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� Porous polycaprolactone microtubes
were fabricated by wet co-axial
electrospinning. The outside
diameters of the microtubes ranged
from 2 to 5 lm. The inside diameter
ranged from 0.5 to 4.5 lm. The
average pore size ranged from 0.01 to
0.1 square lm. The geometry of these
porous microtubes is similar to
human fenestrated capillaries.

� The flow rate ratio of the core/sheath
solutions and the viscosity of the
sheath solution play a significant role
in the outside diameter and inside
diameter of the microtubes.

� The formation of surface pores is
dominated by the humidity during
the electrospinning. At the same
humidity level, the size of the surface
pores is positively correlated with the
viscosity of the sheath solution and
the outside diameter of the
microtubes.

� Regression models with high R square
values were built to quantify the
relationship between process
parameters and microtube geometric
attributes.

� These artificial fenestrated capillaries
can be used to facilitate
vascularization in scaffolds for tissue
engineering.
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Rapid fabrication of capillary vessels is important for tissue engineering because local perfusion and oxy-
gen exchange within the tissue depend on the network of capillaries which have diameters ranging from
5 to 10 lm. Fenestrated capillaries are microvessels that have surface pores of 80 to 100 nm in diameter.
These capillaries are essential for many organs, such as small intestines, endocrine glands, and kidneys. In
this paper, we presented a wet coaxial electrospinning technique for the rapid fabrication of porous
microtubes as artificial fenestrated capillaries using polycaprolactone and polyethylene oxide. We char-
acterized the effects of process parameters on the morphological features of these microtubes by
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Nanoporous microtubes
Artificial capillaries
Vessel biofabrication
Phase seperation
Process optimization
regression modeling. Our study shows that the flow rate ratio of the core/sheath solutions and the viscos-
ity of the sheath solution play a significant role in the outside diameter, wall thickness, and hollow area of
the microtubes. In addition, the formation of surface pores is dominated by the humidity during the elec-
trospinning. At the same humidity level, the size of the surface pores is positively correlated with the vis-
cosity of the sheath solution and the outside diameter of the microtubes. Overall, this study established
the process-property relationship for wet coaxial electrospinning of artificial fenestrated capillaries.
� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Core and Sheath Solution Combinations.

Core: PEO in DCM
(w/v)

Sheath: PCL in DCM
(w/v)

Core to Sheath Concentration
Designation

3 % 10 % X1
6 % 10 % X2
3 % 12 % X3
6 % 12 % X4
1. Introduction

Tissue engineering is an interdisciplinary field that aims to pro-
duce functional replacement tissues for clinical use through the
development of biological substitutes. Advanced manufacturing
has enabled the rapid fabrication of three-dimensional (3D) biolog-
ical constructs for tissue engineering. One of the main challenges
for biofabrication is to create architectures with microvascular net-
works as natural tissues. While blood flow and macro-level perfu-
sion can be achieved by artificial channels which mimic arteries
and veins, local perfusion and oxygen exchange within the tissue
depend on the network of capillaries which have diameters rang-
ing from 5 to 10 lm [1]. Blood circulation via the microvascular
network is essential for the survival of cells in many engineered
tissues [2]. Typically cells reside within a range of 200 lm from
capillaries where the diffusion of oxygen is sufficient for the cellu-
lar viability in the tissue mass [3]. The absence of a vascular net-
work in a large 3D scaffold may lead to necrosis [4] and
eventually local or global tissue failure.

Cell-laden scaffolds with perfusable channels can be fabricated
by inkjet or extrusion bioprinting [5–7]. For example, endothelial
and stem cells can be incorporated into a multilayered coaxial
extrusion system and printed into highly organized vessels [8–
10]. However, the nozzle size hindered the fabrication of features
smaller than 100 lm. Stereolithography [11–14] and photolithog-
raphy [15–20] can print vascular channels and networks in poly-
mer with high resolution. The channel widths range from 50 lm
to 1 mm. Two-photon photocrosslinking was able to fabricate a
tubular structure [21,22] with an inner diameter of 18 lm [23].
In addition, 4D bioprinting was also adopted to fabricate self-
folding tubes [24,25] with internal diameters as small as 20 lm
[26]. Despite the high resolution, the low fabrication efficiency of
these processes limits their manufacturing scalability and the fea-
sibility of creating centimeter-sized scaffolds. Rapid fabrication of
capillary vasculatures, which have diameters ranging from 5 to
10 lm, is a critical and yet unsolved challenge.

Electrospinning is a process for generating micro/nanofibers
from polymer solutions [27]. In this process, a polymer solution
is subjected to a high electric potential which causes jetting, bend-
ing, stretching, and thinning of a polymer jet. A variety of electro-
spinning configurations have been developed in the last two
decades to fabricate biomimetic scaffolds for nerves [28], muscu-
loskeletal tissues [29,30], myocardium [31], and large vessels
[32]. Coaxial electrospinning adopts a dual-material system that
generates a concentric fiber structure through a nested spinneret
[33]. This configuration can be used to fabricate tubular structures
by choosing a dissolvable sacrificial material as the core material
[34]. Zhou et al. conducted coaxial electrospinning in a humid
environment to create core-sheath microfibers with surface pores
due to the phase separation between water vapor and organic sol-
vent in the sheath solution [35,36]. Porous polycaprolactone
microtubes were obtained after the sacrificial cores were dissolved
in water. With proper solution viscosity, electrospinning distance,
and operating voltage, the outside diameter of these microtubes
was controlled under 10 lm [37]. This technique was used to pre-
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pare microvessels in a polydimethylsiloxane microfluidic device
PDMS as a blood–brain-barrier (BBB) model [38]. Compared to
many photopolymer-based microfabrication methods, the main
advantage of coaxial electrospinning is its high fabrication effi-
ciency. Coaxial electrospinning can create a thin mat of microtubes
over tens of square centimeters within several minutes.

Prior studies have demonstrated the feasibility of the rapid fab-
rication of porous microtubes by coaxial electrospinning. However,
it is not clear how the wall thickness and the surface pores of the
microtubes can be adjusted to achieve different vascular structures
for specific functions. There is a knowledge gap in the controllabil-
ity of microtube morphology which needs to be filled. In this paper,
we comprehensively evaluated the effects of material and process
factors on the morphological characteristics of microtubes fabri-
cated by coaxial electrospinning. Biocompatible polycaprolactone
(PCL) and polyethylene oxide (PEO) were used to prepare the poly-
mer solutions at different concentrations. We hypothesized that
the ratios of solution viscosity and flow velocity ratio between
the core solution and the sheath solution dominate the structural
features of the microtubes, including outside diameter, wall thick-
ness, and pore size. We conducted the parametric study by varying
the combination of core/sheath solutions and the flow rates of the
electrospinning process and then performed a quantitative image
analysis to characterize the morphological features of microtubes.
Regression models were built based on statistical analysis. The
results will lay the foundation for elucidating the formation mech-
anisms of nanopores and guide the optimization of microtube mor-
phology for desirable biological functions.
2. Materials and methods

2.1. Polymer solutions

PCL with molecular weight (MW) = 80,000 (Sigma-Aldrich�, St.
Louis, MO) and PEO with MW = 300,000 (Sigma-Aldrich�, St. Louis,
MO) were used as the sheath and core polymers, respectively. Both
the core and sheath polymers were dissolved in dichloromethane
(DCM, � 99.5 %). The polymer solution was homogenized through
magnetic stirring-induced agitation for 4 h at room temperature.
Four combinations of different concentrations of the core and
sheath solutions were tested as shown in Table 1.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.2. Electrospinning configuration

The core-sheath electrospinning operation was performed using
a TL-Pro-BM robotic Electrospinning platform (Tongli Tech, China).
A core-sheath coaxial spinneret was used to fabricate the hollow
tubular microtubes as shown in Fig. 1. A dual syringe pump was
used to pump the core and sheath polymer solution into the
core-sheath coaxial spinneret. The core and the sheath needles
used were gauges 26 and 20, respectively. At the tip of the needle,
the Taylor cone was formed with the PEO solution in the center
(red) enclosed by the PCL solution (blue) as shown in Fig. 1. A
3D-printed parallel plate collector with an adjustable gap was used
to collect the fibers. The parallel plates were covered with alu-
minum foil to make them conductive. The gap was adjusted to
an optimal level to ensure the collection of aligned fibers between
the parallel plates. The parallel plate collectors were connected to
the ground, and the spinneret was connected to a positive voltage
terminal. In all the experiments, the positive voltage in the spin-
neret was kept constant at 8.5 kV, which was the minimum
required potential required to initiate the whipping instability in
the electrospinning jet.

The distance between the parallel plate collector and the spin-
neret was maintained at 12 cm for all the experiments. This is
the minimum distance required to maintain a whipping effect for
all the core-sheath combinations used in the current experiment.
The entire chamber was kept closed during the experimentation
and the humidity level was maintained at approximately 60–
65 % in all cases. The aligned fibers were collected between the par-
allel plates for 5 min after which they were collected on sticky
tape. The tape ensured that the fibers were held tight in position
and would not experience any further deformation from handling.
The fibers were then soaked in a bath of liquid nitrogen for 3 min
and dissected along the cross-section while in the nitrogen bath.
Following the dissection, the fibers were submerged in deionized
(DI) water for 1 h to remove the water-soluble PEO cores of the
dual-material fibers.

In this study, the effect of varying volumetric flowrate on core-
to-sheath linear flow velocity ratio within the spinneret needle
was tested. The standard volumetric flowrate was determined to
be the flowrate that produced an equal linear velocity of both core
Fig. 1. The schematic of the core-s
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and sheath solutions in the concentric spinneret. In the standard
condition, the core and sheath were expected to eject simultane-
ously from the needle. The flowrates were calculated based on
the following equation:

Q1

Q2
¼ A1 � V1

A2 � V2
¼

r21;i
� �

� V1

r22;i � r21;o
� �

� V2

ð1Þ

where, Q1, Q2, A1, A2, V1, and V2 are the volumetric flow rate,
area of the spinneret cross-sectional opening, and average linear
flow velocity within the spinneret needle of the core and sheath
solutions, respectively. The radius variables r1,i and r1,o corre-
sponds to the inner and outer spinneret radius of the core spin-
neret needle. The radius r2,i corresponds to the inner radius of
the sheath spinneret needle. The spinneret radii do not change in
the current experiment. Hence A1 and A2 are constants with A1/
A2 = 0.7 (approximately). To ensure the full encapsulation of the
core by a sheath in the Taylor cone, it is important to maintain a
constant velocity of the ejecting core and sheath solutions. In other
words, the core-sheath velocity ratio (CSVR) needs to be 1:1.
According to equation (1), the core-sheath velocity ratio
(CSVR) = 1:1 when the volumetric flowrates of the core and the
sheath are 1.50 and 2.10 ml/h, respectively. The CSVR of 1:1 was
set as the ‘standard’ value in this study.

We further explored the core/sheath encapsulation at different
CSVR by adjusting the volumetric flowrate. Briefly, the core volu-
metric flowrate was held fixed at 1.5 ml/h while the sheath volu-
metric flowrate was adjusted to obtain a high CSVR of 1:0.5 and
low CSVR of 1:2 and 1:3. The setting of the flowrates are summa-
rized in Table 2.
2.3. Fluidic property measurements

The viscosity of the polymer solutions was measured using an
MCR 92 Modular Compact Rheometer (Anton Paar, Austria). The
viscosities were measured with shear rates ramping up from 0.1/
s to 1000/s. A parallel plate rotary sampler of diameter 25 mm
was used to measure the viscosity of all the solutions. The visco-
elastic measurement model for the selected polymer solutions.
heath electrospinning system.



Table 2
Flow rates and core-to-sheath FVR of the core and sheath solutions.

Core
Flowrate
(ml/h)

Sheath
Flowrate
(ml/h)

Core-to-Sheath
Volumetric Flow ratio

Core-to-Sheath
Velocity Ratio (CSVR)

1.5 1.07 1:0.7 1:0.5
1.5 2.10 1:1.4 1:1*
1.5 4.29 1:2.8 1:2
1.5 6.40 1:4.2 1:3

* Standard CSVR.

Fig. 2. Shear rate vs viscosity curve of the core and sheath polymer solutions.

Table 3
Showing viscosity ratio of core/sheath solutions for each concentration combination.

Core Sheath
Concentration
Designation

Core
Concentration

Sheath
Concentration

Core-to-Sheath
Viscosity Ratio

X1 3 % 10 % 1:3
X2 6 % 10 % 3:1
X3 3 % 12 % 1:9
X4 6 % 12 % 1:1
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A Theta-Lite tensimeter (Biolin Scientific, Sweden) was used to
measure the surface tension of the polymer solutions. A droplet of
the polymer solution was suspended from a microneedle (gauge
28). The droplet was allowed to grow to 4.5 lL in volume. Once
the target volume of the droplet was reached, the tensiometer
camera captured a sample of 50 images for each of the solutions
at 8.7 frames/second. The surface tension was determined from
the pendent droplet using OneAttension (Biolin Scientific, Sweden)
built-in shape/size analyzer for surface tension measurements.

2.4. Microtube visualization and analysis

The microtube cross-section samples were sputter-coated with
gold and then inspected by a scanning electron microscope (SEM)
(Phenom Pro, Nanoscience, Phoenix, AZ). The nanopores were
inspected by the field-emission SEM (Zeiss Crossbeam 540, Ober-
kochen, Germany). The analysis of microtube images was per-
formed by ImageJ (National Institute of Health, USA). The original
images were first converted to 8-bit images. Contrast-based
thresholding was performed to identify the hollow cross-
sectional area or the surface pores, which appeared dark compared
to the external portion of the fiber. The identified dark-contrast
zones were automatically selected. A mask was generated from
the selected image where the noises appeared as white dots. The
noises could interfere with the cross-sectional area or pore size
measurements. The noises were then eliminated using the binary
processing ‘‘Fill hole” tool in ImageJ. Subsequently, the areas of
the pores and sheath substrate were selected respectively based
on the contrast using the Region-of-Interest (ROI) tool in the Ima-
geJ software.

2.5. Statistical analysis

The experimental results were analyzed using theWilcoxon test
followed by the Kruskal-Wallis test. Both tests are suitable for non-
parametric data sets.

3. Results and discussion

3.1. Viscosity and surface tension

The viscosity and surface tension are shown in Fig. 2. All the
polymer solutions showed a shear-thinning property. We com-
pared the viscosity values of the polymer solutions at a shear rate
of 1000/s which is typical in electrospinning jets [39–41]. At a
shear rate of 1000/s, 3 % PEO in DCM showed the lowest viscosity
of 93 MPa∙s. 10 % PCL in DCM showed a viscosity of 287 MPa∙s. 6 %
PEO and 12 % PCL in DCM showed a close viscosity level of
around � 850 MPa∙s.

Table 3 summarizes the ratio of core and sheath viscosities
compared at the same shear rate of 1000/s for each of the core-
sheath concentration configurations tested:

The surface tension value of a pendent droplet was calculated
using the following equation [42]:
4

c ¼ Dpg
R2
o

b
ð2Þ

where c is the surface tension of the pendant droplet. Dp is the
difference in density of the droplet and surrounding air. The grav-
itational constant is defined by g. Ro denotes the radius of curva-
ture at the apex as shown in Fig. 3a. The shape factor (bÞ is
obtained from the equations shown in Fig. 3a. The equations used
to obtain the shape factor are based on the Young-Laplace shape
factor analysis method [43]. Fig. 3a shows the transient surface
tension curve of 3 % PEO in DCM. The surface tension stabilized
after 7 s from the droplet initiation. The data curves of all polymer
solutions stabilized after 7 s. Therefore, the surface tension in the
stable region was used for comparing different polymer solutions.

The surface tension of the PCL and PEO show an increasing
trend with the increase in polymer concentration in DCM as seen
in Fig. 3b. This is consistent with previous literature that concludes
the solute molecular interactions with the solvent lead to
increased surface tension with an increase in polymer solution
concentration [44,45]. The Tukey post-hoc test shows that the sur-
face tension of 6 % PEO in DCM significantly varies from the other
groups (p < 0.001).
3.2. Microtube electron microscopic images

The cross-section SEM images are shown in Fig. 4. The image in
each row corresponds to the groups X1 to X4 with different core/
sheath concentration ratios as shown in Table 1. Each column of
the images represents a particular CSVR of the core and sheath
polymer solutions. For groups X1 and X3 at a flow rate ratio of
1:0.5, no tubular structure was formed. This structure was charac-
terized by an open sheath that failed to fully encapsulate the core
polymer solution. Group X1 and X3 had the same core solution
concentration of 3 % PEO in DCM. In both cases, the viscosity of
the core was greater than the viscosity of the sheath as seen in
Table 3. Under a similar CSVR, groups X2 and X4 formed well-



Fig. 3. Showing (a) Pendent droplet transient surface tension and shape factor analysis geometry (b) Surface tension values for the experimental core and sheath polymer
solutions.

Fig. 4. Fiber cross-sectional image for different core-sheath concentration and flow rate ratios. Each row (X1 (3% core, 10% sheath), X2 (6% core, 10% sheath), X3 (3% core, 12%
sheath), and X4 (6% core, 12% sheath)) refers to a solution concentration summarized in Table 1. Each column refers to a CSVR summarized in Table 2.
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defined tubular structures bearing a core solution concentration of
6 % PEO in DCM. This result shows that surface tension and viscos-
ity have a substantial influence on core/sheath structure
encapsulation.

First, due to the significantly higher surface tension of the 6 %
core solution, there exists an interfacial tension between the core
and sheath polymer solutions [46]. The miscibility of the core
and sheath solution is influenced by that interfacial surface tension
5

[47]. When the PEO concentration was low (3 %), the interfacial
tension between the core and sheath solutions became weak.
Therefore, the core and the sheath solutions started mixing in
the jet. This resulted in open sheaths in the thin-walled fibers pro-
duced at a low sheath flowrate at CSVR = 1:0.5. When we used 6 %
PEO core with 10 or 12 % PCL sheath, there was an adequate inter-
facial tension between the core and sheath to resist full mixing and
form closed microtubes. This interfacial tension facilitated the for-
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mation of the thin-walled encapsulation structures at the sub-
standard CSVR of 1:0.5. Hence, at a low sheath flow rate, the forma-
tion of thin-walled microtubes is possible only when the core solu-
tion does not mix with the sheath solution in the spinning jet.

Second, the viscosity ratio between the core and sheath solution
is another factor that influences sheath encapsulation. A similar
phenomenon of incomplete encapsulation was observed for poly
(lactic acid)/chitosan core/sheath nanofibers when the low sheath
flow rate caused instability of the primary jet and failed encapsu-
lation [48]. When the viscosity of the sheath is higher than the
core, the increased viscous drag by the sheath on the core results
in a full encapsulation of the jet as seen in configurations of X2
and X4 at CSVR of 1:0.5. Prior literature shows that sheath viscosity
needs to be equal/higher than the core to overcome the interfacial
surface tension forces that act at the boundary of the core/sheath
solution in the jet [49,50]. Otherwise, uneven core/sheath struc-
tures are formed [49]. This theory is consistent with our observa-
tion of open sheaths at CSVR of 1:0.5 for X1 and X3. Our
conjecture is that the uneven core/sheath structure causes a rup-
ture in the thin sheath wall and forms an open sheath when the
sheath flow velocity is low and the core viscosity is greater than
the sheath viscosity, with the change in CSVR towards higher
sheath flowrates for any concentration configuration, the fiber wall
thickness, and overall fiber diameter increase. An increase in
sheath flow rate increases the volumetric amount of sheath mate-
rial going into the jet [48,51], and thus results in a thicker shell in
the solidified fibers.
Fig. 5. Surface pore SEM image for different core-sheath concentrations and flow rate ra
sheath), and X4 (6% core, 12% sheath)) refers to a solution concentration summarized in
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The tube surface morphology SEM images are shown in Fig. 5. In
configuration X1, there is no visible surface pore below CSVR of
1:3. Instead, the surface is full of dents and wrinkles. Visible sub-
micron-sized pores are visible in concentration configurations X2
through X4 when the CSVR is at or above 1:1. Literature shows that
formation or wrinkle on fiber surface depends on the jet drying
time (td), jet buckling time (tb), hydrophobic nature of the solvent,
and the rate of solvent evaporation [52–55]. For a highly volatile
solvent, initially, a thin solid layer is formed at the surface of the
jet [53]. Eventually, buckling instability causes surface deformation
to form a wrinkled surface [53]. Drying time is the time needed to
form solid fiber from the liquid jet [54]. The drying time is propor-
tional to the fiber diameter. If td � tb, wrinkles are formed [55].
Usually, Fiber diameter is proportional to the solution viscosity
and flow rate [56]. X1 represents the set of core and sheath solu-
tions with the lowest viscosity (for both core and sheath). Hence,
fibers formed in this range have the lowest drying time as a result
of a smaller jet diameter compared to the other groups. Hence, we
assume that a solid surface is formed owing to faster jet drying
time which impedes the diffusion of water molecules from the
atmosphere. Also, the jet simultaneously undergoes buckling to
form wrinkled surfaces rather than porous surfaces. The number
of surface pores increases as the solution concentration and flow
rate ratio increase. As the CSVR and concentration increase, the
fiber diameter increases. The increase in diameter causes the jet
to have longer td and thus more time for non-solvent vapor to dif-
fuse into the sheath jet.
tios. Each row (X1 (3% core, 10% sheath), X2 (6% core, 10% sheath), X3 (3% core, 12%
Table 1. Each column refers to a CSVR summarized in Table 2.



Fig. 6. The image processing steps for measuring pore and hollow cross-section size. (a) Raw SEM image (b) Region of Interest (ROI) selected and cropped (c) 8-bit contrast-
based image thresholding (d) pixel masking (pore brightness intensity = 0). (e) pore area outline (f) boundary overlay on the original image. (g) selection of ROI on the original
image (h) contrast-based thresholding (i) hollow area outline.
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Fig. 6 shows the sequential steps used to process the surface
pore area. After the final pore boundary was obtained, the individ-
ual pore area data was exported into a data frame. The noise in the
images that appeared in the data frame was several orders of mag-
nitude lower than the smallest visible pore. Prior to running the
statistical analysis on the pore sizes, the noise data were filtered
out as outliers.
3.3. Fiber morphology statistics

The fiber wall thickness was compared for all four CSVRs for
each concentration configuration. Since the sample size for the
wall thickness measurement was low (n = 15) and the normality
of data distribution was not observed, we performed non-
parametric statistical tests to compare the significance of the dif-
ference between groups. The results of the Wilcoxon test for each
flowrate and concentration are demonstrated as boxplots in Fig. 7.
The groups were color-coded. Different colors indicate that the
groups are significantly different from each other. For all the con-
figurations, the CSVR of 1:0.5 is significantly different from other
CSVRs. For X1 and X3, three significantly different groups of wall
thickness are observed (Fig. 7a and 7c). In those configurations,
CSVRs of 1:1 and 1:2 fall within the same statistical groups. Alter-
natively, significant differences are observed in all CSVRs in both
X2 and X4 as seen in Fig. 5b and 7d. In both cases, the core solution
concentration changed is higher (6 % PEO in DCM). Also, the aver-
age wall thickness decreases as the core concentration increases
7

for all CSVRs as seen from the comparison between Fig. 7c and
7d. Since no tubular structures are formed at a CSVR of 1:0.5 for
configurations X1 and X3, the wall thickness values indicate the
thickness of the open sheaths.

The boxplots for the fiber diameter at different CSVR and con-
centration configurations are shown in Fig. 8. The statistical signif-
icance in pair-wise comparison was determined by Wilcoxon non-
parametric statistical testing. At CSVR 1:2 and 1:3, the microtube
diameter falls in the range of 4–6 lm which is similar to that of
human capillary vessels. We observe that the variation in core
solution concentration alone results in three significantly different
groups as seen in Fig. 8a and 8b. In these cases, CSVRs of 1:0.5 and
1:1 do not show a significant statistical difference in their average
fiber diameter. With the increase in only the sheath solution con-
centration, significantly different groups of fiber diameters are
observed across all CSVRs as seen in Fig. 8c and 8d. In this case,
CSVRs of 1:0.5 and 1:1 show a significant difference in diameter
for higher sheath concentration (12 % PCL in DCM). The outside
diameter of the microtubes has a strong positive relationship with
the sheath solution flow rate. It should be noted that diameter val-
ues for groups X1 and X3 at the CSVR of 1:0.5 were measured as
the width of the open sheaths because there were no tubular struc-
tures in these settings.

The effect of core concentration on pore sizes for fixed sheath
concentration and CSVR is shown in Fig. 9. Fig. 9a shows the result
of the Mann-Whitney U test comparison of pore sizes in groups X3
and X4. No significant difference was observed with different core



Fig. 7. CSVR effect on fiber wall thickness for the concentration configurations of (a) X1 (b) X2 (c) X3 (d) X4. Different colors indicate a significant statistical difference.
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concentrations. Similarly, for CSVR of 1:3, no significant difference
in pore area sizes was observed when the core solution concentra-
tion changed. Thus, the current results show that the change in
core concentration does not have a significant effect on the pore
size.

The effect of sheath concentration on pore size is demonstrated
in Fig. 10. With a CSVR of 1:2 and a fixed core concentration, the
pore sizes of X2 (10 % PCL) and X4 (12 % PCL) are compared in
Fig. 10(a). Results of the Mann-Whitney U test show that there is
a significant difference in the pore size area between the two
groups. A similar trend is observed for X2 and X4 with a CSVR of
1:3 (P < 0.0001). The correlation between the pore size and sheath
solution concentration has been reported in other studies [57].
With the increase in sheath solution concentration, the viscosity
of the sheath polymer solution increases. The viscosity of the
sheath solution has been identified as a driving factor for increased
pore size in the core-sheath structure [58]. CSVRs of 1:0.5 and 1:1
were not used for comparisons as they do not form well-defined
porous structures in concentration configurations of X1, X2, and
X3.

Fig. 11 illustrates the effect of CSVR on the pore size distribu-
tion. The pore sizes for different CSVRs in the concentration config-
urations of X2, X3, and X4 were compared using the Mann-
Whitney U test (for groups of 2 in Fig. 11b and 11c) or Each-Pair
Wilcoxon test (for a group of 4 in Fig. 9a) following a Kruskal-
Wallis test. Fig. 11 shows that an increase in core/sheath CSVR
results in larger pore sizes. The largest pore sizes are observed at
8

CSVR of 1:3. It is noted that lower CSVRs (1:0.5 and 1:1) are not
shown for X3 and X2 because no well-defined porous structures
were formed in those configurations. Furthermore, X1 did not
demonstrate any porous structure at any CSVRs.

Other studies have shown that the dimension of the surface
pores is strongly influenced by the evaporation time of the jet
and the overall bulk polymer (both core and sheath) volume in
the jet [59]. The diameter of the terminal jet before drying is pro-
portionally related to the flow rate of the polymer solution [60,61].
With the increase in fiber diameter, hence larger fiber surface area,
a larger amount of water molecules can condensate via the VIPS
mechanism [62]. This eventually results in larger pore sizes with
the increase in sheath solution flow rates.

The effects of CSVR, concentration, and viscosity ratio on the
outside diameter, wall thickness, and hollow area percentage are
illustrated using surface plots generated from multivariate linear
regression with interaction models as shown in Fig. 12. The x-
axis is the core-sheath viscosity ratio as shown in Table 3.
Fig. 12a shows the combined effect of CSVR and viscosity ratio
on the outside diameter. The regression model is as follows:

D ¼ 2:21� 0:69X1 þ 0:40X2 þ 0:29X1X2 ð3Þ
where D, X1, and X2 denote outside diameter, CSVR, and core-

to-sheath viscosity. The R-square value is 92 % indicating a good
fit for all the experimental values. For all viscosity ratios, CSVR
level 1 has the lowest diameter with d < 2 lm indicated by the
deep blue color contour of the surface plot. CSVRs of 1:1 and 1:2



Fig. 8. The effect of CSVR on the mean diameter for concentration configurations of (a) X1 (b) X2 (c) X3 (d) X4. The statistical significance was color coded.

Fig. 9. Effect of core concentration change on pore size for CSVR of (a) 1:2 (b) 1:3.
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show moderate diameter values with 2 lm � d � 4 lm for all con-
centration configurations. The maximum range of diameter is
obtained at CSVR level 4 (1:3), where all viscosity ratios result in
diameters ranging from 4 lm to 6 lm. From Fig. 12a, we observed
9

that the peak value was obtained for the highest CSVR level 4 and
highest sheath viscosity. This is because CSVR increases the Taylor



Fig. 10. Effect of Sheath concentration change on pore size for CSVR of (a) 1:2 (b) 1:3. Different colors indicate a significant statistical difference.

Fig. 11. Effect of CSVR on fiber surface pore size for concentration configuration of (a) X1 (b) X3 (c) X2. Different colors indicate a significant statistical difference.
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cone size, jet diameter, and eventually the final fiber size [63]. The
increased viscosity in the sheath solution results in a larger fiber
diameter [63].

Fig. 12b demonstrates the fitted surface plot of the effect of con-
centration configuration and CSVR on the wall thickness of the
microtubes. The model equation corresponding to the multivariate
regression model is as follows:

W ¼ 0:04� 0:13X1 þ 0:30X2 þ 0:10X1X2 ð4Þ
where W represents the response variable wall thickness for X1

and X2. The R-square value is 90 % indicating the surface model
represents the experimental data with good accuracy. We observe
that the lowest at the lowest CSVR level 1 (1:0.5), the wall thick-
ness is minimal with t � 1 lm for all viscosity ratios. Consecu-
tively, wall thickness increases as the CSVR is increased for all
concentration configurations. The highest wall thickness is
obtained at CSVR level 4 (1:3), and the core-to-sheath viscosity
ratio is<1. This is indicated by the yellow color-contoured zone
in Fig. 12b. In those regions of the 3D plot, the viscosity of the
sheath is higher than that of the core. Thus, when sheath viscosity
and velocity are 3x higher than the core, thick walls > 2 lm for the
current experimental conditions.

The effects of CSVR and core-to-sheath viscosity ratio on the
hollow cross-sectional area percentage are demonstrated in
Fig. 12c. The hollow portion is calculated as the percentage of the
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hollow area in the cross-sectional area of the microtube as demon-
strated in Fig. 12d. The hollow portion percentage depends on the
wall thickness and the outside diameter. The microtubes with the
largest hollow portion percentage are formed below CSVR level 4
(1:3) at a core-to-sheath viscosity ratio � 1. In other words, the
highest internal volume of the microtubes is obtained when the
viscosity of the core is greater than or equal to that of the sheath
solution. It should be noted that in Fig. 12c, not all experiment set-
tings resulted in a tubular structure. The hollow portion values in
these settings were assigned as 0 in the surface plots. The regres-
sion model is as follows:

H ¼ �18:73þ 18:90X1 þ 7:32X2 � 5:15X1X2 ð5Þ
where H denotes the percentage of the hollow portion area. The

R-square value in Fig. 12c is 72 %. This is because we assigned a
numerical value (0 %) to a physical phenomenon (open sheaths)
for model-fitting purposes. This may be avoided by considering
models with fully encapsulated sheaths only, and hence can be
an area of improvement for future investigations.
4. Discussion

Artificial blood vessels play a critical role in the advancement of
regenerative medicine. They provide oxygen and nutrients to engi-
neered tissues, replace damaged or diseased natural blood vessels,



Fig. 12. Multivariate polynomial regression surface plot of (a) the CSVR and concentration on the outside diameter (b) the CSVR and concentration on the wall thickness (c)
the CSVR and concentration on the hollow area. (d) An SEM image of the cross-section of a microtube.
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and improve the survival and integration of transplanted tissues.
They are also used to study disease in in vitro models of the circu-
latory system [64]. In tissue engineering, the integration of artifi-
cial blood vessels in cell-laden scaffolds will not only form
temporary biodegradable channels for mass transport but also sup-
port and guide the attachment and migration of endothelial cells
for vascularization [65,66]. Despite significant progress, most of
the current manufacturing processes of artificial blood vessels
are time-consuming and complex, requiring precise control of
material properties and geometric parameters [64].

Decellularized allogenic or xenogenic grafts provide naturally
and intact vascular conduits. The disadvantages lie in the difficul-
ties of obtaining personalized organ scaffolds, limited types of
organs, and potential disruption to the extracellular matrix
(ECM). To promote the formation of a vascular network, various
2D and 3D models [67,68] were developed with structural and
microenvironmental mimicry. Traditionally, sacrificial molds or
inserts were used to create a tube network in 3D hydrogel scaffolds
[69–72]. The latest strategies focus on one-step 3D printing vascu-
lar constructs [73–75]. Stereolithography can print vascular chan-
nels and lumen-like structures with high resolution and network
geometries [76]. Microscale continuous digital light processing
was able to fabricate tissues with gradient channel widths ranging
from 50 lm to 250 lm [77]. Despite the high resolution, fabricat-
ing large scaffolds (centimeter-sized) with these techniques has
been limited. It is difficult to spatiotemporally upscale these pro-
cesses into a rapid fabrication system for tissue constructs of a
clinically-relevant size. Electrospinning has been a popular choice
for the fabrication of synthetic vascular scaffolds with diameters
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ranging from centimeters to millimeters [78–80]. Recent studies
have shown rapid cellular regeneration and endothelization in sin-
gle and multi-layered electrospun scaffolds [81–84]. These studies
are based on traditional electrospinning method which spins the
microfibers onto a mandrel to form a tubular shape [85–88]. This
configuration is unable to fabricate capillary vasculatures, which
have diameters ranging from 5 to 10 lm.

Our study shows that vapor coaxial electrospinning has the
capability to fabricate porous microtubes that closely resemble
human capillary vessels. The microtube structure can be modu-
lated by the solution concentrations and the flowrate of the core/
sheath solutions. Future studies will focus on the microtubes’
mechanical properties, including elasticity, tensile strength, burst
pressure, and the in vitro capillary permeability of the nanoporous
microtubes for mass transport.
5. Conclusion

Coaxial electrospinning is a highly efficient fabrication method
for creating nanoporous microtubes as artificial capillaries. Under-
standing the effects of critical material and process parameters on
the morphology of artificial capillaries is crucial for designing suit-
able biomimetic scaffolds for tissue vascularization. In this paper,
we investigated the role of solution viscosity, solution surface ten-
sion, and flow velocity ratio in three major features of microtubes:
outside diameter, wall thickness, and pore size. The outside diam-
eters of the microtubes ranged from 2 to 5 lm. The wall thickness
ranged from 0.5 to 2.5 lm. The average pore size ranged from 0.01
to 0.1 square lm. The analysis shows that the diameter and the
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wall thickness are positively correlated with the sheath viscosity
and sheath flow rate. The core solution only affects the outside
diameter but does not influence the pore size. Polynomial regres-
sion models were generated to quantify the effects. Based on the
models, the viscosity of the sheath solution needs to be greater
or equal to that of the core solution to generate a tubular structure.
Meanwhile, the surface tensions of the core and sheath solutions
need to be substantially different to avoid a homogeneous mixture
and maintain a concentric structure during the electrospinning. It
is also desirable to keep the flow velocity of the core solution equal
to or higher than that of the sheath solution. In addition, surface
pores are formed at high sheath solution concentrations and high
sheath volumetric flow rates. The pore size is positively correlated
to the sheath volumetric flow rate. Overall, the findings from this
paper provide a guideline for electrospinning nanoporous micro-
tubes with tunable morphological features that serve as capillary
vessels for tissue engineering.
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