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ABSTRACT: The study of brain structure and connectivity using
diffusion magnetic resonance imaging (dMRI) has recently gained
substantial interest. However, the use of dMRI still faces major
challenges because of the lack of standard materials for validation.
The present work reports on brain tissue-mimetic materials
composed of hollow microfibers for application as a standard
material in dMRI. These hollow fibers were fabricated via a simple
and one-step coaxial electrospining (co-ES) process. Poly(ε-
caprolactone) (PCL) and polyethylene oxide (PEO) were
employed as shell and core materials, respectively, to achieve the
most stable co-ES process. These co-ES hollow PCL fibers have different inner diameters, which mainly depend on the flow rate
of the core solution and have the potential to cover the size range of the brain tissue we aimed to mimic. Co-ES aligned hollow
PCL fibers were characterized using optical and electron microscopy and tested as brain white matter mimics on a high-field
magnetic resonance imaging (MRI) scanner. To the best of our knowledge, this is the first time that co-ES hollow fibers have
been successfully used as a tissue mimic or phantom in diffusion MRI. The results of the present study provide evidence that this
phantom can mimic the dMRI behavior of cellular barriers imposed by axonal cell membranes and myelin; the measured
diffusivity is compatible with that of in vivo biological tissues. Together these results suggest the potential use of co-ES hollow
microfibers as tissue-mimicking phantoms in the field of medical imaging.
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■ INTRODUCTION

Brain structure and internal connectivity are areas of substantial
past and current research activity. Diffusion magnetic resonance
imaging (dMRI) provides a noninvasive tool to explore brain
tissue by the measurements of the passive diffusion of tissue
water among the cellular structures, the classic example being
the anisotropic diffusion observed within white matter.1 Brain
white matter consists of highly ordered bundles at the
molecular (filaments), microscopic (axons), and macroscopic
(tracts) length scales, with orientationally coherent structure
often persisting for more than the MRI voxel length scale (∼2
mm). This tissue, with its highly organized hierarchical
structures, leads to an orientationally anisotropic fibrous
arrangement in vivo, both in animals and in humans.
MRI tissue mimics or phantoms for neurological use have to

date proved to be a promising, but limited, tool for calibration
and validation of dMRI methods, such as tractography and
microstructure measurement.2,3 These phantoms aim to
approximate the cellular structure of tissues (micrometers)
and the long-range connections within the brain (centimeters).
It is advantageous to have a phantom that exhibits the same or
similar properties (“cell” size, “tract” structure, “membrane”
permeability, etc.) to human and/or animal tissue, but there are
significant problems with using the existing phantoms for brain
dMRI.4

Examples of existing phantom materials are natural plant
materials (e.g., asparagus stems), animal tissues, (e.g., excised
pig and rat spinal cord) as well as other animal nerve structures
(e.g., garfish or lobster nerves), all of which have been used as
biological phantoms.5−9 The exact microstructure and diffusion
characteristics of these materials are however generally not a
close match to in vivo human tissue, and they are inherently
uncontrollable in experimental use and change on excision and
preservation and during storage. They are therefore poor
choices for calibration purposes, although an MRI compatible
viable isolated tissue maintenance chamber, which allows white
matter tissue to be kept in a viable in vivo state for many hours,
could enable animal tissues to perform better as phantoms.10

Synthetic phantoms, which aim to mimic axons and fiber
bundles, such as those made from glass or plastic capillary and
textile filament fibers, have been proposed to overcome these
issues.9,11−14 However, the rigidity of glass capillaries and the
large diameters of plastic capillaries impose limits to the
macroscopic and microscopic geometry of phantom design.
None of the available textile filament fibers are hollow, and all
existing synthetic options have very low and fixed membrane
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permeability. It is also challenging to regulate the angular
distribution of fibers and construct complex fiber geometries
such as crossing, kissing or branching present in human brain
tissue. As a result, the dissimilarity between the microscopic
geometry of the existing phantoms and that of brain tissue sets
a limit on the degree of validation that they can provide and, to
date, has necessitated the use of live animal studies in which the
measured diffusion characteristics can be validated against tract
tracer methods and post-mortem histology.4

Diffusion MRI is a commonly used tool in clinical and
research MRI centers worldwide. However, the quantitative use
of dMRI and comparisons between centers is hindered by
scanner-specific hardware performance variations and scanner
calibration variations. There is therefore a need for the
development of robust, stable, and realistic calibration objects
that can be used for standardization purposes. The above
considerations motivate the search for fiber phantoms with a
well-defined structure, composition and architectural organ-
ization.
There have been only a few studies that have used hollow

fibers for constructing dMRI phantoms for the validation and
calibration of magnetic resonance methods.15−17 However,
these studies usually made use of commercial hollow fiber
modules, i.e., dialyzer and bioreactors, which are not specially
fabricated for dMRI applications. Additionally, their inner
diameters are far too large, typically 200−300 μm, compared
with those of tissue cell structure, where for example, axon
fibers range in diameters from 0.1−10 μm, and cardiac muscle
fibers have ∼15 μm diameters.18,19 There is no single available
solution to the challenge of converting available glass/plastic
capillary or textile filament fibers into truly biomimetic
phantoms in dMRI.
No previous studies have been carried out which employ

electrospun hollow fibers to mimic tissues, such as brain and
cardiac muscle, although there have been extensive reports on
the use of electrospun solid fibers as extracellular matrix
(ECM)-mimetic materials in tissue engineering.20,21 We have
recently shown that coaxial electrospinning (co-ES) could offer
an alternative solution to this challenge, since it is possible to
produce controllable hollow polymer microfibers − the first
building elements in the creation of white-matter mimicking
phantoms.22 There have not been previous reports of any
approach that has the flexibility and realistic manufacturing
route of this method, particularly for matching structures both
at microscopic and macroscopic levels. However, there are
challenges facing co-ES to produce practical and realistic
phantoms composed of hollow microfibers with appropriate
thickness to be used with the typical spatial resolution
attainable with MR scanners. It is widely accepted that the
productivity of the single needle electrospinning process is
typically less than 1.0 g h−1 by fiber weight.23 For instance,
electrospun fiber webs have the thickness of ∼0.02 mm for
typical application in protective textiles and tissue engineer-
ing.24,25 In the case of Co-ES, hollow fibers themselves have a
small diameter, and the thickness of the resultant fiber
assemblies can likewise be quite small. The production of
thicker co-ES fiber samples requires longer operation time for
the electrospinning process. The longer operation time can in
turn lead to challenges for process stability, which is required in
order to maintain the sample quality through the thickness of
the sample.
The present work aims to produce hollow microfibers with

similar sizes those seen in brain white matter and with an

appropriate sample thickness via a one-step co-ES technique
with the final purpose of providing novel tissue mimetic
materials with which to validate new and existing MRI
methodology and to provide calibration objects for MRI
scanners. Importantly, such materials will help alleviate the
need to perform animal studies and minimize the use of
human/animal sample or in vivo studies.

■ EXPERIMENTAL SECTION
Materials. Polyethylene oxide (PEO) has been chosen to replace

the sugar aqueous solution used in our previous study as a core
material.22 PEO is electrospinnable, thus allowing a stable coaxial
electrospinning process to be achieved over a wide range of process
parameters. Additionally, the resultant polycaprolactone (PCL) hollow
fibers have average inner diameters closer to the size of the axons we
wish to mimick, compared to those obtained in our previously
prepared sugar−PCL core−shell fiber bundles. PCL (weight average
molecular weight Mw = 70 000−90 000) and PEO (viscosity average
molecular weight Mv = 900 000) were obtained from Sigma Aldrich
(Dorset, UK) and used as received. The solvents chloroform, N,N-
dimethyl-formamide (DMF) and cyclohexane were also purchased
from Sigma Aldrich (Dorset, UK). Deionized water was used to
dissolve the PEO.

Co-ES. Core/shell fibers were fabricated by a co-ES process using
the setup described by Zhou et al.22 All experiments were conducted in
a fume cupboard at ambient conditions. In a typical procedure for co-
ES, a 10 w/w% solution of PCL in chloroform/DMF (8:2, w/w) was
used as the shell fluid. A 4 w/w% PEO in deionized water acted as the
core fluid. These two liquids were fed at a constant flow rate
independently controlled by two syringe pumps. To investigate the
effect of the core flow rate on inner diameter of hollow PCL fibers, the
typical flow rate for PCL solution was set at 3 mL h−1 or 6 mL h−1. For
PEO solutions, the flow rate was varied from 0.1 to 3.0 mL h−1; to
investigate the effect of the shell flow rate, the PEO flow rate was
maintained at 0.4 mL h−1, the PCL flow rate was changed in the range
of 3 to 7 mL h−1. Other co-ES parameters were as follows: electrostatic
field of 1.8−2.0 kV cm−1, working distance between the coaxial
spinneret and the fiber collector of between 5 and 10 cm. The process
was run for about 35 min to collect a 10-cm-long bundle of core−shell
fibers.

Characterization of co-ES Fibers. The surface morphology and
cross sections of co-ES fibers were observed using a Philips XL30 FEG
SEM with an accelerating voltage of 5 kV. The co-ES fiber specimens
were coated with a thin gold film to increase their conductivity. For
imaging of the fiber cross sections, the fiber bundle was cut by sharp
scissors in liquid nitrogen. Image processing software ImageJ (NIH)
was used to measure the fiber inner diameters from the SEM
micrographs. For each sample, fiber inner diameters were measured at
20 different points within SEM images to determine the average values
and standard deviations. Co-ES fibers were also imaged by using an
Olympus BH2-UMA optical microscope.

Phantom Preparation. Layers of electrospun fibers with 2 mL h−1

PEO core flow rate and 3 mL h−1 PCL shell flow rate (9 kV applied
voltage, 5 cm working distance), were packed into 8 mm glass tubes,
with the fibers aligned along the axis of the tubes. The tubes were filled
with cyclohexane - a proton rich solvent capable of infusing into the
hydrophobic polymer, with a suitable MRI properties to mimic the
free liquid in axonal bodies (T1 = 2328 ms and T2 = 1329 ms at 22 °C
and 1.5 T).26

MR Imaging. Diffusion tensor imaging using a pulsed gradient
spin−echo with 30 gradient directions, b = 800 s mm−2 (plus 1 b = 0 s
mm−2), δ = 4 ms, Δ = 10 ms, Gmax = 302.8 mT m−1 was carried out on
a Bruker 7 T horizontal bore magnet (Bruker Biospin, Germany).
Other sequence parameters were: axial FOV 2 cm × 2 cm, 128 × 128
matrix, total of 7 slices with 1 mm slice thickness, TR = 3.5 s, TE =
28.2 ms.

The MR signal comes from the cyclohexane that diffuses within the
fibers. From the signal attenuation along the different directions the
diffusion tensor was calculated; from this tensor the mean, parallel and
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perpendicular diffusivities and fractional anisotropy were calculated.27

The resultant images were masked to regions where mean diffusivity
(MD) was lower than that recorded in the free cyclohexane, where
MDch = 1.4 ± 0.07 × 10−3 mm2 s−1 at 22 °C. The mean and standard
deviation of the MRI parameters were calculated within these regions
of interest.

■ RESULTS AND DISCUSSION

Random PCL Hollow Fibers. PEO/PCL polymers were
chosen as the core/shell materials to produce hollow fibers for
the phantom preparation. Both PCL and PEO solutions can be
electrospun as individual components, which resulted in a well-
defined boundary between the core and the shell in the co-ES
process of PEO/PCL, as seen from the optical microscopy
image in Figure 1a. Figure 1b shows the cross section of PEO-
PCL core−shell fibers randomly deposited on the collector
plate. The cross sections of these coelectrospun fibers reveal
that the resultant fibers are hollow and have much larger inner
diameters than those from the sugar-PCL combination, as
shown in Figure 1c. From these two core/shell solution pairs,
PCL hollow fibers were fabricated in a one-step procedure by
co-ES. The solvent evaporation in the core solutions is
responsible for the formation of hollow fibers with uniform
and strong walls by the co-ES process.28 More importantly, a
relatively wide range of core/shell flow rates allow a stable
compound drop, Taylor cone and subsequent jet to be achieved
in the co-ES of PEO/PCL core/shell solutions.29 As an
example of co-ES of PEO/PCL, we have shown that PCL
hollow fibers with various inner diameters can be produced by
adjusting the core flow rate in the co-ES process (Figures 1d-
1f). Therefore, the PEO/PCL solution pair is an ideal choice
for coaxial electrospinning to build up into a bulk PCL hollow
fiber bundle, which is a requirement for the fabrication of
phantom material suitable for dMRI.
Aligned Hollow PCL Fibers. It is well-known that, for a

given polymer solution, the process stability during electro-
spinning can be significantly affected by two key process
variables − the applied electric field and the flow rate. These
variables have a certain range of values defined by operating
diagrams, which have been used in electrospinning to

demonstrate regions of different jet behaviors as a function of
applied electric field and flow rate.30−32 For a given core/shell
solution pair in co-ES, the search for the operating diagrams is
important for determining the appropriate values of the
processing variables. For co-ES, however, it becomes more
complicated because of combinational factors from the two
different solutions.33 In our previous study, extensive efforts
were devoted to the exploration of the values of the electric
field and core/shell flow rates in order to locate their operating
diagrams, where a stable co-ES process could be achieved to
produce an effective phantom material.22 Within the operating
diagrams, the core flow rate of PEO solution was adjusted to
produce hollow PCL fibers with various inner diameters, while
the PCL shell flow rate was maintained constant, since the
inner diameter of hollow PCL fibers is expected to be one of
key factors affecting the diffusion of the solvent in dMRI. SEM
images shown in Figures 2a−h reveal the cross-sections of
hollow PCL fibers produced at core flow rates varying from 0.1
to 2 mL h−1, where the shell flow rate was maintained at 3 mL
h−1. As demonstrated in Figure 2i, the PCL fiber inner diameter
increased from ∼3.3 to ∼10.2 μm as the core flow rate
increased. A similar tendency was still observed for the effect of
core flow rate when the shell flow rate was increased to 6 mL
h−1 (Figure 2j). It can clearly be seen that the core flow rate has
a significant impact on the inner diameter of co-ES hollow PCL
fibers. The reproducibility of the inner diameters of the hollow
PCL fibers was assessed using SEM images of eight samples
produced using different core flow rates (images not shown
here). As shown in Figure 2i, reproducibility is good.
Based on these results, the inner sizes of the PCL fibers can

be readily adjusted to suit the application of axon-mimicking
phantoms, by fine-tuning the core/shell flow rates. Compared
with the effect of the core flow rate, no significant change was
observed in the values of the inner diameter with an increase in
shell flow rate, as evidenced by Figure 2k. This finding is in line
with previous reports by Zussman et al.29,34 However, it is
worth mentioning that the range of shell flow rates used in this
experiment had to be narrow in order to maintain the stability

Figure 1. Optical microscopy image of (a) a PEO/PCL core/shell fiber; SEM images of cross sections of hollow PCL fibers using (b) PEO and (c)
sugar core materials, and (d−f) hollow PCL fibers with various inner diameters using a PEO core material. Note: images b−f are not from the
phantoms used for diffusion MR imaging, but are only to illustrate the formation of hollow fibers.
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of the co-ES process, whereas the inner flow rate and electric
field were fixed.
Stability of Hollow PCL Fibers. The design of physical

phantoms requires careful consideration of suitable chemical
stability.35 The stability of electrospun hollow PCL fibers was
assessed in cyclohexane, as this was to be used as a diffusion
liquid for MR imaging. No obvious swelling or shrinking of co-
ES fibers in the presence of cyclohexane over a 7 days period
was observed (Figure 3a, b), even after its complete
evaporation (Figure 3c). Images d and e in Figure 3 show
this stability for the fiber bundle in cyclohexane.
MR Imaging. The details of the phantom construction for

diffusion MRI can be found in the experimental section. Figure
4a shows the fibers packed in a glass tube, containing the
solvent. In dMRI, it is the molecular diffusion of these solvent
molecules to which the signal is sensitive. Any restriction or
hindrance to the free diffusive passage of these solvent
molecules leads to a change in the resultant MRI signal. By
measuring the apparent diffusion coefficient in multiple

directions, it is possible to elucidate the orientation of these
barriers. In an anisotropic system, such as the hollow aligned
fibers studied here, the greatest free diffusion (or highest
diffusion coefficient) will be observed parallel to the fiber
alignment. Figure 4b shows a colormap of the direction of the
highest free/least restricted diffusion and, therefore, the
principal direction of the fibers in the bundles. According to
the color key ball in the figure, fibers running into and out of
the page appear red, from left to right appear green, and up and
down appear blue. The figure clearly shows the principal
direction of the aligned fibers to be along the axis of the tube, as
anticipated from the construction of the phantom.
Figure 4c shows the mean diffusivity (MD) of the solvent for

the fibers; the average value is 0.45 ± 0.28 × 10−3 mm2 s−1. The
average parallel diffusivity is 0.68 ± 0.27 × 10−3 mm2 s−1 and
the perpendicular diffusivity is 0.33 ± 0.29 × 10−3 mm2 s−1,
compared with 1.4 ± 0.07 × 10−3 mm2 s−1 for free cyclohexane.
Figure 4d shows the fractional anisotropy (FA); the average
value is 0.52 ± 0.22. Compared with the average MD and FA

Figure 2. SEM images of hollow PCL fibers produced at different core flow rates: (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4, (e) 0.5, (f) 0.6, (g) 0.8, (h) 2 mL
h−1; (i) the relationship between the inner diameter of hollow PCL fibers and core flow rate at a 3 mL h−1 shell flow rate, showing good
reproducibility; (j) the relationship between the inner diameter of hollow PCL fibers and PEO core flow rate at 6 mL h−1 shell flow rates, (k) the
relationship between the inner diameter of hollow PCL fibers and shell flow rate. Experimental parameters: 9 kV applied voltage, 5 cm working
distance, 3 mL h−1 PCL shell flow rate.
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values observed the ex vivo optic nerve of a rat by Richardson
et al10 (MD = 0.148 ± 0.01 × 10−3 mm2 s−1; FA = 0.86 ±
0.02), our MD value is higher and our FA value lower. Our
values are, however, in the approximate in vivo biological range
for white matter.27 If we consider that the average diameter of
the fibers in the phantom is 10.2 ± 1.6 μm, which is consistent
with large axons in white matter,18 we may expect our MD
value to be a little higher and our FA value a little lower than in
the optic nerve. These ex vivo MD and FA values are however
respectively lower and higher than what is generally observed in
tissue in vivo. The phantom sample temperature in our
experiments is however 15 °C lower than body temperature
(used in the Richardson study), suggesting that factors such as
the use of cyclohexane as a solvent and the relative lack of
microstructural complexity in the phantom when compared
with biological tissue may also play an important role in the
parameter value differences. In future work, we plan to study
the effects of changing the inner diameter of the fibers on the
diffusion signal, of adding an “extracellular” space to the
phantom, and of increasing the structural complexity and
biomimicry by adding inclusions to the “intra-cellular” space
and by patterning the fibers.

■ CONCLUSIONS

To summarize, we have demonstrated that a novel brain white
matter mimicking phantom comprising of aligned co-ES hollow
polymeric fibers can be constructed and used to acquire
diffusion magnetic resonance images. The inner diameter of co-
ES hollow fibers was tuned by controlling the core flow rate
and core/shell solution pairs in order to provide structures with
similar inner diameters to axon fibers in brain white matter. We
have shown that an anisotropic co-ES hollow fiber phantom is a
stable test object that may be suitable for use as a quantitative
validation and calibration tool for dMRI. The results of our
study provide preliminary evidence that this phantom can
mimic the cellular barriers imposed by axonal cell membranes
and myelin. We have demonstrated that the measured
diffusivity is within the range of the brain’s white matter.27

Work is underway in our laboratory to optimize co-ES fibers in
terms of alignment, packing density and intricate geometries.
Research in this area has the potential to enable the
development of co-ES biomimetic phantoms that can mimic
a range of biological structures within the body, potentially
providing substitutes for animal tissues, and allowing the stable

Figure 3. Optical microscope images of (a) as-spun hollow PCL fibers, (b) wet PCL fibers in cyclohexane after 7 days, (c) dried PCL fibers; SEM
images of (d) as-spun hollow PCL fibers, (e) hollow PCL fibers after 7 days in cyclohexane.

Figure 4. (a) Photograph of hollow PCL fiber phantoms in a glass tube filled with solvent. (b) RGB colormap of single slice through the phantom,
revealing the consistent preferential alignment of the micrometer-scale fiber along the axis of the tube (i.e., blue, according to the color sphere key).
(c) A mean diffusivity map (units 1 × 10−3 mm2 s−1) of the phantom, revealing lower values in the phantom compared with the free solvent (MDch =
1.4 ± 0.07 × 10−3 mm2 s−1). (d) A fractional anisotropy map showing that diffusion within the phantom is anisotropic (approaching 1) and in the
solvent is isotropic (approaching 0).
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and reproducible validation and calibration of diffusion MRI in
a number of organs.
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