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Abstract

Hollow polymer microfibers with variable microstructural and hydrophilic properties

were proposed as building elements to create axon-mimicking phantoms for valida-

tion of diffusion tensor imaging (DTI). The axon-mimicking microfibers were fabri-

cated in a mm-thick 3D anisotropic fiber strip, by direct jet coaxial electrospinning of

PCL/polysiloxane-based surfactant (PSi) mixture as shell and polyethylene oxide

(PEO) as core. Hydrophilic PCL-PSi fiber strips were first obtained by carefully select-

ing appropriate solvents for the core and appropriate fiber collector rotating and

transverse speeds. The porous cross-section and anisotropic orientation of axon-

mimicking fibers were then quantitatively evaluated using two ImageJ plugins—

nearest distance (ND) and directionality based on their scanning electron microscopy

(SEM) images. Third, axon-mimicking phantom was constructed from PCL-PSi fiber

strips with variable porous-section and fiber orientation and tested on a 3T clinical

MR scanner. The relationship between DTI measurements (mean diffusivity

[MD] and fractional anisotropy [FA]) of phantom samples and their pore size and

fiber orientation was investigated. Two key microstructural parameters of axon-

mimicking phantoms including normalized pore distance and dispersion of fiber orien-

tation could well interpret the variations in DTI measurements. Two PCL-PSi phan-

tom samples made from different regions of the same fiber strips were found to have

similar MD and FA values, indicating that the direct jet coaxial electrospun fiber strips

had consistent microstructure. More importantly, the MD and FA values of the devel-

oped axon-mimicking phantoms were mostly in the biologically relevant range.
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1 | INTRODUCTION

Axons in the central nerve system (CNS) are highly anisotropic fibrous

structures with diameters of �0.1–10 μm.1–3 Diffusion magnetic res-

onance imaging (dMRI) provides the ability to infer the microstructure

and organization of tissues by monitoring the diffusion of water mole-

cules within and between cells in vivo; changes in cellularity and fiber

orientation affect water diffusion, and therefore macroscopically

recorded diffusion MRI signals. There has been an increasing number

of studies on probing changes in microstructure of the brain4 and spi-

nal cord5 via diffusion MRI, not only as a diagnostic marker of diseases

but also as a measure of treatment response to various therapies.

Multiple techniques6 and biophysical diffusion models7 of white

matter are intensively exploited for assessing neurite fiber orientation

using dMRI. Diffusion tensor imaging (DTI) and more sophisticated

models of the dMRI signal can noninvasively reveal information of

white matter microstructure within the spinal cord5 and brain.8 The

majority of white matter models developed to date consist of two or

three non-exchanging compartments reflecting intra-axonal restricted

diffusion, extra-axonal hindered diffusion and/or free diffusion of

cerebrospinal fluid.7

As diffusion MRI becomes more sophisticated and microstructu-

rally informative, it has become increasingly important to compare dif-

fusion MRI estimates with reference measurements to assess the

accuracy and precision of measurements. For example, a recent study

compared fiber orientation dispersion in human brain white matter

derived from dMRI data using a two-compartment model with refer-

ence measures of dispersion acquired from polarized light imaging and

histology of the tissue.9 However, histological material is limited as a

reference, as changes in microstructure during fixation raise questions

regarding the accuracy of any derived comparison, and the necessarily

destructive nature of tissue sampling impedes routine use. Moreover,

when wishing to compare the performance of dMRI microstructural

measurements between scanning hardware or between centers, histo-

logical comparison is inherently of less use, as questions of relative

scanner bias and precision come to the fore. It is in such settings that

imaging phantoms can be of particular use. Imaging phantoms are a

well-characterized “gold standard” in terms of size and composition

that can be used for evaluating MRI methods, assessing derived param-

eters and the limitations of diffusion models, in addition to providing an

essential tool for comparing measurements between scanners.

Recent advances in MRI phantoms are summarized in Reference

10. The majority of microstructural phantoms currently in existence

are used for the validation of imaging methods and/or microstructural

models in brain dMRI. Among those microstructural phantoms, hollow

poly(ϵ-caprolactone) (PCL) microfibers generated by

electrospinning11–14 and hollow polypropylene (PP) fibers from melt-

spinning15–17 have shown a great potential to design and construct

brain white matter-mimicking MR phantoms, which can approximate

both the micro-scale cellular structure and the macro-scale connec-

tions within the brain. Our previous studies on both 7T pre-clinical

and 3T clinical MR scanners have demonstrated both

hydrophobic11–13 and hydrophilic14,18 hollow PCL microfiber-based

phantoms can achieve excellent MR signal, MR measurement repeat-

ability and chemical stability. In the case of hollow PP fiber phantoms,

previous studies conducted on two 3T MRI systems15,16 have pro-

vided evidence of their ability to validate algorithms for fiber tracking

and the accuracy of diffusion MRI estimates of compartment size and

packing density.

Despite efforts to promote uniformity and consistency in dMRI

data collection, there remains the well-recognized issue related to

intra-scanner19 and inter-scanner20 variations in dMRI measurements.

Ice-water phantoms consisting of distilled water or sucrose solutions

are widely used to assess multi-system or multi-center reproducibility

of dMRI parameters in the brain.21–23 However, these phantoms are

display isotropic non-time-dependent diffusion and hence they can-

not validate dMRI estimates of anisotropy, of fiber orientation disper-

sion in white matter, or of microstructural properties. DTI phantoms

containing melt-spun hollow PP fibers have been employed to assess

intra- and inter-scanner variability in fractional anisotropy (FA) values

using different imaging protocols on up to four 3T MR scanners, indi-

cating substantial inter-scanner differences.24,25 The primary advan-

tage of coaxial electrospun fiber phantoms over PP fiber phantoms

lies in fiber size variation and fiber orientation control, which is

expected to help generate dMRI data that more closely mimic those

obtained from real biological tissue.

Coaxial electrospinning has become increasingly popular in creat-

ing core-sheath structures for various functional applications.26–32

Hollow fibers, as a special core-shell fibers with an empty core, are

frequently generated using a combination of coaxial electrospinning

and post-treatment. However, the post-treatment is not always

required when appropriate shell and core polymer solutions are cho-

sen, for example, PCL in CHCl3/DMF as shell and PEO/water as

core.33 In the coaxial electrospinning process fibers can be collected

in a range of forms from completely random, through uniaxially

aligned orientation to patterned deposition by using an X-Y transla-

tion stage-based collector.34 This offers greater flexibility than melt-

spinning to prepare fiber phantoms with variable fiber orientation dis-

persion. For example, random and well-aligned coaxial electrospun

hollow fibers can be used to design more isotropic gray matter

phantom.35

This study, the first-of-its-kind, reports coaxial electrospun axon-

mimicking hydrophilic PCL-PSi fibers phantom with variable fiber ori-

entation and pore sizes and their use to characterize DTI measure-

ments on a clinical MRI scanner. Coaxial electrospinning was first

conducted using two combinations of shell and core solutions to gen-

erate hollow microfibers, followed by the microstructural characteriza-

tion via scanning electron microscopy (SEM) to determine fiber

orientation and porous structure. A phantom was then constructed

from coaxial electrospun hollow hydrophilic PCL-PSi microfibers. We

investigated how the changes in fiber orientation dispersion and pore

size in the phantom samples affect measurements of mean diffusivity

(MD) and fractional anisotropy (FA) values of the phantom under

room temperature and in ice-water.

2 HU ET AL.
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2 | MATERIALS AND METHODS

2.1 | Materials

PCL (number-averaged molecular weight Mn = 80 kg mol�1), polyeth-

ylene oxide (PEO, viscosity-average molecular weight Mv = 900 k)

and the surfactant poly[dimethylsiloxane-co-[3-(2-(2-hydroxyethoxy)

ethoxy) propyl] methylsiloxane] (abbreviated as PSi) (Cat No. 480320)

were obtained from Sigma-Aldrich (Dorset, UK). The solvents chloro-

form (CHCl3) and N,N dimethyl-formamide (DMF) were also pur-

chased from Sigma Aldrich (Dorset, UK). Deionized water or

chloroform was used to dissolve PEO.

2.2 | Coaxial electrospinning of PCL and PCL-PSi
hollow microfibers

The experimental set-up used in this study for preparing hollow

microfibers was described previously.34 In brief, a coaxial spinneret,

with two concentric needles, was filled with a shell solution of PCL or

PCL-PSi (outer needle, 16-gauge [OD 1.65 mm, ID 1.19 mm]) and a

core solution of PEO (inner needle, 22-gauge [OD 0.72 mm, ID

0.41 mm]). The outer needle was connected to the positive electrode

from a DC high voltage power supply (PS/FC30R04.0e22, Glassman

High Voltage, UK), and the fiber collector, which was placed 5–15 cm

below the tip of the concentric needles, was connected to the

grounded electrode.

The shell/core solutions and process parameters for coaxial elec-

trospinning are given in Table 1. These parameters guarantee a rea-

sonably stable coaxial electrospinning process and were determined

after a series of optimization experiments with respect to polymer

concentrations, flow rates, and applied voltage. A wide rotating drum

was used as a collector to align the fibers. The drum was positioned

on an X-Y translational stage and spun around X direction at controlla-

ble revolutions per minute (rpm), reciprocating along one track in the

X direction at a tuneable speed from 1 mm/s, 4 mm/s to 8 mm/s,

which allowed the fiber deposition to be spread uniformly over the

collector. Once the solvents in outer and inner components in the

deposited fibers evaporated, a solidified outer sheath was formed into

hollow fibers. All experiments were conducted in a fume cupboard at

ambient conditions. In a typical procedure for coaxial electrospinning,

a solution of PCL-PSi in CHCl3/DMF was used as the shell fluid and

PEO in deionized water or CHCl3 acted as the core fluid. These two

liquids were fed at a constant flow rate independently controlled by

two syringe pumps.

2.3 | Scanning electron microscopy

The detailed surface morphology and ultrastructure of the coaxial

electrospun fibers was examined using a Philips XL30 FEG SEM or

Quanta FEG 650 SEM operating at 5 kV under high vacuum. The

coaxial electrospun fibers collected on the rotating drum were coated

with thin gold/palladium (Au/Pd) alloy with a thickness of approxi-

mately 10 nm to increase their conductivity before SEM imaging. For

imaging of fiber cross-sections, fibers were cut using sharp scissors in

liquid nitrogen. The pore size and porosity of coaxial electrospun

fibers were measured using our previously reported methods.36

2.4 | Analysis of fiber orientation and porous
morphology

For the determination of the orientation of the coaxial electrospun

fibers, the “Fourier Components” was performed using the “Direc-

tionality” plug-in for Fiji ImageJ (http://fiji.sc/Fiji, Ashburn, VA).This

calculates the spatial frequencies within an image over a set of radial

directions. The Directionality method was used to generate normal-

ized histograms revealing the amount of fibers present between 0�

and 180�, from which the mean fiber orientation, fiber dispersion, and

goodness of fit are extracted. Fibers oriented along the length of the

strip were defined to be at a 90� orientation, while fibers oriented

perpendicular to the length were at a 0� or 180� orientation.

ImageJ was used for automated analysis of pore-size of the coax-

ial electrospun fiber strips, via the Analyze Particles build-in plugin.

The nearest distance (ND)37 plugin was used to estimate the distance

between a pore and its N closest neighboring pores, which was taken

as a parameter describing extra-fiber pores in the cross-section of the

fiber strips. During the analysis, each pore was fitted with a circle with

the center coordinates (X, Y), area A, diameter DI and wall thickness T.

The mean pore distance (DO) between the ith pore and its N closest

pores is defined as

TABLE 1 Summary of shell/core solutions and process parameters in coaxial electrospinning. (typical temperature of the environment is of
20–24�C, typical humidity is 28%–38%)

Set Shell solution Core solution
Process parameters (applied voltage/
working distance/shell/core flow rate)

1 10 wt%

PCL-PSi (10/1 PCL/PSi, wt/wt) in CHCl3/DMF

(8/2, wt/wt)

2.5 wt%

PEO in CHCl3

9.0 kV/14.5 cm/3/0.35 mL/h

9.0 kV/14.5 cm/3/1.4 mL/h

2 10 wt%

PCL-PSi (10/1 PCL/PSi, wt/wt) in CHCl3/DMF

(8/2, wt/wt)

4 wt%

PEO in water

9.0 kV/5 cm/3/1.0 mL/h

HU ET AL. 3
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DOi ¼ 1
N

XN
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
YN�Yið Þ2þ XN�Xið Þ2

q
� DINþDIið Þ=2

� �
:

Based on Syurik's study,38 the coordination number N was set to

be 3 in the present study. The mean pore distance (DO) of the ith pore

was then normalized by its pore diameter (DIi), expressed as

δ¼DOi

DIi
:

In the case of hollow microfibers, the wall thickness contributes

to the values of DO and the value of δ since the Analyze Particles plu-

gin measures the pore size based on the inner boundary of hollow

microfibers. The circularity of the pores and pore size in all SEM

images processed by ImageJ were set to be 0.5–1 and 10–500 μm2,

unless otherwise stated, which should represent the majority of

microstructural features expected in our samples.

2.5 | Phantom design and construction

The design and construction of phantoms is shown in Figure 1. A 6 h

direct jet coaxial electrospinning process generated a fiber strip of

�0.5 mm thick and 345 mm long (Figure 1A,B). Around 20 layers of

coaxial electrospun PCL-PSi hollow fiber strips (�0.5 mm thick,

10 mm � 10 mm, Figure 1C) were packed into 15 mL plastic centrifuge

tubes (17 mm outer diameter). The plastic tubes (up to 7 tubes) were

then assembled on the custom-made lid of a plastic cylinder (14 cm

wide, 20 cm high; Figure 1D). In the case of PCL fiber phantoms, the

fibers were aligned along the axis of the test tubes filled with cyclohex-

ane; in the case of hydrophilic PCL-PSi fiber phantoms, the fibers were

aligned along the radial of plastic tubes filled with deionized water.

2.6 | MRI acquisition

PCL-PSi fiber phantoms testing on a Siemens Prisma 3T clinical MR

scanner: hydrophilic phantoms were imaged once at standard room tem-

perature (RT, 21.6�) and once in ice-water. On the first scan, the phan-

tom was filled with water and allowed to settle before being scanned.

The phantom was then filled with ice-water in a similar process as

explained in a previous study,21 allowing each phantom to reach thermal

equilibrium at about 0�C. Phantom temperatures were recorded at the

end of each imaging session. The protocol included two repeat acquisi-

tions of a standard PGSE-DTI sequence: voxel size of

1.7 mm � 1.7 mm � 2 mm, field of view (FOV) of 220 mm x 220 mm,

30 gradient directions (b = 0, 1000 s mm�2), repetition time (TR)

= 3200 ms, time to echo (TE) = 69 ms, acquisition time of 3 min 39 s,

and using a 20-channel head coil. DTI data were analyzed on the scanner

by drawing regions of interest on one middle slice within each phantom

to obtain the mean values and standard deviation for FA and MD.

2.7 | Statistical analysis

The effect of the collector speed on fiber orientation and inner diameters

of coaxial electrospun hollow fibers was assessed statistically by firstly

determining the distribution of the data set using the Kolmogorov–

Smirnov test.39 The data set was then assessed for homogenous vari-

ance using Levene's test. Data sets which fulfilled the Kolmogorov–

Smirnov test and Levene's test criteria were assessed using ANOVA with

a Tukey post-test. Data sets which did not fulfill both test criteria were

assessed using Kruskal–Wallis test (KW ANOVA) with Dunn's multiple

comparisons post-test or Mann–Whitney test. All statistical analyses

were conducted at a 95% level of significance using OriginPro 2021 soft-

ware (version 9.8.0.200 (Academic), OriginLab, Northampton, MA).

F IGURE 1 Schematic of direct jet coaxial electrospinning of hollow microfiber-based diffusion tensor imaging phantoms. (A) A direct jet (only
its top segment visible) and deposited fibers on a rotating drum mounted on an X-Y translation stage (not shown). (B) Example fiber strip with cm
scale, (C) Four 10 � 10 mm2 examples sectioned from the fiber strip with centimeter scale, (D) example hydrophilic PCL-PSi fiber phantom
comprising six samples (arranged along the perimeter) filled with water and 1 free water sample (in the center). Inset: seven phantom samples
fixed on the cylinder container cap

4 HU ET AL.
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3 | RESULTS AND DISCUSSION

3.1 | Coaxial electrospinning of PCL-PSi fiber
strips using PEO/chloroform as core solution

Based on the previously successful formation of hollow fiber structure

in narrow PCL-PSi fiber bundles,14 two PCL-PSi fiber strips were col-

lected after slightly modifying the experimental parameters. The strips

were produced using core flow rates of 0.35 and 1.4 mL/h, while

other parameters were kept constant in the coaxial electrospinning of

10 wt% PCL-PSi/CHCl3 + DMF shell solution and 2.5 wt%

PEO/CHCl3 core solution. The strips were denoted PCL-PSi-0.35 and

PCL-PSi-1.4. The solution of 4 wt% was found to be too viscous

to spin.

As shown in Figure 2, the fibers are well aligned (Figure 2A,B,D,E)

in each PCL-PSi fiber strip. As reflected in the color coded images

F IGURE 2 Scanning electron microscopy micrographs of top surface and cross-section of direct jet coaxial electrospun PCL-PSi fiber strips
using 0.35 and 1.4 mL/h core flow rates. Fiber orientations in (A, B) PCL-PSi-0.35 and (D, E) PCL-PSi-1.4 fiber strips. (C, F) Color coded images for
visual representation of fiber orientation in (A) and (D). Cross-sections of the PCL-PSi-0.35 mL/h (G–I) and PCL-PSi-1.4 mL/h strips (J–L). Other
parameter settings: shell solution—10% PCL-PSi/CHCl3 + DMF, core solution—2.5 wt% PEO/CHCl3, applied voltage—9.0 kV, working distance—
14.5 cm, shell flow rate—3 mL/h, operation time—6 h, X-Y translation stage speed—1 mm/s, rotating collector speed—800 rpm

HU ET AL. 5
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(Figure 2C,F), the dominant orientation angle of the fibers was calcu-

lated to be 87.8� and 89.9�, respectively. The compound jet in these

two coaxial electrospinning processes was straight and was therefore

referred to as direct jet coaxial electrospinning, which had a lower

downward axial velocity than the jet composed of straight and bend-

ing segments in conventional electrospinning. The surface velocity of

the rotating collector reached �9.2 m/s when rotating at 800 rpm,

aligning and importantly stretching the deposited fibers along the cir-

cumferential direction of the collector. Some fibers in the PCL-PSi-

0.35 mL/h strip partially merged with their neighbors (highlighted

region by the ellipse in Figure 2B); in contrast, the fibers in the PSi-1.4

strip are found to merge with their neighbors far more uniformly (see

the ellipse in Figure 2E), but did not form a continuous film.

As shown in Figure 2G–L, the cross-sections of the fibers were

apparently different between the PCL-PSi-0.35 and PCL-PSi-1.4 strips.

Each strip had a distinct cross-sectional structure (as shown in

Figure 2G,J). In the PCL-PSi-0.35 strip, across its whole thickness there

were three regions with gradually changing porous structures, as

highlighted in three colored rectangular boxes in Figure 2G. In the PCL-

PSi-1.4 strip, several separated layers comprising 3–5 individual hollow

fibers were observed and each fiber layer had a thickness of a few tens

of microns (as indicated Figure 2J). The fibers in the bottom region of the

0.35 mL/h strip (the side attached to the collector surface) almost

completely merged to a depth of �160 μm (as indicated by red box), but

the fibers became gradually separated and hollow (Figure 2H) from the

�160 μm thick middle region (as indicated by green box) to the

�250 μm thick top region (as indicated by yellow box). The fibers in the

top region were partially merged with neighboring fibers (Figure 2I), which

is consistent with the observation of their surface morphology

(Figure 2B). For the 1.4 mL/h strip, fiber merging, as shown by cross-

sectional SEM (Figure 2K), was also similar to that shown by its surface

topography (Figure 2E). Besides the microstructural differences, the sizes

of hollow fibers at 0.35 mL/h were much smaller than those of in the

PCL-PSi-1.4, as shown in Figure 2I,L, The area-weighted inner diameter36

of the hollow fibers in the two strips were 0.9 ± 0.08 μm (only in the top

fibrous region) and 2.4 ± 0.02 μm (fibers across different layers), respec-

tively. The individual fibers in the PCL-PSi-0.35 strip also had much higher

ratios of wall thickness to pore size than those in the PCL-PSi-1.4 strip

and in fiber strips produced using a PEO/water core solution, which con-

tributed to the higher normalized pore distance δ, as shown in Figure 1.

Based on the experimental results, it was evident that both the

PCL-PSi-0.35 and PCL-PSi-1.4 fiber strips are not as close to the axon

microstructure as fibers (e.g., Figure 3A–C) generated via coaxial elec-

trospinning using PEO/water as the core solution. Varying the core

and/or shell solutions in coaxial electrospinning could effectively

result in hollow microfibers in a relatively short-time period as previ-

ously reported.40 On the other hand, the variations of the core and/or

the shell solution compositions, which resulted in a slowdown or

acceleration of the evaporation rate, can dramatically affect the final

form of hollow microfibers in their bulk structure, such as in the case

of fiber strips. The potential effect on the hollow microfibers of CHCl3

in the core solution is discussed below in comparison with the use of

water as the core solvent.

3.2 | Coaxial electrospinning of PCL-PSi fibers
using PEO/water as core solution

When 4 wt% PEO/water was used as the core solution, three PCL-

PSi fiber strips were collected using different X-Y translation speeds,

namely 1, 4, and 8 mm/s. The resultant PCL-PSi fibers have dramati-

cally different cross-sections, as shown in Figure 4. Among these

three samples, the fibers in the PCL-PSi-1 strip are hollow across the

whole thickness (Figure 3A) but merge with their neighbors, resulting

in some extra-fiber void space. Figure 3B shows that these void

spaces (as highlighted by an ellipse) often have irregular shapes and

much larger size than the inner diameters of the hollow fibers. In addi-

tion to the dominant hollow microstructure, some hollow fibers are

found to be collapsed, leading to closely packed regions, as

highlighted by ellipses in Figure 3C. The typical extra-fiber void space

between partially merged fibers, with in the 1 mm/s sample, is also

revealed by the longitudinal surface in the inset SEM in Figure 3A.

When the translation speed was increased to 4 mm/s, the cross-

section of the PCL-PSi-4 strip was found to vary from highly merged

to porous structure from the bottom to the top of the strip

(Figure 3D–F), which is very similar to the microstructural change in

the PCL-PSi-0.35 fiber strip (Figure 2G). At the bottom region of the

PCL-PSi-4 fiber strip, hollow fibers are barely observed due to the

complete fusion into a region of 250 μm thickness, with an increasing

number of irregular pores (Figure 3D) in the upper region. Hollow, but

still significantly merged, fibers are present in the middle region of

fiber strip (Figure 3E). As shown in Figure 3F, the hollow fibers

become much less fused in the top layer of the strip, where some sig-

nificant delamination occurs (as shown by the inset in Figure 3D).

Those fibers in the PCL-PSi-8 sample become completely fused as no

discrete fibers are observed across the whole thickness (Figure 3G),

which almost resembles the microstructure of the bottom region in

the PCL-PSi-4 fiber strip. The fiber fusion microstructure is also

shown by the longitudinal image of the strip (Figure 3H).

Figure 4 shows the dispersions of normalized pore distance (δ) of

the three fiber strips with changing translation speed. For the PCL-

PSi-4 fiber strips, three dispersions of δ are illustrated here due to var-

iable porous structures across the cross-section. Their dispersions of

normalized pore distance reveal that the fibers in three strips are

either partially packed with pore size larger than wall thickness or

highly merged. There are some outliers of δ (e.g., up to 18 in PCL-

PSi-1 strip), corresponding to relatively large void space and/or

merged areas present in these fiber strips.

The normalized pore distance of the PCL-PSi-1 fiber strip has

considerable overlaps with the middle and top regions of PCL-PSi-4

strip, indicating there are lots of small local areas that have similar

porous microstructure, with highly packed hollow fibers, as shown in

circled area in Figure 3A,E,F. In the PCL-PSi-4 fiber strip, the normal-

ized pore distance exhibits gradually smaller and narrower from the

strip bottom to top region, which is not seen in PCL-PSi-1 and PCL-

PSi-8 fiber strips. For the nonoverlapping region, the values of nor-

malized pore distance (δ) in the middle are higher and in the top

regions are lower, revealing that there are some more merged regions

6 HU ET AL.
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F IGURE 4 Boxplots of the

dispersions of normalized pore
distance of three coaxial
electrospun PCL-PSi fiber strips
from 10% PCL-PSi/
CHCl3 + DMF shell solution with
4 wt% PEO/water core solution
using 3.0/1.0 mL/h shell/core
flow rate, 9.0 kv, 5 cm, 6 h
production time, 800 rpm at
translation speed of 1, 4, and
8 mm/s

F IGURE 3 Coaxial electrospun PCL-PSi fibers from 10% PCL-PSi/CHCl3 + DMF shell solution with 4 wt% PEO/water core solution using
3.0/1.0 mL/h shell/core flow rate, 9.0 kv, 5 cm, 6 h production time, 800 rpm at translation speed of (A–C) 1 mm/s, (D–F) 4 mm/s (top, middle
and bottom region), (G, H) 8 mm/s
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as shown Figure 3E and some thinner walls between fibers in

Figure 3F. The distribution of normalized pore distance of the PCL-

PSi-8 fiber strip is similar to the bottom region of the PCL-PSi-4 fiber

strip (p = 0.58, KW ANOVA).

In the coaxial electrospinning process, a core-shell fluid jet is

ejected from a spinneret and deposited on a grounded electrode with

a 15–20 cm gap in less than 10 ms.41 The rapid solvent evaporation,

which is even quicker (i.e., in a few milliseconds42), occurs in two main

stages, one from the shell and the other from the core solution. The

initial stage of the evaporation process results in the formation of

core-shell structured fibers filled with solvent and the final stage of

evaporation of the core solvent through a solidified shell mainly deter-

mines the final form of the tubular fibers: they can adopt collapsed,

partially collapsed or non-collapsed (cylindrical) shapes.43 In particular,

the final stage of evaporation heavily relies on the diffusion coeffi-

cient of the core solvent through the fiber shell.43 An increasing water

content in the mixed solvent system water/EtOH changed the hollow

PCL microfiber from tubular (6/4, wt/wt) to partially (7/3, 8/2, wt/wt)

or totally collapsed structure (1/0, wt/wt) in coaxial electrospinning

using a working distance between the spinneret and the collector of

16 and 20 cm.43

The above solvent diffusion-based mechanism behind the hollow

microfiber formation in coaxial electrospinning cannot fully explain

some experimental observations here. For example, in the coaxial

electrospinning process using PEO/water as core solution, hollow

PCL-PSi fibers were still formed (Figure 3A–C), though in our previous

study with a 23 or 15 cm working distance (close to that used in Ref-

erence 43), completely or partially collapsed PCL fibers were also

formed.14 Here, the formation of hollow fiber structure could be

attributed to the relatively shorter working distance (5 cm) where the

jet comprises only a straight segment. The straight jet could undergo

the final stage of evaporation on the rotating collector on which it is

subject to much higher mechanical stretching than the jet in the lon-

ger working distances. Based on the solvent diffusion mechanism in

Reference 43, the jet deformation, that is, thinning, results in a

decrease in the internal volume of the tubular fibers formed on the

first stage and thus the decrease in the pressure difference inside and

outside the tubular fibers caused by solvent evaporation, which pre-

vents the fiber collapsing or buckling to some extent. It is also worth

noting that hollow PCL-PSi fibers were formed from a PEO/CHCl3

core solvent in the previous section but had different pore geometries

from those fibers generated from PEO/water or PEO/water + EtOH

core solution, even though the working distance used was similar

(e.g., 16–20 cm in Reference 33). The formation of this unique porous

structure on fibers could be explained by the dual effect of CHCl3 on

fibers formation including high diffusion coefficient and good solvent

to the shell polymer while the solvent–water or ethanol exerts only

the diffusion effect.

The effect of varying the X-Y translation speed between 1 and

8 mm/s on PCL-PSi fiber cross-sections is consistent with previous

finding for the coaxial electrospinning PCL fiber strips created with

X-Y translation speeds between 0.2 and 5 mm/s.36 In the present

coaxial electrospinning of hollow PCL-PSi fibers using 5 cm

working distance, the landing speed of the straight jet should be

much higher than that (ca. 15–20 mm/s) in near-field electrospin-

ning44 but much lower than that in conventional electrospinning

(ca. 0.7–1.8 m/s).45 That is to say, the landing speed of the PCL-PSi

fibers is far more than the translation speed of the collector, result-

ing in the formation of multiple fibers along the jet direction before

fibers spread on the collector surface. As previously explained, the

wet fiber strands deposited early would have less time to dry

before a new fiber layer are deposited on the rotating collector

when moving at higher translation speeds, leading to fiber fusion in

the PCL-PSi fiber strips.

The above analysis suggests that the rotating collector relevant

parameters (rotation speed and translation speed), together with the

proposed final-stage solvent evaporation should be taken in account

in the coaxial electrospinning process of hollow microfibers, in partic-

ular, bulk structures.

3.3 | Co-ES of hollow PCL-PSi microfibers with
variable collector speed

Similar to PCL fiber strips, three PCL-PSi fiber strips were prepared

using similar process settings, denoted as PCL-PSi-100, 4000, and

800, respectively. Representative longitudinal and cross-sectional

morphologies from each PCL-PSi fiber strip are shown in Figures 5

and 6. In general, the longitudinal surface morphology of PCL-PSi

strips as shown in Figure 5A–C appears to replicate that observed in

PCL fiber strips (Figure 5A–C). Some merging with neighboring fibers

can be seen in the three PCL-PSi strips, resulting in lateral connection

between fibers via ribbon-like fibers and void space between those

merged fibers. However, the fibrous structures are still dominant,

though significantly merged fibers locally formed some small area of

non-fibrous film. Table 2 summarizes the mean fiber orientation and

orientation dispersion in SEM images shown in Figure 5A–C via Direc-

tionality. The fibers in three PCL-PSi fiber strips were also well

aligned, as indicated by the mean fiber orientation values at around

90�. Figure 5D–F shows the histograms of the fiber orientation dis-

persions via Directionality, which were significantly different

(p << 0.05, KW ANOVA).

The PCL-PSi fiber strips also had similar final thickness (�0.5 mm)

to the PCL fiber strips above. As shown in Figure 6A–C, hollow fibers

and relatively large void extra-fiber space were the main features of

the cross-sections of the three PCL-PSi strips and became obviously

thinner with increasing rotation speed. The area-weighted pore diam-

eter distributions of hollow microfibers in the three strips were pre-

sented in Figure 6D. The pore diameter range of the PCL-PSi-100

strip spanned 3 μm-18+ μm diameters, which was wider than the

PCL-PSi-400 and PCL-PSi-800 strips with ranges of 3–15 μm and 3–

12 μm, respectively. There are dramatic changes in area-weighted

inner diameter from 10.6 ± 2.0 μm of PCL-PSi-100, through 7.3

± 0.4 μm of PCL-PSi-400 to 5.1 ± 0.2 μm of PCL-PSi-100. As shown

by Figure 6E, the distribution of normalized pore distance of the PCL-

PSi-800 fiber strip entirely overlapped with that of PCL-PSi-100 fiber

8 HU ET AL.
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strip (p = 1, KW ANOVA). However, a significantly narrower disper-

sion of normalized pore distance was seen in PCL-400 fiber strip

(p << 0.05, KW ANOVA).

The normalized pore distance and dispersion of fiber orientation

were also compared between PCL fiber and PCL-PSi fibers. In terms

of the dispersion of normalized pore distance, there was no dramatic

difference between the PCL-100 and PCL-PSi-100 strips (p = 0.18,

Mann–Whitney). The differences between the PCL-400 and PCL-PSi-

400 strips and between the PCL-800 and PCL-PSi-800 strips were

significant, (p << 0.05, Mann–Whitney). In terms of the dispersion of

fiber orientation in the two types of fiber strips, the difference

between the PCL-100 and PCL-PSi-100 strips was not significant

(p = 0.39, Mann–Whitney), but there were significant differences

between the PCL-400 and PCL-PSI-400 strips and between the PCL-

800 and PCL-PSi-800 strips (p << 0.05, Mann–Whitney). These

results indicated that the addition of PSi in the PCL shell could affect

the porous microstructure and fiber orientation only at relatively high

collector speeds (400 and 800 rpm). However, it should be mentioned

that the value of normalized pore distance is prone to be influenced

by the SEM sample preparation in which freeze facture could deform

the pores especially in large size hollow fibers shown in both

Figure 6A–C. Therefore, here the apparent effect of PSi on the porous

structure in two types of strips is not conclusive.

3.4 | Hydrophilic PCL-PSi phantom testing on a 3T
clinical MR scanner

MR images were acquired following the scan of the six PCL-PSi fiber

phantom samples using a 3T clinical MRI scanner. MD and FA values

of the six PCL-PSi fiber phantoms were measured. For the PCL-PSi-

100, �400 and �800 fiber phantoms, the MD and FA values for the

two repeat scans, acquired at 21.6�C and in ice-water are listed in

Table 2. Both MD and FA values for the two repeats of each of the

three phantoms were less than 6% of mean value for MD, and less

than 11% of mean value for FA (a maximum difference of 0.05 μm2/

ms for MD and 0.06 for FA), indicating high consistent quality across

each fiber strip. For the PCL-PSi-800 fiber phantom sample, its MD

value was 14.3%–22.8% higher than previously reported MD (0.81–

0.90 μm2/ms) and its FA value is 20.3%–24.4% lower than the FA

value (0.74–0.78) of three PCL-PSi-800 fiber samples reported in Ref-

erence 40. It has to be noted that the MD and FA values in Reference

40 were the median values acquired on the same model of MRI scan-

ner in another imaging center (3T Siemens Prisma at UCL) and tem-

perature was not reported, which might contribute to the

discrepancies in MD and FA values.

There was a decrease in MD of 14.5% from the PCL-PSi-100 to

PCL-PSi-400, and then an increase by 19.3% to its original value in

F IGURE 5 Scanning electron microscopy micrographs of longitudinal sections of direct jet coaxial electrospun PCL-PSi fiber strips using
various rotating speeds and their orientation distributions. (A, D) 100 rpm; (B, E) 400 rpm; (C, F) 800 rpm. Coaxial electrospinning process
parameters: 10 wt% PCL-PSi/CHCl3 + DMF shell and 4 wt% PEO/water core using 3.0/1.0 mL/h shell/core flow rate, 1.8 kV/cm electric field
strength, and a 5 cm working distance
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the PCL-PSi-800 fiber phantom, while the area-weight pore sizes of

hollow fibers decreased by 54.5%. As discussed in Section 3.4, there

was a considerable decrease in the distribution of normalized pore

distance between the PCL-PSi-100 and PCL-PSi-400, and then a con-

siderable increase in the distribution between PCL-PSi-400 and PCL-

PSi-800, but there was not a significant difference between the PCL-

PSi 100 and PCL-PSi-800 strips. These variations in the dispersion of

the normalized pore distance could explain the fact that there was no

clear trend in the MD values of the three PCL-PSi fiber phantom sam-

ples. There was a sharp increase in FA value of 154% from the PCL-

PSi-100 to PCL-PSi-400, followed a slight decrease by 3.3% to PCL-

PSi 800. The significant difference in the dispersion of fiber orienta-

tion between PCL-PSi-100 and PCL-PSi-400 fiber strips should be

responsible for the sharp increase in FA values of the corresponding

phantoms; the relatively larger standard deviation in fiber orientation

in PCL-PSi-400 phantom than PCL-PSi-800 one could explain the

slight change in FA value.

The advantage of using ice-water is that the temperature was

fixed and not affected by the temperature inside the scanner room.

The MD and FA values acquired from PCL-PSi fiber phantoms in ice-

water at 0.16� were shown in Table 2. As expected, MD and FA

values were lower than those acquired at room temperature due to

the slower diffusion of water molecules at lower temperatures. Also,

the trends of MD and FA values in ice-water were found to be consis-

tent with the those acquired at room temperature for three phantom

samples.

From the above analysis, one can conclude that the dominant

microstructural parameters defining MR measurements in fiber phan-

toms are the normalized pore distance and the dispersion of fiber ori-

entation. These two parameters can more closely reflect the ground

truth microstructure of coaxial electrospun strips, and therefore more

appropriately explain the changes in MD and FA values.

4 | CONCLUSION

In conclusion, we have demonstrated that the direct jet coaxial elec-

trospinning technique permits the formation of 3D macrostructures—

F IGURE 6 Scanning electron microscopy images of cross-sections of coaxial electrospun PCL-PSi fibers from 10 wt% PCL-PSi/CHCl3 + DMF
shell and 4 wt% PEO/water core using 3.0/1.0 mL/h shell/core flow rate, 1.8 kV/cm electric field strength, and a 5 cm working distance at three
rotating speeds of (A) 100 rpm; (B) 400 rpm; (C) 800 rpm. (D) Histograms of area-weighted inner diameter distributions; (E) boxplots of
normalized pore distance and dispersion of fiber orientation. Scale bars in (A–C): 40 μm
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fiber strips of axon-mimicking hollow microfibers with variable micro-

structure, that is, pore distance, pore size, and fiber orientation. Two

spinnable polymers (PEO and PCL) were used as the core and shell

components, and by selecting an appropriate solvent in the core and

specific collector rotating speed and translation speed, one could

obtain hydrophilic PCL-PSi fiber strips with highly porous cross-

section and anisotropic fiber orientation. The constructed axon-

mimicking diffusion phantoms based on PCL-PSi fiber strips allowed

us to perform diffusion MR scans on a clinical MR scanner. The MD

and FA values of axon phantoms were largely determined by the pore

size, pore distance and fiber orientation. We found that the normal-

ized pore distance and fiber orientation dispersion of developed phan-

toms could be used to interpret the variations in their DTI

measurements. Similar to our previously demonstrated quality of PCL

fiber strips,12,13 the microstructural quality of PCL-PSi fiber strips was

also consistent. More importantly, the MD and FA values of these

developed axon phantoms were mostly in the range of or comparable

to those reported for previously developed phantoms, and therefore

are biologically relevant.
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