fig. 5b). In agreement with the CD31 protein
expression results, the qPCR analysis demonstrated
that gene expression of CD31 was significantly upreg-
ulated when differentiated within 3D scaffolds (ran-
domly oriented scaffold: 11.6 ± 1.3 fold change;
aligned scaffold: 11.0 ± 0.98 fold change), than when
compared to 2D films (p< 0.05). Similarly, CD144/
VE-cadherin, an endothelial specific adhesion molecule
located at junctions between ECs, was also signifi-
cantly increased by >7-fold in 3D scaffolds (p< 0.05).
A similar induction of >8-fold in 3D scaffolds was
shown for von Wille brand Factor (vWF), a plasma
glycoprotein that mediates platelet adhesion to
endothelial cell surface. Since ECs are known to secrete
paracrine factors such as VEGF-A, we also assessed
the expression of this angiogenic growth factor and
showed a >15-fold upregulation of VEGF-A in 3D
scaffolds, compared to 2D films (p< 0.05). An addi-
tional gene we assessed was eNOS, an endothelial-
specific enzyme that catalyzes the production of nitric
oxide that confers vasorelaxation in blood vessels, and
eNOS was also significantly increased in 3D scaffolds
(p< 0.05) However, there was no significant difference
in gene expression between randomly oriented and
aligned fibrous scaffolds. These results suggested that
the 3D scaffolds promoted greater endothelial differ-
entiation, when compared to 2D substrates, regardless
of fiber topographical orientation.
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Since the ability to release nitric oxide is an
important characteristic of functional ECs, to further
corroborate the results derived from gene and protein
analysis, the functional capacity of iPSC-ECs to pro-
duce nitric oxide was quantified using DAF-FM, a

nitric oxide fluorescent probe. After normalization of
fluorescent signal to cell area, the DAF-FM signal
showed approximately a 4-fold increase in 3D ran-
domly oriented scaffolds and approximately a 3.6-fold
increase in 3D aligned scaffolds, compared to 2D films

FIGURE 3. Cell viability in 3D micofibrous scaffolds after 5 days of differentiation using Live/Dead cytotoxicity vital dyes. Rep-
resentative fluorescent images depicting viable (green) and dead (red) cells are shown in samples consisting of 2D tissue culture
polystyrene (TCPS) (a), 2D PCL (b), 3D randomly oriented scaffold (c), or 3D aligned scaffold (d). Depicted in the inset is the cellular
morphology after 5 days of differentiation as imaged by SEM (e). Quantification of cell viability (n = 3). Scale bar: 100 lm.
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(p< 0.05, Fig. 6). These results indicate that this
characteristic functionality of ECs is enhanced in three
dimensions, compared to two dimensions, although

there was no significant difference between randomly
oriented vs. aligned scaffolds.

Vascular Network-Like Organization

In the aligned fibrous scaffolds, the CD31-expressing
iPSC-ECs organized themselves into vascular network-
like structures that were oriented anisotropically along
the direction of the fibers (Figs. 5a and 7a, Supple-
mentary Video 1). In contrast, in the randomly oriented
scaffolds, the CD31-expressing iPSC-ECs were more
disorganized in their formation of vascular network-like
structures (Figs. 5a and 7a, Supplementary Video 2).

To further characterize the vascular network-like
formation, we analyzed the geometrical features by
recreating 3D configurations of the vascular structures
using Imaris software (Figs. 7a and 7b). From the 3D
images, we quantified the branch length and number of
nodes within the tube-like networks (Figs. 7c and 7d)
as indicators of vascular organization and complexity.
The branch length was significantly higher in the
aligned fibrous scaffolds (105.0 ± 16.2 lm), compared
to in the randomly oriented scaffolds (65.9 ± 24.1 lm)
and 2D PCL scaffolds (72.5 ± 22.6 lm), which was
consistent with longer and well-organized vascular-like
structures in the aligned scaffolds (p< 0.05). Con-
versely, the number of nodes was higher in the ran-
domly oriented scaffold (263.4 ± 72.9), compared to
the aligned fibrous scaffolds (129.8 ± 24.5) and 2D
PCL films (63.8 ± 18.9), which was consistent with the
aligned scaffolds producing parallel-aligned network-

FIGURE 4. Analysis of the depth of cellular penetration into 3D scaffolds. TO-PRO-3 (red) nuclear labeling of cells in transverse
sections of randomly oriented (a) or aligned scaffolds (b); (c) Quantification of penetration depth (n = 3). Top side refers to the air-
facing side of the scaffold. Corresponding microfibers are visualized using reflectance microscopy (white). Scale bar: 100 lm.

FIGURE 5. Quantification of endothelial differentiation after
5 days of differentiation. (a) Comparison of normalized rela-
tive CD31 intensity between 2D PCL and 3D randomly oriented
or aligned scaffolds (n = 3); (b) Normalized relative fold
change in gene expression for endothelial-related genes
(n = 3). * indicates p< 0.05 (n = 3).
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like structures with fewer intersecting branches
(p< 0.05). Together, these results demonstrated that
aligned fibrous scaffolds could organize the vascular
network-like structures anisotropically, whereas ran-
domly oriented scaffolds produced more disorganized
vascular network-like structures.

To better understand the mechanism by which
iPSC-ECs formed aligned network-like structures in
the aligned nanofibrillar scaffolds, we examined the
focal adhesions formed by the cells to the microfibers.
As shown in Figs. 8a and 8b, the CD31+ iPSC-ECs
showed abundant expression of paxillin, a focal
adhesion adapter protein that mediates cellular
attachment to extracellular matrix (ECM) proteins.56

In both the randomly oriented and aligned scaffolds,
the punctate assembly of paxillin was observed
throughout the iPSC-ECs, especially along the primary
axis of the elongated cell body.

To better visualize the morphology of iPSC-ECs in
the absence of other cell types, we seeded iPSC-ECs
directly into the randomly oriented or aligned
microfibrous scaffolds for 2 days and then visualized
the cellular morphology based on CD31 expression
(Figs. 8c and 8d). Owing to the autofluorescence of the
microfibers near 490 nm wavelength, the iPSC-ECs
could be visualized relative to the spatial geometries of
the microfibers. The aligned scaffolds appeared to
adopt an aligned organization by wrapping their cell
bodies along the anisotropically patterned microfibers,
resulting in an aligned organization of the cells
(Fig. 8d). On the randomly oriented scaffolds, how-
ever, the cells wrapped their cell bodies around the
randomly arranged microfibers, resulting in non-or-
ganized iPSC-ECs (Fig. 8c). These findings suggest
that the iPSC-ECs differentiated within 3D scaffolds
could sense the topographical cues of the scaffolds,

FIGURE 6. Nitric oxide production in 3D microfibrous scaffolds after 5 days of differentiation. (a–c) Representative confocal
images of nitric oxide fluorescent probe (green) are depicted in the 2D PCL film (a), 3D randomly oriented scaffold (b), and 3D
aligned scaffold (c); (d) Quantification of normalized fluorescence signal (n = 3). Total nuclei were labeled using Hoechst 33342
(blue). * Denotes statistically significant relationship, compared to 2D PCL group (p< 0.05). Scale bar = 100 lm.
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leading to global arrangement of the iPSC-ECs along
the direction of the aligned microfibers.

DISCUSSION

The progress and promise of tissue engineering to
produce patient-specific, functional and
implantable tissues and organs hinges on the ability to
safely and efficiently generate purified cell types of
interest, grow them in biocompatible materials that
mimic specific in vivo microenvironments, and ulti-
mately provide these cell-seeded engineered constructs

with functional vasculature. There are a variety of
biophysical and biochemical cues that contribute to
stem cell differentiation, and the identification of
specific microenvironmental cues that direct lineage
specification can facilitate this process. In this study,
we investigated the combined effect of three dimen-
sionality and topographical architecture on endothelial
differentiation and organization of iPSC-ECs into
aligned vascular-like networks. Our findings suggest
that aside from the presentation of defined soluble
factors in growth media, the 3D environment and
topography also contribute to enhanced endothelial

FIGURE 7. Vascular network-like formation in 3D microfibrous scaffolds. (a) 3D stacked confocal images of CD31 staining in 2D
PCL film, 3D randomly oriented scaffold, and 3D aligned scaffold. (b) Transformation of CD31 expression into skeletonized
filaments; (c–d) Quantification of branch length (c) and branch points (d). * indicates statistically significant relationship to 2D PCL
film, and # indicates statistically significant comparison between 3D groups. p< 0.05 (n = 5).
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differentiation efficiency and control of vascular net-
work-like formation. The salient findings from this
study are: (1) 3D porous scaffolds augment endothelial
differentiation, capacity (Figs. 5 and 6); and (2) ani-
sotropic topography enhances the branch length fre-
quency in the formation of vascular network-like
structures (Fig. 7).

It is well recognized from in vivo physiology that an
optimal balance of microenvironmental cues is
required to support proper tissue development and
function.28 To mimic vascular development in the
embryo, a number of endothelial differentiation pro-
tocols employ soluble growth factors and/or extracel-
lular matrix (ECM) proteins. Blancas et al. reported a
chemically defined protocol using growth factors,
including VEGF-A and BMP-4, along with ECMs

such as fibronectin.6 Wu et al. employed not only
soluble inducing factors of CHIR-99021and VEGF-A,
but also the anti-absorptive agent polyvinyl alcohol to
preferentially detach non-endothelial lineages, result-
ing in high yields of iPSC-ECs.54 Whereas high-effi-
ciency differentiation protocols such as that from Wu
et al.54 might mask the potential benefit of 3D scaf-
folds, in this study we employed a differentiation
protocol45 that, in our hands, yielded ~20% efficiency
of CD31+ iPSC-ECs in conventional tissue culture
dishes, and thereby allow for the possibility of
observing an enhancement in differentiation in 3D
scaffolds.

To date, there have been reports that 3D environ-
ments promote stem cell differentiation into ECs,57

cardiomyocytes,8 fibroblasts,47 smooth muscle
cells,39,53 and other lineages.9,31,41,46,52 Our finding that
3D biomaterials are potent modulators of endothelial
specification concurs with a study by Zhang et al. that
demonstrated a significant improvement of endothelial
differentiation in 3D fibrin (45% efficiency), compared
to 2D (10% efficiency) substrates.57 We believe that the
present study is the first report of endothelial differ-
entiation of iPSCs within 3D synthetic polymer scaf-
folds.

The mechanism by which 3D structure influences
cell fate specification is largely unknown, but is actively
investigated.4,34 Since cells exist in 3D environments
in vivo, they may respond differentially in vitro to 3D
environments, compared to 2D environments, in which
the degrees of freedom for motility and intercellular
communication are reduced. In the context of angio-
genesis, the sprouting of blood vessels is a phe-
nomenon that requires 3D microenvironments to
achieve higher orders of complexity.36 This complexity
is largely a result of distinctions in cell adhesion pat-
terns, tissue-specific mechanotransduction, and release
kinetics of paracrine factors.4 One comprehensive
genome-wide study comparing iPSC-ECs grown in 2D
or 3D substrates revealed that iPSC-ECs developed in
2D adopt a more proliferative phenotype characterized
by increased focal adhesion kinase (FAK)–extracellu-
lar signal-regulated kinase (ERK) activity, in which
inhibition of ERK signaling increased the expression
of vasculature development genes.58 Therefore, it is
possible that the difference in signal transduction
dynamics between integrins and cell adhesion kinases
in 2D vs. 3D contributes highly to endothelial differ-
entiation capacity and cellular organization.

Although prior studies have reported the impor-
tance of topographical cues for reprogramming effi-
ciency in 2D substrates,14,49 we show that anisotropy
of microfibrous 3D scaffolds not only enhanced
endothelial differentiation, compared to 2D substrates,
but also modulated the organization of the resulting

FIGURE 8. iPSC-EC morphology and focal adhesion
assembly in 3D microfibrous scaffolds. (a–b) Confocal mi-
croscopy images depict paxillin expression in iPSC-ECs
within 3D randomly oriented (a) or aligned (b) microfibrous
scaffolds. CD31 (red), paxillin (green), and nuclei (blue). Ar-
rows point to a representative CD31+ iPSC-EC. (c–d) Confocal
microscopy images of iPSC-ECs cultured within randomly
oriented or aligned scaffold depict elongated cellular mor-
phology and wrapping of cell bodies around microfibers. The
iPSC-ECs were visualized by CD31 (green) expression. The
microfibers were visualized by autofluorescence (blue) near
the 480 nm emission wavelength. Arrow denotes bulk micro-
fiber alignment direction. Scale bar: 100 lm.
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CD31+ iPSC-ECs. The vascular-like structures in the
aligned scaffolds were distinctively organized along the
direction of the microfibers, whereas in the randomly
oriented scaffolds the vascular network-like structures
were highly disorganized (Fig. 7). The aligned
microfibrous scaffolds provided biophysical cues that
enabled the iPSC-ECs to form focal adhesions and
wrap around the microfibers (Fig. 8). Our findings
concur with the literature that demonstrates the role of
aligned nano- or microfibers in modulating stem cell
differentiation and/or cellular organization. For
example, randomly oriented nanofibers induced sig-
nificantly higher differentiation of embryonic stem
cells (ESCs) into astrocytes than on aligned
nanofibers.55 However, the ESC-derived astrocytes
formed longer neurite outgrowth on aligned scaffolds,
when compared to randomly oriented scaffolds. An-
other group showed that embryoid bodies seeded onto
aligned scaffolds produced longer extensions and
neuron outgrowth along the axis of the nanofibers,
concomitant with upregulation of mature neural genes,
compared to cells cultured on randomly oriented
scaffolds.1

Although, the effects of aligned microfibrous 3D
scaffolds on endothelial differentiation is largely un-
known, we have previously demonstrated that aligned
nanofibers not only induce iPSC-EC alignment, but
also augment their survival and angiogenic function in
ischemic tissues.23,43 The mechanism by which scaffold
anisotropy modulates differentiation and cellular
reorganization is not well-understood, but likely
mediated by cell-ECM interactions. We previously
showed that aligned nanofibrous scaffolds significantly
upregulated the gene expression of integrin a1 subunit
in primary human ECs, when compared to randomly
oriented scaffolds Further work in this area will elu-
cidate the signaling pathways by which anisotropic
scaffolds modulate differentiation and cellular func-
tion.

Numerous technologies exist to fabricate aligned
scaffolds, including mechanical loading,48 microflu-
idics,35,37 magnetic fields,20 and electrospinning.21,24

The advantages of electrospinning over other tech-
niques include the ability to fabricate 3D scaffolds with
scalable size and tunable fiber diameters. We created
electrospun scaffolds composed of PCL owing to its
biocompatibility and controllable mechanical proper-
ties.11 Furthermore, concurrent electrospinning with
PEO as a sacrificial polymer further increased the
porosity of the resulting scaffold.29

To characterize the endothelial identity of the iPSC-
ECs generated within the 3D scaffolds, nitric oxide
production served as an important functional assess-
ment of endothelial identity.10,12 As a vasodilator and
anti-atherogenic molecule, nitric oxide is an important

gas that is released by ECs to maintain cardiovascular
homeostasis.17,42 For this reason, nitric oxide produc-
tion was selected as a functional assessment of
endothelial identity. A 3-fold increase in the produc-
tion of NO suggested a strong improvement in
endothelial function in 3D scaffolds, compared to 2D
films. However, to substantiate the significant increase
in VEGF-A gene expression, other functional assays
including proteomic analysis of secreted VEGF-A and
other growth factors is warranted.

Given the stark differences in cellular organization
on randomly oriented scaffolds compared to aligned
scaffolds, these two kinds of scaffolds may be beneficial
for different tissue engineering applications, depending
on the tissue type of interest. The aligned scaffolds may
be beneficial for engineering cardiac19 and skeletal
muscle,5 which consist of parallel-aligned blood vessels
interspersed among muscle fibers. In contrast, the
randomly oriented scaffold may be well-suited for
mimicking the disorganized vasculature of the der-
mis.51 Therefore, the topography of the scaffold should
be strongly considered in the development of engi-
neered tissues.

As with most in vitro culture systems, there are some
limitations in this study that warrant further investi-
gation. For example, basal and inducible permeability
is differentially regulated across the vascular tree based
on the EC phenotype and abundance of tight junc-
tions.2 Moreover, in response to cues from the
microenvironment, ECs from arteries and veins pre-
sent epigenetic, morphological and functional differ-
ences,2 including those that control cell motility and
thrombosis.18 Furthermore, the vascular network-like
structures in this study were not developed to the point
where they could support the perfusion of liquid
through them. Incorporation of a bioreactor system
may help sustain the survival of the cells to allow for
further vascular maturation.26 In addition, endothelial
progenitor cells also express CD31 and may be present
within the population of iPSC-ECs.38 Since the iPSC
differentiation often leads to a heterogeneous popula-
tion of differentiating cells, future studies to identify
the non-endothelial populations in the scaffolds are
warranted.

CONCLUSION

In summary, we demonstrated that 3D microfibrous
scaffolds enhanced the endothelial differentiation
capacity of human iPSCs, compared to 2D substrates.
Furthermore, parallel-aligned scaffolds induced spa-
tially aligned vascular network-like structures that
better mimic the organization of cardiac microvascu-
lature. These findings suggest that conventional 2D cell
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culture systems may be limited in achieving endothelial
differentiation and/or vessel-like structures that are
physiologically observed in 3D microenvironments.
Thus, these findings have important implications in the
design of vascularized engineered tissues, in which 3D
structure may enhance the differentiation efficiency of
stem cells.
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