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Abstract Magnetic resonance imaging (MRI) is routinely used as amedical imaging
modality in the disease detection, monitoring, and therapy response assessment in
neurology and cancer. An attractive feature of MRI is its ability to provide non-
invasive quantitative measurements relating to the tissue microenvironment. InMRI,
a technique known as diffusion MRI can provide non-invasive quantitative informa-
tion that is reflective of the microstructure of tissues, ranging from measurements
of axonal packing in the brain, through measurements of myocardial fiber orien-
tation in the heart to measurements of tumor cell size. These measurements are
powerful, but they are not commonly used clinically, in part due to a lack of valida-
tion. Synthetic tissues, with known microstructural properties, provide one approach
to providing such validation. This chapter presents how co-electrohydrodynamic (co-
EHD) forming of polymer materials can be used to create synthetic tissues (or phan-
toms) for diffusion MRI by mimicking the cellular structure of tissues in the brain,
heart, and tumor. Two types of co-EHD polymeric structures, i.e. hollow microfibres
and microspheres, will be discussed with the focus on the shell and core materials
and the relevant processes used. Three types of tissue-mimicking phantoms and their
performance in pre-clinical or clinical MRI measurements will be highlighted.
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5.1 Introduction

Magnetic resonance imaging (MRI) is routinely used as a medical imaging modality
in the diagnosis of a wide range of diseases. Part of the attraction of MRI is its ability
to provide non-invasive quantitative measurements relating to the tissue microenvi-
ronment. In particular, a technique known as diffusion MRI is able to provide non-
invasive quantitative information that is reflective of the microstructure of tissues,
ranging frommeasurements of axonal packing in the brain tomeasurements of tumor
cell size. These measurements are powerful, but they are not commonly used clini-
cally, in part due to a lack of validation. Synthetic tissues, with known microstruc-
tural properties, provide one approach to providing such validation. Here we discuss
how co-electrohydrodynamic forming of polymer materials can be used to create
test objects (or phantoms) for diffusion MRI by mimicking the cellular structure of
tissues.

5.2 Co-electrohydrodynamic Forming of Hollow Polymeric
Materials

Hollow polymeric nano/microstructures with cylindrical or spherical geometries
are of special interest for use in encapsulation, controlled release, filtration, and
nanoreactors, which currently are mainly fabricated using hard-templating, soft-
templating, and self-templating synthesis [1]. However, those templating strategies
often require multiple steps due to extra procedures to remove the template/core
materials. Co-electrohydrodynamic (co-EHD) forming was firstly demonstrated by
Loscertales et al. in 2002 [2] to fabricate core–shell structured water–oil nanopar-
ticles, and then in 2004 was extended by the same researchers to produce hollow
polymeric nano/microfibres (later called co-electrospinning, Fig. 5.1a) [2] and
nano/microspheres (later called co-electrospraying, Fig. 5.1b) [3]. The main advan-
tage of co-electrospinning/spraying lies in the fact that they are one-step processes
and allow flexibility of controlling the sizes (i.e. wall thickness, inner diameters) and
patterning of hollow fibers and spheres.

5.2.1 Co-electrospinning of Hollow Polymeric Fibres

Co-electrospinning (or coaxial electrospinning) has greatly expanded the versatility
of electrospinning by enabling core–shell structured or hollow fibre fabrication,
providing multi-functional/structural properties from a single fibre. By forming a
fibre that consists of two or more complementary materials in the core and the shell,
one can design complex fibres with a combination of properties that are not achieved
in homogeneous nanofibres from single-nozzle electrospinning.
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Fig. 5.1 Co-EHD forming of hollow polymeric materials. a Schematic of co-electrospinning
(reproduced from [4], an open access journal published under a CC BY-NC-SA 3.0 license.)
and SEM micrographs of morphology and cross-section of co-electrospun hollow microfibres;
b schematic of co-electrospraying (reproduced from [5] with permission, copyright Elsevier) and
SEM micrographs of morphology and cross-section of co-electrosprayed hollow microspheres

Co-electrospinning was firstly combined with sol–gel chemistry to produce
tetraethylorthosilicate (TEOS) hollownanofibres in one step fromnon-polymer core–
shell combination [2]. In several following studies, Zussman et al. [6] extended this
technique to different polymer solutions (e.g. poly (E-caprolactone) (PCL) shell and
poly(ethylene oxide) (PEO) core). The rapid solidification of shell solution and the
evaporation of core solution through the shell was proposed to be responsible for
one-step formation of hollow microfibres in coaxial electrospinning [6, 7]. The size
andmorphology of resultant co-electrospun fibres were closely affected by core/shell
materials properties (e.g. solvent and concentration), process parameters (e.g. solu-
tion flow rate, electric field) [8]. Since then this field has been growing rapidly and
extensively, as evidenced by two review articles published byMoghe et al. [9] in 2008
and Han et al. [10] in 2019, in which early history and current status, basic theories,
process parameters of co-electrospinning and various applications of co-electrospun
fibres were critically summarised.

Biomedical applications frequently using co-electrospun fibres, primary in tissue
scaffolds, wound dressings and drug delivery, have been, and continue to be,
vigorously investigated, resulting in promising advances and novel approaches.
For instance, one of the most exciting developments in coaxial electrospinning is
high-throughput production of hollow nanofibres by using a needleless coaxial slit
spinneret [11].

Precise deposition of core–shell structured or hollow microfibres in coaxial elec-
trospinning on a desired location or specific pattern is also an area of current progress.
The concept of direct-writing co-electrospinning was firstly demonstrated by Zhou
et al. [12]. Dramatically reducing the gap (often called working distance) between
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the nozzle and the collector to a few millimetres suppressed the instability of the
fluid jet. By using such a jet with a motor-controlled X–Y stage collector, position-
controlled deposition of patterned fibres was realized, as shown in Fig. 5.2a. By
utilizing a rotating collector (Fig. 5.2b) in direct writing co-electrospinning using

Fig. 5.2 Direct writing of core–shell structured or hollow polymeric fibres: a near-field coaxial
electrospinning of patterned sugar-PCL core-sheath fibres (reproduced from [12] with permission,
copyright Elsevier); b near-field coaxial electrospinning of hollow PVDF fibres (reproduced from
[13] with the permission from the Royal Society of Chemistry); c far-field coaxial electrospinning
of PLA-PEO shell and HA core (reproduced from [15] with the permission from the Royal Society
of Chemistry); d far-field coaxial electrospinning of PCL shell and PEO core (reproduced from
[16], an open access article published by Elsevier under a CC-BY license)
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Fig. 5.3 Co-electrosprayed hollow polymeric microspheres with (a, d) solid surface, (b, e) porous
surface, and (e, f) single surface opening, from PCL (a–c) (reproduced from [18], an open access
article published by Elsevier under a CC-BY license) and PLGA (d–f) polymers [(d) and (f) were
reproduced from [19], an open access article published by Elsevier under a CC-BY license]

an 1 mm working distance, well-defined hollow piezoelectric polyvinylidene fluo-
ride (PVDF) fibres with tuneable inner diameters were fabricated [13]. At a working
distance of 10 cm, a direct coaxial jet was still observed, which allowed the formation
of well-defined and highly aligned hollow poly(d,l-lactic-co-glycolic acid) (PLGA)
fibres from PLGA-PEO shell-core solution [14]. The addition of ultra-high molec-
ular weight PEO (Mw > 5 M Da) into a poly(L-lactic acid) (PLA) shell solution
helped maintain the state of the direct jet even when the working distance was
further increased to 30 cm in the coaxial electrospinning using hyaluronic acid (HA)
core solution (Fig. 5.2c) [15]. Zhou et al. further combined a rotating drum with an
X–Y stage (Fig. 5.2d) to collect hollow PCL microfibres with variable fibre orienta-
tion/packing [16]. In particular, the gap between those hollow fibres could be tuned
by varying the translation speed of the X–Y stage [16].

5.2.2 Coaxial Electrospraying of Hollow Polymer Particles

The studies of coaxial electrospraying can be divided into two categories. The
first category is focused on developing biodegradable polymeric particles encapsu-
lating biological agents for specific imaging and therapeutic applications. PCL and
PLGA are two FDA-approved synthetic polymers having good biocompatibility and
biodegradability, and aremost commonly usedmaterials in coaxial electrospraying of
core–shell spherical particles for biomedical applications [17]. Co-electrospraying
has been employed to fabricate hollow polymeric particles with various surface
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microstructural characteristics, including solid surface, porous surface and with a
single surface opening (Fig. 5.3). These are made from PCL and PLGA by varying
factors including core/shell solution combinations, process parameters (e.g. flow rate)
and/or collecting media [18, 19]. Furthermore, it has been shown that the ratio of
shell thickness to radius of core–shell microspheres can also be adjusted by varying
these factors [20].

The second coaxial electrospraying category includes theoretical studies focusing
on computational and numerical simulations. The development of commercial soft-
ware for computational fluid dynamics (CFD), including FLUENT 15.0 software
(ANSYS), has encouraged the simulation of cone-jet behaviour and core–shell
droplet formation from miscible shell/core solution combinations in single [21]
and double-nozzle co-electrospraying [22]. More recently, a complete axisymmetric
model of coaxial electrospraying under constant electrical permittivities and conduc-
tivities, and strict immiscibility of shell/core liquids was presented [23]. It can be
envisaged that these computational and numerical simulations could greatly benefit
the optimization of the co-electrospraying process.

5.3 Tissue Microstructure Mimicking Phantoms
for Diffusion MRI

5.3.1 Brain, Heart and Tumour Microstructure

Axons in white matter create a highly anisotropic fibrous tissue. Myelinated axons
are elliptic or circular in cross section, with diameters ranging from 0.16 and up
to 9 µm [24] (Fig. 5.4a). Myocardial tissue (heart muscle) also consists of highly
anisotropic fibrous tissues characterised by an array of interconnecting fibres with a
radius of 21.4 ± 16.8 µm [25], as evidenced by longitudinal histology (Fig. 5.4b).

Fig. 5.4 Tissue microstructure in brain, heart and tumour: a 2D (left) SEM micrograph and simu-
lation (right) showing axon size and axonal orientation in rat brain (reproduced from [24], an open
access article published by Springer Nature under a CC-BY license); b a digital photograph showing
a dissection (right) revealing the progression of the helical angle in porcine heart (reproduced from
[26] with the permission from the BMJ Publishing Group Ltd.); c SEM micrographs of human
pancreatic cancer cells (KP4) (reproduced from [27], an open access article published by Springer
Nature under a CC-BY license). Scale bars in c are 50 µm (left) and 10 µm (right)
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From the outer, through the middle to the outer layer in myocardium muscle there is
a gradual and relatively even progression of helical angulation, from ‘left-handed’
through ‘horizontal’ to ‘right-handed’ orientation [26]. The microstructural proper-
ties (Fig. 5.4c) in solid tumour are often described in terms of cell size,which typically
range from 10 to 20 µm [27], with intra- and extracellular packing density/volume
fraction showing large variations. In each setting, the microstructural characteris-
tics of tissue may vary with disease, and therefore represent an attractive target for
diagnosis and monitoring of therapeutic interventions.

Diffusion MRI provides the ability to infer the microstructure of tissues by moni-
toring the diffusion of water molecules within and between cells; changes in cellu-
larity affect water diffusion, and therefore macroscopically-recorded diffusion MRI
signals. There have been an increasing number of studies on probing changes in
tissue microstructure via diffusion MRI, not only as a diagnostic marker of diseases
but also as a measure of treatment response to various therapies. There is increasing
demand for diffusion MRI validation due to the exponential growth of the field of
microstructural imaging [28].

5.3.2 Co-EHD Microstructural Phantoms for Diffusion MRI

The term “phantom” is used here for well-characterized test objects in terms of size
and composition that can be used for evaluating the accuracy and precision of MRI
methods to study tissue microstructure (for recent reviews of phantoms for quan-
titative MRI in general see [29, 30], respectively). The majority of microstructural
phantoms currently in existence are used to provide a gold standard for the vali-
dation of MRI methods probing brain microstructure, although interest is growing
in the development and application of such phantoms for validating microstructure
measurements in tumours and in the heart.

Brain Tissue-Mimicking Phantom

As shown in Fig. 5.5a, co-electrospinning of uniaxially aligned hollow microfibres
was achieved using a rotating drum fixed on an X–Y translation stage, resulting in
fibres deposited in strip form; fibre strips were then characterised via SEM & µ-
CT for ground truth, and finally packed as ~10–15 fibre layers into a MR visible
liquid-filled test tube to form a phantom. Diffusion MRI measurement of these brain
tissue mimicking phantoms has demonstrated that: (1) as shown in Fig. 5.5b, frac-
tional anisotropy (FA—a composite diffusion MRI measurement of microscopic
fibre orientation coherence and micro-geometric anisotropy) decreases linearly with
an increase in the mean inner diameter of the fibres, whereas the radial diffusivity
was shown to increase (indicating, as expected, that molecular diffusion across the
section of the fibres is greater when the diameter of the section is larger) [31]; (2)
fibre tractography results match the fibre orientations present in the white and grey
matter phantoms (Fig. 5.5c) [32]; (3) diffusion MRI results for the phantoms show
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Fig. 5.5 Brain-mimicking fibre phantoms and their MRI performance: a flowchart of co-
electrospinning of brain white matter phantom (reproduced from [34] with the permission from
Springer, Cham); b effects of fibre size (reproduced from [31], an open access article published
by John Wiley and Sons under a CC-BY license) and c fibre orientation (reproduced from [32]
with permission form IEEE) in brain phantom on MR measurement (i.e., mean diffusivity and
FA values); d repeatability over time of ADC and FA values on diffusion time of brain phantoms
(reproduced from [33], an open access article published by John Wiley and Sons under a CC-BY
license)
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Fig. 5.5 (continued)

low variability for measured mean diffusivity and FA over a period of 33 months,
indicating good material stability (Fig. 5.5d) [33].

Cardiac Tissue-Mimicking Phantom

Cardiac diffusion MRI can measure microstructural changes in the size and distribu-
tion of myocardial fibres, but despite recent developments, is not yet used for clinical
management. The use of physiologically relevant phantoms helps the development of
new imaging methods such as this by providing validation of the proposed measure-
ments. However, the majority of current microstructure phantoms are for diffusion
MRI in brain. They are also generally simplistic and lacking important features
present in the myocardium, such as the helical arrangement of myocardial fibred. To
address this, Teh et al. used three layers of co-electrospun hollowmicrofibres, wound
at different helix angles, to design and construct the first-of-its-kind left-ventricular
myocardium mimicking phantom (Fig. 5.6a) [35]. The values of apparent diffusion
coefficient (ADC) and FA acquired from this phantom were found to be physiolog-
ically relevant and stable for a testing period of 4 months (a longer study was not
conducted) (Fig. 5.6b). Importantly, the co-electrospun cardiac phantom had fibres
orientations similar to those present in the left ventricle (Fig. 5.6c), suggesting that
this phantom could act as a valuable tool for development and validation of new
techniques for cardiac microstructure via diffusion MRI and for quality assurance in
longitudinal and multicentre studies.

Tumor Cell-Mimicking Phantom

Diffusion MRI is considered as a useful tool to study solid tumours. However, the
interpretation of the diffusion MRI signal and validation of quantitative measure-
ments has to date proved challenging, due in part to the lack of a standard reference
material that can mimic tumour cell microstructure. Zhou and McHugh et al. [19]
showed that co-electrosprayed hollow PLGA microspheres can be used to mimic
tumour cells mimicking materials and to construct a new generation of diffusion
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Fig. 5.6 Cardiac-mimicking fibre phantom and its MRI performance (reproduced from [35], an
open access article published by John Wiley and Sons under a CC-BY license): a flowchart of
co-electrospinning of cardiac phantom; b ADC and FA maps of cardiac phantom acquired over
time; c fibre orientation transition in the phantom (top) and rat heart for comparison (bottom) and
3D fibre tractography (right) in the cardiac phantom

MRI phantom (Fig. 5.7a) [36]. The ADC values of the phantom were found to be
dependent on the diffusion time, indicating that the phantom reflects the interaction
of diffusing molecules with the cell-mimicking structure (Fig. 5.7b), and vary little
over the test period of 42 weeks (Fig. 5.7c) [36]. These results provide evidence that
co-electrosprayed hollow PLGA microspheres can restrict/hinder water diffusion as
cells do in tumour tissue, implying that co-electrosprayed phantom may be suitable
for use as a quantitative validation and calibration tool for diffusion MRI of cancer.

5.4 Summary

Diffusion MRI is a powerful non-invasive method for quantifying elements of tissue
microstructure, with a range of diagnostic applications. Co-electrohydrodynamic
forming of polymer materials has proven to be an effective approach to create tissue
mimicking materials that allow this powerful medical imaging technique to be vali-
dated, allowing greater confidence in the technique and moving it a step closer to
widespread clinical use.
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Fig. 5.7 Tumour cell-mimicking sphere phantom and its MRI performance: a flowchart of co-
electrospraying of tumour cell phantom (reproduced from [19] with permission, copyright Else-
vier)); b ADC maps acquired at two settings of diffusion time [36] and c the corresponding ADC
values over 42 weeks reproduced from [36], an open access article published by John Wiley and
Sons under a CC-BY license)
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