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Abstract: Controlling the thickness of an electrospun nanofibrous scaffold by altering its pore 

size has been shown to regulate cell behaviors such as cell infiltration into a three-dimensional 

(3D) scaffold. This is of great importance when manufacturing tissue-engineering scaffolds 

using an electrospinning process. In this study, we report the development of a novel process 

whereby additional aluminum foil layers were applied to the accumulated electrospun fibers of 

an existing aluminum foil collector, effectively reducing the incidence of charge buildup. Using 

this process, we fabricated an electrospun scaffold with a large pore (pore size .40 µm) while 

simultaneously controlling the thickness. We demonstrate that the large pore size triggered rapid 

infiltration (160 µm in 4 hours of cell culture) of individual endothelial progenitor cells (EPCs) 

and rapid cell colonization after seeding EPC spheroids. We confirmed that the 3D, but not 

two-dimensional, scaffold structures regulated tubular structure formation by the EPCs. Thus, 

incorporation of stem cells into a highly porous 3D scaffold with tunable thickness has implica-

tions for the regeneration of vascularized thick tissues and cardiac patch development.

Keywords: electrospinning, nanofibrous scaffold, tunable thickness, vascularization, stem 

cell

Introduction
Recently, electrospinning has gained considerable attention in the field of tissue 

engineering.1–6 Biomimetic, nonwoven, nanofibrous scaffolds composed of large networks 

of interconnected fibers and pores may be fabricated via electrospinning.7 Electrospun 

nanofibrous scaffolds of synthetic and natural polymers, such as polycaprolactone 

(PCL) and gelatin,8 have been fabricated to regenerate organs or tissues, including bone,9 

cartilage,10 skin,11 neurons,12 and blood vessels.13 A major limitation of traditional electro-

spun fibers is their small pore size, which restricts cell growth to the surface of the scaffold 

without any cell infiltration. Seeded cells have been shown to migrate, proliferate, and 

colonize on the superficial layer of these scaffolds in a manner resembling two-dimensional 

(2D) cell sheets.7 Blakeney et al7 previously designed a collector with an open space to 

fabricate a cotton-ball-like electrospun scaffold (20 µm pore size), which was shown to 

support cell infiltration after 7 days of cell culture. A recent report describing modifica-

tions to the void space of the collector demonstrated progress in enlarging the pore size of 

electrospun scaffold; however, it was shown that controlling the thickness of electrospun 

fibers is another limitation that must be addressed for electrospun scaffolds. In particular, 

charge buildup on the collector was shown to hinder the ability to tune the thickness of 

three-dimensional (3D) electrospun scaffolds, which would be advantageous for tissue 

engineering applications.14 In addition to adequate pore size, a vascular network within 3D 
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scaffolds is essential because sufficient in vitro vascularization 

is required for the functioning of the regenerated thick and dense 

tissues and organs when they are implanted into patients. Thus, 

methods for neovascularization in engineered 3D scaffolds 

have been widely studied in the field of tissue engineering15–18 

to interconnect pre-vascularized forms with blood vessels in the 

host tissue during implantation.19 These approaches often use 

endothelial progenitor cells (EPCs), a population of rare cells 

extracted from the blood, which have the ability to differentiate 

into endothelial cells that form the lining of blood vessels.20–23

In this study, we investigated a novel electrospinning 

process where the incidence of charge buildup on the col-

lector was reduced by stacking aluminum foils on the elec-

trospun scaffold after following each electrospinning step. 

This allowed us to effectively reduce the charge buildup on 

the collector. With this approach, we were able to tune the 

thickness of the large-pored electrospun scaffolds that were 

formed. Analysis of the electrospun scaffold with in vitro 

cell culture confirmed rapid infiltration, proliferation, and 

colonization of EPCs throughout the 3D scaffold compris-

ing highly porous electrospun fibers of controlled thickness. 

Finally, we examined the formation of tubular structures by 

EPCs on the 3D scaffolds in response to the pore size of 

electrospun fibers during in vitro cell colonization.

Materials and methods
Material fabrication
Fabrication of a single layer of highly porous 
electrospun scaffold
PCL (average molecular weight: 80,000; Sigma-Aldrich Co., 

St Louis, MO, USA) was dissolved at 1.5 g/mL in a solvent 

mixture of 9:1 (v/v) chloroform (Junsei, Tokyo, Japan), 

and methanol (Duksan, Gyeonggi-do, South Korea). The 

electrospinning apparatus consisted of a syringe pump (KD 

Scientific, Holliston, MA, USA), a 10-mL syringe (Becton 

Dickinson, Franklin Lakes, NY, USA), a needle tip (23G; 

Becton Dickinson), a high-voltage power supply (KSC Inc., 

Seoul, South Korea), an earth grounder, and a collector 

(Figure 1A). To produce the highly porous 3D electrospun 

scaffold, a novel collector with a void (0.5 cm diameter and 

0.95 cm depth) was designed on a hexagonal polystyrene 

weighing dish (0.44×0.95 cm; Eagle Inc., Hodgenville, 

KY, USA) wrapped with an aluminum foil (16 µm thick).24 

A traditional collector with the same geometry as the novel 

collector, but without the void space, was also wrapped in 

aluminum foil for producing the 2D scaffold. Scaffolds (3D 

and 2D) were fabricated at the rate of 0.2 mL/h at 10 kV. The 

distance between the collector and needle tip was 8 cm, and 

the deposited volume of the solution was 0.2 mL.

Fabrication of highly porous electrospun scaffold 
with tunable thickness
After each of the three electrospinning steps, a layer of alu-

minum foil with a void of 0.5 cm was applied to the existing 

electrospun fibers on the collector. Consequently, three lay-

ers of highly porous electrospun scaffold were fabricated. 

Although the diameter of the highly porous region in this study 

was 0.5 cm, this region could be expanded by enlarging the 

diameter of the hole to as large as approximately 10 cm.8

scaffold characterization
scanning electron microscopy imaging
Fabricated 2D and 3D scaffolds were analyzed using a 

SUPRA25 electron microscope (Carl Zeiss, Jena, Germany) 

at an acceleration voltage of 10 kV. Samples were attached 

to a silicon wafer by using carbon tape (3M, St Paul, MN, 

USA) and sputter-coated with gold for 1 minute prior to 

scanning electron microscopy (SEM) analysis.

confocal imaging
The 3D scaffolds were then imaged using an Olympus FV1000 

confocal microscope (Olympus Corporation, Tokyo, Japan) 

and analyzed using the FV10-ASW software (Olympus).

Microstructure characterization
The mean diameters of samples were measured on SEM images 

using iSolution Lite (IMT i-Solution Inc., Burlington, ON, 

Canada) for length measurements. For the measurement of fiber 

diameter, a total of 100 measurements were made on ten differ-

ent SEM images of each sample, each representing a random 

field of view for different electrospun fiber configuration. The 

software was also used to measure the mean pore size of samples 

using SEM images and total of 100 measurements were made on 

ten different SEM images of each sample. The mean thickness 

of samples were measured using an LV- 10 microscope (Nikon, 

Tokyo, Japan) moving in a vertical direction. For the measure-

ment of mean thickness, a total of 100 measurements were 

made on ten different samples. Each thickness was measured 

by measuring the distance between the top and bottom fibers at 

a random point of different electrospun fiber configuration.

computational simulation
The electrical potential drop near the collector was simulated 

using COMSOL 4.5 Multiphysics (COMSOL, Burlington, 

MA, USA).25 The basic equation used in the simulation was 

the Laplacian equation:

 ∇ =2φ 0  
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II III IV V

B C

Figure 1 Schematic diagram of the electrospinning process, cell infiltration, and neovascularization in highly porous electrospun fiber multilayers.
Notes: (A) electrospinning setup consisting of a syringe pump, syringe, needle tip, and aluminum collector with an air gap or a void space (I). a second (II) and third (IV) 
aluminum foil were applied between electrospinning steps (III and V). (B) Endothelial progenitor cell (EPC) infiltration through the highly porous structure of the electrospun 
fiber multilayers. (C) 3D neovascularization of spheroid EPCs in the highly porous electrospun fiber multilayers.
Abbreviation: 3D, three dimensional.

where φ is the electric potential. All assumptions and bound-

ary conditions were based on the experimental electrospin-

ning setup. The relative permittivity was set to 1, and the 

relative permittivity of the hexagonal polymer collector was 

set to 2. Grounded aluminum foil was set to zero potential 

(ground), and the needle surface was set to 10 kV. All the 

outer boundaries were set to zero charge because no actual 

dielectric interfaces existed at these boundaries.

cell culture
cell isolation and culture
EPCs were isolated from human umbilical cord blood26,27 

obtained from donors at Pusan National University Hospital 

(PNUH, Yangsan, South Korea). All procedures were as 

described in a protocol approved by the Institutional Review 

Board of PNUH (Approval No. PNUH-2012-19). EPCs were 

cultured on dishes coated with 1% gelatin in endothelial basal 

medium 2 (Lonza, Walkersville, MD, USA) supplemented 

with 5% fetal bovine serum (FBS), human vascular endothe-

lial growth factor, human basic fibroblast growth factor, 

human epidermal growth factor, human insulin-like growth 

factor 1, ascorbic acid, and GA-1000 endothelial cell growth 

medium 2 (EGM-2; Lonza). After 4 days, nonadherent cells 

were discarded and fresh culture medium was added. The 

medium was changed daily for 7 days and then every 2 days 

until the first passage. EPC colonies appeared 14–21 days 

after the initial isolation. EPCs were used at passages 3–5 

for all experiments after flow cytometry analysis (Figure S1), 

which was used to confirm that the cells used in this study 

were EPCs. The cells were still healthy and continued to 

proliferate at passage 6 and above.26,27

spheroid culture of ePcs
To generate spheroids, EPCs (6×105 cells/mL) were placed 

in ultra-low attachment dishes (Corning, NY, USA) and 

shaken at 60 rpm for 1 day.

Cell infiltration study
After the samples were treated with ultraviolet for 4 hours, 

70% ethanol for 4 hours, and EGM-2 media containing 5% 

FBS, 100 µL of EPC suspension (1×106 cells/mL) was seeded 

on the electrospun scaffold. After 4 hours of culture, cells 

in the scaffold were fixed using 3.7% formaldehyde and 

stained using 2 mL of 4′,6-diamidino-2-phenylindole (DAPI; 

30 nmol; Invitrogen [Thermo Fisher Scientific], Waltham, 

MA, USA). The distribution of DAPI-stained EPCs on the 

scaffold was confirmed using confocal microscopy. The 

EPC morphology was examined using SEM after EPCs on 

the 2D or 3D scaffolds were fixed using 3.7% formaldehyde 

and dried through an ethanol gradient.

cell proliferation study
EPCs (6×106 cells/mL; ~20 µm in diameter) were seeded on 

the electrospun scaffold. After 3 days of cell culture, EPCs in 
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the scaffold were fixed using 3.7% formaldehyde and stained 

using 2 mL of DAPI (30 nmol) for cell nuclei and Alexa 

Fluor 488 phalloidin (0.661 M; Invitrogen) for cytoskeletal 

actin. Also, Ki-67 (1:500; Santa Cruz Biotechnology, Inc, 

Dallas, TX, USA), proliferating cell nuclear antigen (1:500; 

PCNA; Santa Cruz Biotechnology), and fluorescent (594 nm) 

secondary antibodies (at a dilution of 1:2,000; Santa Cruz 

Biotechnology) against the rabbit primary antibodies were 

used. The cells were examined using confocal microscopy.

cell colonization study
Three milliliters of EPC spheroids (6×106 cells/mL; ~150 µm 

in diameter) was seeded on the electrospun scaffolds, and 

the cells were monitored using light microscopy during the 

cell culture. After 3 days of cell culture, the aluminum foil 

frames were removed from the scaffold using scissors. The 

fiber structure was mechanically stable because of the colo-

nized cells around the fibers, which formed a hybrid structure 

of cells and fibers inside the scaffold. Thus, the 3D scaffold 

structure remained intact without the fibers collapsing during 

the 3D cell culture, even after the aluminum foil frames were 

removed from the scaffold.24 As previously described,24 the 

colonized EPCs on the 3D scaffold were fixed using 3.7% 

formaldehyde, dried through an ethanol gradient, embedded 

in paraffin, stained with hematoxylin and eosin (H&E), and 

examined using a MIRAX MIDI slide scanner (Carl Zeiss, 

Jena, Germany). Also, cell morphology was confirmed using 

SEM after EPCs on the 2D or 3D scaffolds were fixed using 

3.7% formaldehyde and dried through an ethanol gradient.

statistical analysis
Statistical analyses were performed using single-factor 

analysis of variance. A value of P#0.05 was considered 

statistically significant.

Results
Novel Process to control thickness  
and scaffold morphology
To control the thickness of highly porous electrospun fibers, 

aluminum foils with a void space were applied to existing 

electrospun fibers on a novel collector (Figure 1A). The 

average thickness of the electrospun scaffolds increased 

from 93.18 µm to 619.22 µm when one and three layers 

of aluminum foil were used, respectively (P,0.05). The 

average pore size was 85.75 µm and 48.21 µm for one and 

three layers of aluminum foil, respectively. These pores were 

significantly larger than those generated using the traditional 

2D scaffold (average pore size, ,7 µm; P,0.05). The aver-

age diameter of single fibers generated using the collector 

without a void was approximately 4 µm. A similar diameter 

was attained when one and three layers of aluminum foil 

were used (P.0.05) (Figure 2 and Table 1).

computational simulation study
COMSOL simulation showed that equipotential lines in 

the electric fields on the collector with a void space were 

the same before and after stacking the aluminum foil layers 

because the distance between the aluminum foil layers on 

the collector (hundreds of micrometers) was much smaller 

than that between the needle tip and the collector (tens of 

centimeters) (Figure 3A–C). These similar equipotential lines 

regulated the collection of similar fiber structures inside the 

voids (fiber diameter and pore size) when the aluminum foil 

layers were stacked.

Cell attachment, filtration, 
and proliferation
Cells were seeded on the top surface of the three-layered 

electrospun scaffold and cultured for 4 hours before 

single-cell morphology was examined using confocal 

microscopy and SEM. Single cells were distributed within 

a 160-µm distance from the top surface of the electrospun 

scaffold after 4 hours of cell culture (Figure 4A). EPCs 

were found in each layer of the electrospun fiber scaffold 

(Figure 4A-1 to A-4). The majority of the EPCs maintained 

their spheroid shape (Figure 4A-5 to A-7), but some indi-

vidual EPCs started to spread between fibers (Figure 4A-8). 

EPCs on the traditional 2D scaffold became spheroidal 

(Figure 4B-1) or began to spread out on the 2D scaffold 

surface (Figure 4B-2). Although a few cells were trapped 

between the superficial fibers (Figure 4B-3), EPCs were 

observed only at the top layer of 2D scaffold (Figure 4B). 

After 3 days of cell culture, spheroids consisting of two or 

three EPCs were formed and attached on the fibers. Through-

out the scaffold (Figure 5B-1 to B-3), proliferating EPCs were 

observed inside the spheroids (Figure 4A-1 to A-6).

cell colonization and neovascularization 
in 3D electrospun scaffolds
To reduce the time required to achieve EPC colonization 

inside the 3D scaffold, EPC spheroids (150 µm in diameter) 

were placed on a shaker for 24 hours. EPC spheroids were 

then seeded onto the highly porous fibers of the 3D scaffold 

and cultured for 3 days. EPCs were distributed throughout 

the depth of the electrospun fiber scaffold (Figure 6A-1). 

EPC spheroids were proliferating (Figure 6A-2 and A-3), 

filling the gaps between the electrospun fibers. As shown in 

Figure 6A-1 and A-3, EPCs colonized the entire 3D scaffold. 
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A

No void One layer Three layers

1 cm 20 µm EHT = 10.00 kV
WD = 10.3 mm

Signal A = InLens Date: 6 Dec 2013
Mag = 200 X

20 µm EHT = 10.00 kV
WD = 10.2 mm

Signal A = InLens Date: 6 Dec 2013
Mag = 200 X

20 µm EHT = 10.00 kV
WD = 9.9 mm

Signal A = InLens Date: 6 Dec 2013
Mag = 200 X

B

C D

Figure 2 Scanning electron microscopy (SEM) images of polycaprolactone (PCL) electrospun fibers.
Notes: (A) Examples of collectors without a void, or with a void in one or three aluminum foil layers. SEM images of the electrospun fibers on the collectors (B) without a 
void, (C) with a void in one layer, and (D) with a void in three layers.

Table 1 Diameter, pore size, and thickness of the samples

Samples Mean diameter  
(μm)

Mean pore size  
(μm)

Mean 
thickness (μm)

No void 4.17±1.18 6.80±3.28 –
One layer 3.82±0.90 85.75±48.17 93.18±29.62
Three layers 4.57±2.22 48.21±15.96 619.22±122.07

Note: Data are presented as mean ± standard deviation.

EPCs that colonized on the fibers of the 3D scaffold formed 

tubular structures with diameters varying between 2 µm 

and 50 µm (Figure 6A-4 and A-5). In contrast, no tubular 

structures were formed on the 2D scaffold. Rather, EPCs 

spread outward on the top surface when EPC spheroids 

were seeded onto 2D scaffolds and cultured for 3 days 

(Figure 6B-1 and B-2).

Discussion
Tuning the thickness of interconnected 
electrospun fibers with large pore size 
using a novel process
Electrospinning is a very versatile and economical method 

to generate microenvironments mimicking the extracellular 

matrix (ECM), which can be used for tissue regeneration. 

However, methods to control the thickness of highly porous 

electrospun scaffolds are limited because electrospun fibers 

with a large pore size8,24 and controlled scaffold thickness 

cannot be simultaneously collected with traditional flat col-

lectors.28 In this study, we simultaneously engineered the 

thickness and the pore size of electrospun fibers by design-

ing a novel collector configuration. Aluminum foils were 

stacked on the existing electrospun fibers between sequential 

electrospinning steps, which significantly reduced the charge 

buildup by grounding the aluminum foil.29 This enhanced 

the effective driving force, thus permitting the collection 

of thickness-tunable scaffolds with an intact, highly porous 

fiber structure resulting from the void space in the aluminum 

foil.25 In addition, electrospun fibers were interconnected 

with the existing fibers through the voids in the aluminum 

foil layers because the solvent did not fully evaporate inside 

or on the surface of the electrospun fiber layers. Thus, these 

highly porous and interconnected electrospun fibers accu-

mulated through the voids within the stacked aluminum foil 

of the collector. With the introduction of an aluminum foil 

to the configuration, an interconnected and highly porous 

electrospun scaffold with tunable thickness was created, 

indicating that the design and configuration of electrospin-

ning collectors affected the fabricated scaffold structure 

(pore size, thickness, and interconnectivity). As shown in 

this study, electrospinning has been used to design advanced 
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Figure 3 Numerical solution showing the equipotential lines in the electric field of a collector with a void space.
Notes: (A) 2D and (B) 3D equipotential lines from the needle tip to the collector. (C) Comparison of equipotential lines of the first and the third layers of aluminum foil.
Abbreviations: 2D, two dimensional; 3D, three dimensional.

PCL structures for tissue engineering, but electrospinning 

has also reportedly been combined with rapid prototyping 

techniques, such as fiber extrusion.30 In addition, many 

research groups have reported the modification of PCL and 

PCL-based scaffolds and substrates. For example, a method 

consisting of 3D fiber deposition and aminolysis, followed 

by peptide coupling, resulted in the fabrication of 3D PCL 

scaffolds with RGD (arginylglycylaspartic acid) surface 

peptides that exhibited controlled morphology as well as 

macro, micro, and nano-mechanical properties.31 Extruded 

PCL scaffolds were also plasma-treated with a C
2
H

4
/N

2
 

deposition, followed by H
2
 posttreatment, to coat the surface 

of 3D structures with a nitrogen-rich film containing groups 

to enhance the scaffold’s hydrophilicity and cell affinity.32 

Furthermore, iron-doped hydroxyapatite nanoparticles were 

embedded in a PCL matrix to develop fully biodegradable 

nanocomposite 2D substrates for bone tissue engineering.33 

Therefore, the combination of structural and functional 

modifications for PCL scaffolds/substrates can enrich the 

properties of PCL-based 3D scaffolds for cell culture studies 

and tissue/organ regeneration.

regulating the structure of the scaffold 
structure to control cell behavior
The structure of electrospun scaffolds is critical for the 

regulation of cell behavior, including cell infiltration, prolif-

eration, colonization, and neovascularization. In particular, 

the effect of the pore size of electrospun fibers on these cell 

processes had not been fully evaluated previously because 

the pore size of the fibers could not be engineered. In this 

study, EPCs infiltrated 160 µm from the top of the scaffold 

through the interconnected and highly porous structure of 

electrospun fibers after only 4 hours of cell culture. In a previ-

ous study, cells infiltrated 100 µm through electrospun fibers 

(the pore size of the scaffold, ,20 µm) after 7 days of cell cul-

ture.7 Thus, in comparison, rapid cell infiltration (,100 µm 

in 4 hours of cell culture) was observed with our scaffold, 

as indicated by a cell infiltration time shortened by 40-fold 
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Figure 4 Highly porous 3D structure of PCL electrospun fibers generated to support infiltration of EPCs.
Notes: after sterilization of the Pcl scaffold and soaking in egM-2, ePcs were seeded on the top surface of the scaffold. (A) ePcs in scaffolds were stained using DaPI 
to show the location of cellular nuclei. Confocal microscopy images show that EPCs infiltrated 160 µm into the scaffold, and cells were observed in different scaffold layers 
(A-1 to A-4). SEM images show that EPCs attached to the surface of fibers in different configurations (A-5 to A-8). (B) Although some EPCs penetrated the superficial layer 
of the 2D scaffold (B-1 to B-3), confocal microscopy and SEM images show that the 2D scaffold of electrospun fibers inhibited EPCs from infiltrating into the 2D scaffold 
because of its small pore size (,10 µm).
Abbreviations: 2D, two dimensional; 3D, three dimensional; ePc, endothelial progenitor cell; Pcl, polycaprolactone; egM, endothelial cell growth medium; DaPI, 4′,6-
diamidino-2-phenylindole; seM, scanning electron microscopy.

and significantly enhanced cell infiltration due to the highly 

porous structure of the electrospun fibers (pore size .45 µm). 

It is also clear that the majority of the cells were attached 

on the surface of the 2D electrospun mesh. However, the 

majority of cells passed through the pores of the 3D scaffolds 

because the scaffold pore size (pore size .45 µm) is larger 

than the size of the EPCs (about 20 µm), although we soaked 

the 3D scaffold in media containing FBS before cell seed-

ing to enhance cell attachment.34 Ironically, because of the 

large scaffold pore size, the cell seeding issue was negligible 

because the EPC spheroids (about 150 µm in diameter) are 

larger than the pores of the fibers.

When the EPC spheroids were seeded onto the 3D scaffold, 

the majority of the spheroids were entrapped by the fibers of 

the 3D scaffold. Thus, instead of seeding EPCs on the top 

surface of the scaffold, we decided to seed the EPC spher-

oids on the 3D scaffold. This was done to not only overcome 

the cell-seeding issue but also reduce the time required for 

cell colonization because two or three EPCs were shown to 

aggregate and form spheroids which attached to the fibers and 
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Figure 5 Cell proliferation of EPCs in 3D electrospun fiber scaffolds after 3 days of culture.
Notes: Light microscopy image of colonized cells attached to fibers (A-1). Immunofluorescent images of cell colonies (A-2 to A-6; cell nucleus [blue]), Ki-67 proliferation 
marker (red; yellow arrow), and actin filaments (green). A colony consists of two or three nuclei (A-4). One cell in a cell colony proliferates, as indicated by the presence 
of the Ki-67 marker (A-5) localized to the nuclei of the EPCs (A-2). Actin filaments did not elongate (A-6), as indicated by the oval shape of the cell colony (A-1 and A-6). 
Proliferation cell nucleus antigen (PcNa; red, yellow arrows, B-2) localized to the nuclei (blue, B-1) of each ePc colony (B-3).
Abbreviations: 3D, three dimensional; ePc, endothelial progenitor cell; PcNa, proliferating cell nuclear antigen.

 proliferated inside the spheroid. Within 3 days of spheroid 

seeding, EPC colonization was observed. The structure of the 

3D scaffold accumulated many EPC spheroids in a short period 

of time because the colonized cells became trapped between 

the fibers, aggregated, and colonized the scaffold. Thus, the 

EPCs colonizing the 3D scaffold were intact and stable even 

after removing the aluminum foil.24 Furthermore, colonized 

EPCs formed tubular structures in the absence of any bioma-

terials including Matrigel, which is known to support tubule 

formation in 2D cultures.35 In contrast, no  vascularization 

was observed on traditional 2D scaffolds composed of PCL 

electrospun fibers, suggesting that only the pore size of the 

electrospun fibers regulated neovascularization of EPCs colo-

nizing the 3D scaffolds. In summary, the scaffold structure 

(interconnectivity, porousness, and thickness) was shown to 

regulate cell behavior (rate of cell infiltration, cell prolifera-

tion, cell colonization, and neovascularization). Therefore, 

incorporation of various stem cells into interconnected, highly 

porous 3D electrospun scaffolds of tunable thickness, made 

from different biomaterials, could be useful for promoting the 
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Figure 6 comparison of ePc morphology in 3D and 2D scaffolds after cell culture of ePc spheroids.
Notes: Images of hematoxylin and eosin (h&e)-stained cross sections of ePcs in 3D scaffolds. Blue and pink represent cell nuclei and cytoplasm, respectively. The brown 
dots show PCL fibers (A-1). Inverted light microscopy images of cells in the 3D scaffold after 1 day (A-2) and 3 days (A-3) of cell culture. Cells on the bottom layer of the 
3D scaffold formed numerous tubular structures after 1 day of cell culture (a-2) and proliferated. The void in the 3D scaffold was packed with colonizing cells after 3 days of 
cell culture (a-3). seM images of cells in the top layer of the 3D scaffold after 3 days of cell culture (a-4 and a-5) also revealed tubular formations of various shapes and sizes 
(yellow arrows, a-4 to a-5). compared to cells in the 3D scaffold, ePcs in the 2D scaffold grew on the top surface only and failed to form tubular structures (B-1 to B-2).
Abbreviations: ePc, endothelial progenitor cell; Pcl, polycaprolactone; seM, scanning electron microscopy; 2D, two dimensional; 3D, three dimensional.

regeneration of vascularized full-thickness tissues and organs 

such as cardiac patches or other tissue types.

Conclusion
We demonstrated that the thickness of highly porous electro-

spun scaffolds could be controlled by stacking aluminum foils 

with void spaces on an electrospinning collector because the 

aluminum foils were grounded, thereby dramatically reduc-

ing the incidence of charge buildup. The increased pore size 

of the electrospun scaffolds permitted rapid cell infiltration 

and colonization, and the 3D structure of the electrospun 

fibers allowed the EPCs to form tubular structures. Conse-

quently, the structure (pore size) of the 3D scaffold regulated 

the EPC behavior, including cell infiltration, proliferation, 

colonization, and neovascularization. These findings have 

implications for the generation of vascularized tissues and 

regeneration of thick tissues.
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Supplementary material

Flow cytometry analysis
Flow cytometry analysis was performed to characterize the 

surface markers of the endothelial progenitor cells (EPCs), 

as previously described.1,2 EPCs were identified using a 

fluorescence-activated cell sorter (FACS; BD FACSCanto 

II; BD Biosciences, San Jose, CA, USA) using labeled 

endothelial cell (EC) makers, including  an anti-human CD31 

(BD Biosciences), ti-human VEGFR-2 (BD Biosciences), 
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Figure S1 characterization of ePcs.
Notes: Flow cytometry analysis was performed to characterize the surface markers of the ePcs. ePcs were labeled with anti-human antibodies to cD31, VegFr2, cD144, 
cD34, cXcr4, c-Kit, cD11b, cD14, and cD45. ePcs expressed, (A) ec makers (cD31, VegFr2, and cD144) and (B) hsc markers (cD34, cXcr-4, and c-Kit), but did 
not express (C) hematopoietic lineage markers (cD11b, cD14, and cD45). The percentages of cell surface markers expressed on the ePcs are shown.
Abbreviations: cD, cluster of differentiation; cXcr-4, chemokine receptor 4; ec endothelial cell; ePc, endothelial progenitor cell; hsc, hematopoietic stem cell; VegFr2, 
vascular endothelial growth factor receptor 2.

and anti-human CD144 (BD Biosciences); hematopoietic 

stem cell (HSC) markers, including anti-human CD34 (BD 

Biosciences), anti-human CXCR4 (BD Biosciences), and 

anti-human c-Kit (DakoCytomation, Glostrup, Denmark); 

and hematopoietic lineage markers, including anti-human 

CD11b (BD Biosciences), anti-human CD14 (BD Biosci-

ences), and anti-human CD45 (BD Biosciences). Isotype-

matched IgG antibodies (BD Biosciences) were used as 

negative controls. 
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