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Abstract: Diffusion magnetic resonance imaging (dMRI) is considered as a useful tool to
study solid tumours. However, the interpretation of dMRI signal and validation of
quantitative measurements of is challenging. One way to address these challenges is by using
a standard reference material that can mimic tumour cell microstructure. There is a growing
interest in using hollow polymeric microspheres, mainly prepared by multiple steps, as

mimics of cells in healthy and diseased tissue. The present work reports on tumour cell-



mimicking materials composed of hollow microspheres for application as a standard material
in dMRI. These microspheres were prepared via one-step co-electrospraying process. The
shell material was poly(D,L-lactic-co-glycolic acid) (PLGA) polymers with different
molecule weights and/or ratios of glycolic acid-to-lactic, while the core was polyethylene
glycol (PEG) or ethylene glycol. The resultant co-electrosprayed products were characterised
by optical microscopy, scanning electron microscopy (SEM) and synchrotron X-ray micro-
CT. These products were found to have variable structures and morphologies, e.g. from
spherical particles with/without surface hole, through beaded fibres to smooth fibres, which
mainly depend on PLGA composition and core materials. Only the shell material of PLGA
polymer with ester terminated, Mw 50,000-75,000 g mol!, and lactide:glycolide 85:15
formed hollow microspheres via the co-electrospraying process using the core material of 8
wt.% PEG/chloroform as the core. A water-filled test object (or phantom) was designed and
constructed from samples of the material generated from co-electrosprayed PLGA
microspheres and tested on a 7 tesla MRI scanner. The preliminary MRI results provide
evidence that hollow PLGA microspheres can restrict/hinder water diffusion as cells do in
tumour tissue, implying that the phantom may be suitable for use as a quantitative validation

and calibration tool for dMRI.

Keywords: Co-clectrospraying; hollow microspheres; tumour cells; diffusion magnetic

resonance imaging; phantom

1. INTRODUCTION

Hollow polymeric nano/microstructures with cylindrical or spherical geometries are of
special interest for use in encapsulation,[1-3] controlled release,[4-6] filtration,[7, 8]
nanoreactors,[9] and tissue microstructure mimics.[10-13] One important category is hollow

microspheres, which currently are mainly fabricated using template and emulsion



techniques.[14, 15] Those techniques often require multiple steps due to extra procedures to
remove the template/core materials. Recently, co-electrospinning and co-electrospraying have
been successfully used to produce hollow polymeric nano/microfibres[16, 17] and
nano/microspheres[11, 18, 19] respectively. The main advantage of co-
electrospinning/spraying lies in the fact that they are one-step processes[16, 18] and allow
flexibility of controlling the size and patterning of hollow fibres[13, 20] and microspheres.[18,
21]

Poly(D,L-lactic-coglycolic acid) (PLGA) is an FDA-approved synthetic polymer having good
biocompatibility and biodegradability, and is one of the most commonly used and extensively
investigated polymers for sustained drug/protein carriers in the forms of spherical
particles[22, 23] and cylindrical fibres.[9] There have been extensive studies on solid PLGA
microspheres, for example by the technique of electrospraying,[23-29] but a very limited
number of reports on hollow PLGA microspheres,[30, 31] which have mainly been produced
to date by the emulsion technique.

Apart from their use in drug delivery, there is interest in using polymer microspheres or
microcylinders as mimics of biological tissue. For example, the microstructure of red blood
cells with biconcave discoidal shape was mimicked by electrosprayed solid PLGA
particles.[32] Our interest is primarily in tumour tissue microstructure, within the context of
mimicking structures that influence the signal observed during non-invasive magnetic
resonance imaging (MRI). Imaging tumour microstructure in vivo has received increasing
interest in recent years as it may provide a clinical tool for detecting tumour cell proliferation,
cell death and infiltration of healthy tissues. Diffusion magnetic resonance imaging (dAMRI) is
currently considered as a promising tool to detect and stage cancer, and measure tumour
response to therapy. dMRI is sensitive to the passive diffusion of water molecules in tissue,

which in turn is sensitive to tissue microstructural characteristics such as cell size and shape,



cell membrane permeability to water and cell volume fraction, all of which are relevant to
distinguishing tumours from normal tissues and to the monitoring of the impact of
therapy.[33, 34] The signal is sensitive to the water motion in tissues over distances of tens
of microns, and is commonly quantified by determining the apparent diffusion coefficient
(ADC) of water, which is impeded by the presence of cellular membranes and
macromolecular structures. ADC is a key quantitative parameter in diffusion MR imaging of
tumours and has been investigated as a biomarker of tumour stage and treatment response.|[33,
35, 36]

T, relaxation time mapping is another quantitative MRI technique that has been widely used
as non-invasive biomarker for early biochemical changes in vivo.[37, 38] Application of this
quantitative technique has been extended to tumour for differentiating normal from cancerous
tissue.[35] T, is typically elevated in tumours but is affected by a number of physiological
and microanatomical parameters including pO,, pH, water content and macromolecular
content, as well as the presence (or absence) of irregular vasculature, necrotic tissue, and/or
densely pack proliferating cells.[35] MR images sensitised to T, (T,-weighted images) have
long been used as a tool to identify abnormalities including tumours in standard radiological
practice and are therefore a useful and relevant tool for high resolution MRI of tissues.
Tumour microstructural models,[34, 39] developed to investigate the relationship between the
diffusion MRI signal, imaging parameters, and specific tissue properties such as cell size and
cell volume fraction, require validation by a physical test object or phantom that is capable of
mimicking the desirable microstructural properties of tumour cells. Additionally, the
deployment of quantitative ADC measurements for monitoring tumour status requires
standardisation and quality control using physical phantoms that mimic tumour tissue to a
relevant level of accuracy. We have previously demonstrated that co-electrospun hollow

polycaprolactone (PCL) microfibres were able to mimic brain white matter, grey matter, and



cardiac fibres, with dMRI measurements (ADC and fractional anisotropy) showing sensitivity
to microfibre size and orientation in hollow fibre phantoms;[10, 12, 40] this has now been
extended to co-electrosprayed hollow PCL microspheres.[19] In our first efforts towards
developing a tumour cell-mimicking physical phantom, we found that PCL hollow
microspheres may be useful for testing microstructural models relevant to the characterisation
of tumour tissue.[11] However, the use of PCL has the major disadvantage of being
hydrophobic, which means that the produced microsphere materials are unable to characterise
water diffusion and relied instead on the use of organic solvents that are a poor representation
of true tissue and are challenging to handle in routine MRI environments.

Here we report the preparation and characterization of hydrophilic tumour cell mimicking
hollow PLGA microspheres and preliminary MRI results, i.e. ADC and T, maps, acquired
from a PLGA phantom. The present work is a development of our recent work on PCL
phantoms that were limited to an organic solvent — cyclohexane - as test liquid for dMRI
measurement. Due to the fact that PLGA polymer is more hydrophilic than PCL,[41, 42] this
enables us to employ water (widely used as a standard due to its convenience and safety and
more relevant to mimicking biological systems) as the diffusion liquid in a PLGA phantom.
The developed PLGA phantom will significantly enhance the utility of phantoms for

mimicking the tumour microenvironment for imaging purposes.

2. EXPERIMENTAL

2.1. Materials

Three different forms of the polymer poly(D,L-lactide-co-glycolic) acid (PLGA) were
purchased. PLGA-1 (ester terminated, Mw 50,000-75,000 g mol-!, lactide: glycolide 85:15),
was obtained from Sigma Aldrich (Dorset, UK). PLGA-2 (acid terminated, Mw 50,000 g

mol!, 50:50) and PLGA-3 (PEG-PLGA (Mw 5000:45000 (50:50), g mol-") were purchased



from Jinan Daigang Biomaterial Co., Ltd. (China). All polymers were used as received.
Chloroform, ethylene glycol solvent and polyethylene glycol (PEG, M, = 35,000 g mol!)
were also purchased from Sigma Aldrich (Dorset, UK). Deionized water was used to dissolve
PEG.

2.2. Co-electrospraying of PLGA

A schematic of co-electrospraying of PLGA microspheres is depicted in Fig. 1 and a detailed
description of the experimental setup is provided elsewhere.[43] A grounded aluminium ring
(not shown) was introduced as an auxiliary electrode and placed just below the coaxial
spinneret. All experiments were conducted in a fume cupboard under ambient conditions.
PLGA in chloroform was used as shell solution in the co-electrospraying process and the core
solution was varied from PEG/water, PEG/water-ethanol, PEG/chloroform to ethylene glycol.
In the case of the electrospraying of solid PLGA spheres, only the outer needle of the coaxial

spinneret was used.

Spheres and water
I

Step 2 Step 3 Step 4

Figure 1. Workflow for co-electrospraying of PLGA microspheres as tumour cell mimicking
MR phantom. Step 1: schematic of equipment used, including syringe pumps, polymer
solutions, coaxial spinneret, sprayed spheres, voltage supply and collecting coil. Step 2:
SEMs of electrosprayed sphere (top), cut sphere demonstrating hollow structure (middle) and
bulk structure of materials after removal from collecting coil. Step 3: bulk phantom
consisting of electrospun material in NMR tube with added water. Step 4: MRI scanner (top)
used to generate MRI images (bottom) of phantom.

2.3. Optical and scanning electron microscopy



The morphology of electrosprayed PLGA microspheres was observed using an Olympus
BH2-UMA optical microscope and a Philips XL30 FEG SEM or a Phenom G2 pro desktop
Scanning Electron Microscope (SEM) with an accelerating voltage of 5 kV. In order to
quickly determine whether PLGA microspheres were formed, a glass slide was introduced
into the setup and held in contact with the collector, in the centre of the spraying zone for a
few minutes at the start of the electrospraying process, for optical microscopy. The
electrosprayed PCL particles collected on the aluminium foil were coated with thin platinum
to increase their conductivity before SEM imaging. To observe their internal structure, the
spheres were embedded in optimal cutting temperature (OCT) cryosectioning media, and then
frozen in a cryostat chamber (-30°C). The frozen OCT block was cryosectioned into micron-
scale slices of defined thickness ranging from 10 to 30 um. The OCT slices were mounted on
pin stubs with double-sided carbon tape and then gently washed with distilled water in order
to dissolve the OCT matrix, and the samples were air dried before being coated with a layer
of platinum film.

2.4. Synchrotron phase contrast X-ray CT and data analysis

Tomography was performed at the Diamond-Manchester Imaging Beamline 113-2 of
Diamond Light Source, UK. A filtered (950 um C, 2 mm Al) polychromatic ‘pink’ beam (5-
35 keV) with parallel geometry was used for imaging[44]. Prior to the Micro-XCT scanning,
tubular bulk samples, constituted of PLGA microspheres, were prepared for scanning in wet
condition. The sample measured approximately 1 mm diameter x 5 mm length. The wet
sample was immersed in distilled water for ~1 week prior to scanning and then inserted into a
20 ul pipette tip, filled with distilled water. The tubular bulk sample of PLGA microspheres
was positioned against the walls of the tip to restrict its movement during scanning and the tip
was then sealed with parafilm. Then the sample was mounted on a magnetic stage for

scanning.



Acquisition of phase contrast tomography data was performed using a pco.edge 5.5 detector
(PCO AG, Germany) coupled to a CdWO, scintillator (0.75 mm thick) positioned 45 mm
away from the sample; the final magnifications for acquisition were x1.25 and x10
magnification (FOVs 6.7 x 5.6 mm and 0.83 x 0.70, respectively). This provided a pixel size
of 2.6 um and 0.33 um, respectively. The sample was rotated 180 degrees with 0.05° between
each exposure (0.1 — 0.25 seconds). 3600 projection images were acquired for each sample
and reconstructed with flat and dark field correction.[45], Commercial software specialising
in 3D image processing, quantification, visualization and image-based modelling, was used to
process and quantify morphological features (AVIZO 9.2 (FEI, Oregan, USA). For the
purpose of this study, shell thickness, thickness variation, spheres connectivity and spheres
shape were the features of interest.

2.5. 3D Image demonizing, segmentation and quantification

The as-reconstructed virtual slices were noisy, which can potentially lead to mis-
segmentation and errors in quantification. Therefore, prior to segmentation, a windowed non-
local means algorithm was implemented in AVIZO 9.2 to remove the noises in the
images.[46] The voxels representing the sphere walls in the filtered image stack were
identified and labelled using a grey value threshold. Details on the sphere were further
quantified using the labelled image.

The sphere wall thickness was determined using the ‘Local Thickness’ module in FiJi.[47]
The local thickness was calculated using the diameter of the largest inscribed sphere that fits
inside the sphere wall and contains the point.[47] This allows a local thickness value to be
assigned to all the voxels representing the sphere wall. However, in order to obtain the sphere
wall thickness, only the values obtained from the centre line of the sphere wall should be
considered. In order to remove the redundant points, the skeleton image of the sphere wall

was obtained using the ‘AnalyzeSkeleton’ plugin in FiJi.[48] The skeletonisation operation



picks out the voxels representing the centre line of the sphere wall, which is later used as a
mask for the average sphere wall calculation.

2.6. Phantom preparation

Tubular bulk samples of PLGA microspheres were collected using a method previously used
in the study of co-electrospraying of PCL sphere phantoms.[11] The tubular bulk sample was
then placed in a water-filled NMR tube (5 mm outer diameter, Fig. 1) and placed in a vacuum
chamber at moderate vacuum, which degassed the microspheres and filled them with water.
2.7. MR Imaging

Diffusion-weighted (DW) and T,-weighted MR scans were obtained using a 7 T Bruker
system (Bruker BioSpin, Germany), with the phantom placed inside a transmit/receive
volume coil. DW scans were used to measure ADC at two different diffusion times, A = 23
and 45 ms, to look for evidence of restricted water diffusion. For each A, DW images were
acquired using a pulsed gradient spin-echo sequence with b-values = 0, 150, 500, 1000
s/mm?, & = 4 ms, and repetition time (TR) = 2500 ms. The minimum achievable echo time
(TE) was used for each A scan, giving TE = 32.2 ms and 54.2 ms, for A = 23 ms and 45 ms,
respectively. T,-weighted images were acquired using a CPMG sequence with 16 TEs
equally between 11 ms and 176 ms, and TR = 1925 ms. All scans had a 30 mm x 30 mm
field of view, 0.23 mm X 0.23 mm in-plane resolution, and 10 1 mm-thick slices. ADC and
T, were calculated on a voxel-wise basis from the diffusion- and T,-weighted images,[49]
respectively, using maximum likelihood fitting which accounts for Rician noise.[50] Room
temperature was monitored and varied by less than 1°C over the course of the scan and
found to be 21°C. All data were analysed in MATLAB 2014a (The MathWorks, Natick, MA,

USA).

3. RESULTS AND DISCUSSION



PLGA is a copolymer of poly lactic acid (PLA) and poly glycolic acid (PGA). Glycolic acid
is more hydrophilic than lactic acid, and therefore a high ratio of glycolic acid-to-lactic acid
increases the hydrophilicity of the polymer. A previous study has reported that PLGA
microparticles with higher hydrophilicity often show a faster degradation rate in an aqueous
medium.[51] The hydrophilic property of PLGA can be modified by forming a copolymer
with PEG, which has been widely used in controlled drug delivery carrier, for example PEG-
PLGA micro/nanoparticles.[23, 30] Therefore in this study, three types of PLGA polymers
with different ratios of glycolic acid-to-lactic acid were chosen to investigate the formability
of solid spherical particles in electrospraying (denoted as PLGA-1, PLGA-2 and PLGA-3 in
the Materials section).

Based on the study on the electrospraying of PLGA polymer described in the Supplementary
Materials, the co-electrospraying process is firstly reported, where three different forms of
PLGA polymer were used as the shell material and three materials including ethylene glycol,
olive oil and PEG were used as the core. A more detailed investigation of PEG as the core
material is then described, followed by the production of a three-dimensional structure of
hollow PLGA microspheres for use as a phantom for MR imaging.

3.1. Co-electrospraying of PLGA

3.1.1. Co-electrospraying of PLGA with various core materials

In the co-electrospraying process, with increasing applied voltage and flow rate, four or five
spraying modes are often sequentially observed,[52-54] among which the cone-jet mode is
the most desirable state for producing well-defined core-shell structured particles with
uniform sizes[55]. The formation of a stable coaxial cone and jet are strongly influenced by
not only core/shell materials and operating parameters,[1, 53, 54] but also setup
configuration.[56, 57] In co-electrospinning, there are a few commonly used liquid materials

including water, glycerol, ethanol, ethylene glycol, lipid and olive oil.[55] Here we used
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ethylene glycol, water, olive oil or their mixtures as core with three types of
PLGA/chloroform solutions to observe the process stability. The investigated solutions which
were used in the co-electrospraying experiments are summarized in Table 1.

Table 1. Types of core—shell fibres: composition of the solutions (Typical temperature of the

environment is of ~20°C, typical humidity is ~30%). Flow rate of shell 3.0 ml/h and core 1.0
ml/h.

Applied
Set Shell Concentration Solvents Core. solvents electric Figures
Core ratio (w/w) field
(kV/cm)
1 PLGA-1 5wt % Chloroform .
ethylene glycol ) ) - 15.0/20 | Fig. 2a,d
PLGA-1 5wt. % Chloroform - .
2 ethylene glycol/water - - 9/1 12.020 | Fig. 2bse
PLGA-1 5wt. % Chloroform - .
3 ethylene glycol/water - - 5/5 12.020 | Fig. 2¢,f
PLGA-2 12 wt. % Chloroform - .
4 PEG 15 wt.% Water : 9-0120 | Fig. 2g
- 0 -
5 ngi(\iAO?l 12 vx_/t. % Chlor_oform _ 9.0/20 Fig. 2h
PLGA-3 12 wt. % Chloroform - . ae
6 PEG 15 wt.% Water - 9.0120 Fig. 2i
PLGA-3 12 wt. % Chloroform - . .
7 PEG 15 wt.% Water/ethanol 8/2 9.0/20 Fig. 2j
PLGA-3 12 wt. % Chloroform - .
8 Ethylene glycol i ) i 12.0/20 | Fig. 2k
PLGA-3 12 wt. % Chloroform - .
0 Ethylene glycol/water - - - 12.0220 | Fig. 21

For PLGA-1, the mixture of ethylene glycol/water with three blending ratios, 100/0, 90/10
and 50/50, was used as the core solution. The co-electrospraying processes of 5 wt.% PLGA-
1/chloroform with three core solutions were observed to be stable but the jet stability tended
to decrease with the increasing water content in the core. This could be explained by the
miscible interface between ethylene glycol core and chloroform, but the immiscibility
between water and chloroform. All resultant particles appeared spherical (Fig. 2a-c), but
some had large openings on their surface (Fig. 2d-f). It has previously been reported that
PLGA microspheres produced from PLGA in acetonitrile/dichloromethane (5/5 v/v) with
water/ethylene glycol (5/5 v/v) were core-shell structured but did not have such openings on

their surface.[57] In our previous study on co-electrospraying of polycaprolactone (PCL),
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similar surface holes were observed on these hollow PCL microspheres that were collected in
an ethanol medium but not on other solid collectors, and were influenced by core solution and
core flow rate.[19] The mechanism behind the formation of hollow PLGA microspheres with
surface openings still remains unclear, though the proposed solvent evaporation and/or
extraction responsible for the formation of single hole on the surface of PCL microspheres
could be applied here. Our microspheres with surface holes were formed in one step, which
represents a considerable advantage of co-electrospraying over previously reported multiple-
step techniques including template and shell-breaking, etc.[52]

For PLGA-2, two core solutions, 15 wt.% PEG/water and olive oil were co-electrosprayed
with 12 wt.% PLGA/chloroform. The PEG/water core caused process instability, which
resulted in a fibre dominant structure with a few large particles (Fig. 2g). When olive oil was
used, the jet became more stable from which beaded fibres were produced (Fig. 2h),
indicating that olive oil was likely to have been well encapsulated in PLGA fibres.

For PLGA-3, four core solutions were co-electrosprayed with 12 wt.% PLGA in chloroform.
For the combination of PLGA-3/chloroform with PEG/water, the jet became unstable, similar
to the process of PLGA-2. However in the resultant particles became more abundant than that
obtained from PLGA-2 (Fig. 2g-i). After introducing 20 wt.% ethanol in PEG/water core,
process stability was achieved, which however still resulted in particles and fibres (Fig. 2j).
PLGA 1is not dissolved in either water or ethanol in the core solution but the addition of
ethanol can enhance the miscibility between the core and PLGA/chloroform shell solution.
When ethylene glycol was only used as the core, the stability was better than PEG/water, but
the addition of 50 wt.% water into ethylene glycol destabilized the jet again, which was
similar to the process using the combination of PLGA-1/chloroform and ethylene glycol. As
shown in Fig. 2k-l, particles were produced from both ethylene glycol and ethylene/water

core solutions. However, PLGA particles from the former appeared more uniform, though
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particle sizes were different, which was mainly caused by the shell flow rate. These
observations show that the immiscibility between the core and shell solutions at the core/shell
interface can cause jet instability, which however can be improved by adding or directly
employing shell solvent-miscible liquid. These findings are consistent with the co-
electrospraying process of PLLA/chloroform shell and PVA/water core [58] and further
confirmed by a recently developed computational fluid dynamic model for the co-
electrospraying process.[59]

It is obvious that the effect of miscibility between the core and shell solutions on the co-
electrospraying of PLGA is different from the co-electrospinning process of an immiscible
core-shell combination, PCL/chloroform+dimethylformamide (DMF) (8:2) as shell and
polyethylene oxide (PEO)/water as core, as demonstrated in our previous work in which the
process could be stable over a few hours allowing us to produce hollow microfibre bulk
structures.[12, 13] The effect miscibility/solubility between core and shell solutions on the jet
stability and formation of core-shell or hollow microfibres in co-electrospinning has been and
is still a topic of debate.[1, 7, 9, 60-63] For example, in the co-electrospinning of PLGA shell
with PEO core solutions, the core solvent of chloroform/DMF mixture can dissolve PLGA,
which still produces hollow PLGA microfibres.[9] This seems consistent with the formation
of hollow PLGA microspheres produced using PEG/chloroform as the core (Fig. 3f). In
another study[7] it was found that stable hollow poly(vinylidene fluoride-co-hexafluoro
propylene) (PVDF-HFP) microfibres were produced from both immiscible and partially

miscible core/shell solution pairs.
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Figure 2. SEM micrographs of co-electrosprayed PLGA products from (a-c) 5 wt.% PLGA-1
in chloroform with ethylene glycol, ethylene glycol/water 9/1 and ethylene glycol/water 5/5;
(d-f) surface opening on PLGA spheres in a-c; (g-h) 12 wt.% PLGA-2 in chloroform with 15
wt.% PEG/water and olive oil as core; (i-1) 12 wt.% PLGA-3 in chloroform with 15 wt.%
PEG in water, 15 wt.% PEG in water/ethanol (8/2), ethylene glycol and ethylene glycol/water
5/5 as core.

Together with previous studies, including ours,[13, 19, 43] our observations show that in co-
electrospinning the shell solution has to be sufficiently viscous and electrospinnable by itself
in order to obtain stable process and thus core-shell structured or hollow microfibres,
irrespective of the miscibility or solubility of the core and sheath solutions; for co-
electrospraying, the shell solution, e.g. PCL/chloroform, PLGA/chloroform or
PLLA/chloroform, has to be electrosprayable, appropriately viscous and miscible with the
core solution in order to obtain stable jet and core-shell structured or hollow spherical

microparticles. It was claimed in a recent study[64] that immiscible and miscible liquids can

be utilized to fabricate core—shell nanoparticles. However, two core polymer solutions used in
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that study, polyvinylpyrrolidone (PVP) in DMF/ethanol and PCL in acetonitrile, are miscible
with PLGA in tetrahydrofuran (THF) and acetonitrile. In the absence of more extensive
knowledge, we should point out that the requirements proposed above appear only to apply to
polymer-based shell solutions, because most previously published co-electrospraying works
focused on the electrified coaxial jet of two immiscible pure liquids.[1, 21, 54, 65]

3.1.2. Co-electrospraying of PLGA/chloroform with PEG/chloroform

In co-electrospraying, the solubility and miscibility of core/shell solutions are usually
considered together as solvent mixtures are involved.[66] Three types of PLGA/chloroform
solutions used in the previous section were co-electrosprayed with PEG /chloroform solution
as the core. The investigated solutions which were used in the co-electrospraying experiments
are summarized in Table 2. After testing the solutions, it was observed that all three pairs
could operate on a stable cone-jet mode by adjusting the inner and outer flow rates. The
observation was expected, as the PLGA/chloroform shell solution is completely miscible with
the PEG/chloroform core solution. As a result, the interfacial tension of the core/shell
solution pairs is low, which benefits the formation of core-shell structures microspheres in the
co-electrospraying process.[58] As shown in Fig. 2, the morphology of co-electrosprayed
products varied with the concentration of PLGA shell or PEG core in each combination of
PLGA shell and PEG core solution.

Table 2. Types of core—shell fibres: composition of the solutions (Typical temperature of the

environment is of 20°C, typical humidity is 30%). Flow rate of shell 3.0 ml/h and core 1.0
ml/h. Solvent was chloroform.

Set Shell Concentration | Applied electric Fioures
Core field (kV/cm) g
- 5 wt. %

! PLP%?} ! Dsvion 12.0/20 Fig. 3a
PLGA-1 6 wt. % .

2 PEG 15 Wi.% 12.0/20 Fig. 3b
PLGA-1 7 wt. % .

3 PEG 15 Wt.% 12.0/20 Fig. 3¢
PLGA-1 5wt. % Fig. 3d,e

4 PEG 8 wt.% 12.0120 and f
PLGA-2 10 wt. % .

5 PEG 15 Wt.% 9.0/20 Fig. 3g
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) PLP(gé-z 1125 V\;tt;/f 9.0/20 Fig. 3h
_ PLché-z 1155 V‘;tt://; 9.0/20 Fig. 3i
. PLP(E}é-z 21(; Vvvvtt;/f 9.0/20 Fig. 3
. PLP(Eé-s 1125 Vvvvtt// 12.0/20 Fig. 3k
" PLP(Eés lg ‘VVVtt// 12.0/20 Fig. 31

For the co-electrospraying of PLGA-1, spherical particles, which were observed in
electrospraying of 5 wt. %, 6 wt.% and 7 wt.% solutions, remained at the concentration of 5
wt.% (Fig. 3a) and 6 wt.% (Fig. 3b) but changed to the structure of beads interconnected by a
slender fibre at 7 wt.% (Fig. 3¢) (usually called beaded fibres in electrospinning [67]). This
feature can be explained by the increase in PLGA concentration causing particle
electrospraying to transform to fibre electrospinning, with beads-on-a-string structure as a
result of the onset of fibre formation at a high polymer molecular entanglement. It was
previously reported [66] that PLGA particles could change into beaded fibres when an
appropriate liquid (DMF or acetone), completely miscible with PLGA/dimethyl carbonate
(DMC) shell solution, was introduced as core solution in co-electrospraying. The presence of
DMF or acetone could help suppress the Rayleigh instability, which is driven by surface
tension of the solution and is responsible for electrospraying.[66] When the concentration of
PEG/chloroform core solution was decreased from 15 wt.% to 8 wt.%, the spherical particles
were still observed (Fig. 3d). Fig. 3e-f shows the spherical and hollow microstructures PLGA
microspheres before and after cryo-sectioning, respectively.

For the co-electrospraying of PLGA-2, spherical particles remained at the concentration of 10
wt.% (Fig. 3g) but changed into the structure of beaded fibres at higher concentrations of 12
wt.% (Fig. 3h) and 15 wt.% (Fig. 3i). For 12 wt.% PLGA-2 solution, spherical particles
appeared still dominant with thinner fibres between microspheres; for 15 wt.% PLGA

solution, beaded fibres with larger sizes became dominant. When PLGA concentration was
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increased to 20 wt.%, only microfibres were present (Fig. 3j). We note, however, that this
trend is consistent with the morphology transition from spherical to fibrous shapes occurring
to the electrospraying of PLGA-2 and further work will be required to determine their cross-
sections. For PLGA-3, spherical particles were observed in the co-electrospraying of 12 wt.%
PLGA concentration with both 8 wt.% and 15 wt.% PEG/chloroform solutions (Fig. 3k-1).
The spheres from 8 wt.% solution were much smaller than those from 15 wt.% solution,
indicating the core solution with a higher concentration increase the overall size of co-
electrosprayed spheres, but in both cases the sizes of spheres were much less uniform than

those from PLGA-1.
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Figure 3. SEM micrographs of co-electrosprayed PLGA products from (a-c) 5 wt.%, 6
wt.%, and 7 wt.% PLGA-1 shell with 15 wt.% PEG core; (d-e) 5 wt.% PLGA-1 shell with 8
wt.% PEG core; (f) cryo-sectioned PLGA-1 sphere in d and e; (g-j) 10 wt.%, 12 wt.% , 15
wt.% and 20 wt.% PLGA-2 in chloroform as shell with PEG in chloroform (15 wt.%); (k-1)
12 wt.% PLGA-3 in chloroform with 8 wt.% and 15 wt.% PEG/chloroform.

The morphological transition can be understood in terms of three different molecular chain
entanglement regimes: dilute, semi-dilute unentangled and semi-dilute entangled.[68] For
electrospraying of spheres, the regime of choice is the semi-dilute entangled regime, where
the entangled network can stabilize the droplet against rupture by Coulombic fission, and the
particles remain monodisperse and spherical.[27] For the electrospinning of smooth fibres,
polymer concentration is generally well above the semi-dilute entangled regime. Based on
our observations, the proposed polymer solution regime in electrospraying/electrospinning is
a useful guide for determining the optimal solution concentration required a stable co-
electrospraying/electrospinning process, though the latter process was more complex due to
the interaction at the core/shell interface.

3.2. Three-dimensional (3D) PLGA microsphere assembly

In electrospraying/co-electrospraying, nano/microspheres are usually collected on the surface
of aluminium foil[69] or a liquid bath,[18, 70, 71] resulting in the formation of a 2D planar
layer of microspheres. However, in the context of biomedical applications including tissue
scaffolds and tissue mimetic microstructures, 2D electrosprayed/co-electrosprayed constructs
of microspheres lack the microenvironment characteristics of 3D tissues. Despite the
popularity of nano/microspheres by electrospraying/co-electrospraying, the production of
microsphere constructs in a 3D bulk form remains a challenge. Various synthetic and natural

polymers have already been adopted for 3D scaffold fabrication by different techniques such
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as solvent casting and particulate leaching, gas foaming, freeze-drying, phase separation and
microsphere sintering.[72] In this study, a simple but effective method, which was developed
in our previous study for generating 3D structures of solid PCL microspheres,[73] was
employed to collect solid (Fig. 4a-c) and hollow (Fig. 4d-f) microspheres from PLGA-1.

As shown in Fig. 4a and d, at the macroscale level the tubular bulk structures of PLGA
microspheres had an inner diameter of ~1 mm and a wall thickness of ~60 pm and ~200 pm,
which can be tuned by the collecting wire diameter and production time; at the microscale
level electrosprayed PLGA microspheres had a diameter of 14.2 £ 1.9 um (mean + SD) (Fig.
4b) and were solid (Fig. 4¢). This PLGA microsphere-based 3D structure could potentially be
used as scaffold for bone regeneration.[74] Co-electrosprayed PLGA microspheres were
found to have an outer diameter of 12.2 + 1.7 um (Fig. 4e) and be hollow with a wall
thickness of 2.6 £ 0.7 um (Fig. 4f). The diameters of these hollow spheres are very close to
the lower size limit of cancer cells that typically have diameters larger than 10 microns, with
greater variation in size and shape compared with cells in healthy tissue.[34] However, co-
electrospraying would allow the tuning of the microsphere sizes to match the dimensions of

cancer cells by adjusting process parameters and/or solution properties, e.g. solution flow

rate.[18, 21, 65]
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Figure 4. (a-c) Electrospraying of PLGA-1/chloroform, 5 wt.% for solid PLGA microspheres
phantom, 9.0 kv, 20 cm, 3.0 ml/h on copper wire; (d-f) Co-electrospraying of PLGA-1/
chloroform (5 wt.%) with PEG/chloroform (8 wt.%), 12.0 kv, 3.0/1.0 ml/h,20 cm; (e-f) cryo-
sectioning of hollow PLGA microspheres in (c-d).

3.3. Synchrotron CT of 3D PLGA microspheres

As shown in Fig. 5a, the external PLGA wall can be clearly distinguished due to phase
contrast effects induced by the sphere walls. The non-local means filter significantly reduced
the noise level in the image while preserving the edges between the sphere walls and the
background (Fig. 5b). As shown by the labelled spheres in Fig. S¢, PLGA formed the outer
surface of the microspheres leaving the majority of the volume unoccupied (core), allowing
quantification the wall thickness of hollow PLGA microspheres. Each connected wall was
assigned a colour showing wall thickness (Fig. 5d). It is worth pointing out that the gaps were
present in the labelled walls. The formation of these gaps was assumed to be a combined

result of limited resolution, processing (i.e. filtering to remove noise) and the existence of

local thin area on the microsphere wall or real gaps (Fig. Se).
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Figure 5. (a) raw virtual slice; (b) virtual slice after applying non-local means filter; (c) sphere
labelling; (d) sphere separation; (¢) SEM image showing a microsphere having a hole in its surface
(highlighted by a red circle); (f) local thickness calculated using the diameter of the largest inscribed
sphere; (g) 3D reconstructed microspheres with different colours showing wall thickness; (h) a
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histogram showing the average wall thickness distribution; (i) SEM image showing the wall thickness
of a microsphere; (j) a histogram showing diameter distribution of the spheres; (k) volume fraction
plotted against the volume of the sub-region.

Fig. 5f shows the diameter of the largest inscribed sphere that fits inside the sphere wall and
contains the point, which was used to calculate the local thickness. Fig. 5g is the 3D
reconstructed microspheres with different colours. Fig. Sh shows the corresponding sphere
wall thickness distribution with the centre at 3 pum, which is a close match with SEM
measurements from Fig. 4f. A representative cross-sectional image (Fig. 5i) demonstrates the
wall thickness of a hollow PLGA microsphere, which was 2.98 pum along the arrow-
highlighted profile. Fig. 5j shows the distribution of equivalent spherical diameter, namely
the diameter of a sphere having equivalent volume to PLGA microsphere. 1000 sub-regions
have been randomly selected in the region of interest (ROI). The volume fraction of the
spheres was calculated in each of these regions and was plotted against the volume of the
sub-region in Fig. 5k. It is clear that the volume fraction of hollow microspheres varied with
the volume of the sub-region in the ROI.

3.4. MR imaging of 3D PLGA microspheres

The 3D structure of hollow PCL microspheres (shown in Fig. 4d) was used to construct a
phantom for MR scanning. Fig. 6 shows the MRI ADC maps from the two diffusion times,
and boxplots of values obtained from phantom and free water regions of ROI. There is little
difference in the free water ADC values measured at the two diffusion times, as expected for
freely diffusing liquid experiencing no barriers to molecular motion. The ADC in the
phantom ROI is observed to be lower than in the free water, and moreover exhibits a
dependence on the diffusion time. For water in the phantom ROI, ADC is lower at the longer
diffusion time, indicating that the spheres are restricting and/or hindering water diffusion.
Time-dependent diffusion has been observed in a range of biological tissues,[75-77] and

characterizing this dependence has recently been shown to provide microstructural
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information about tumor tissue.[33] Although the dependence of ADC on acquisition
parameters precludes direct comparisons between studies, it is encouraging that the phantom
ADCs observed here (1.34-1.50 pm?/ms) are in a biologically relevant range; for example, a
mean ADC of 1.44 um?/ms has been reported in colorectal liver metastases,[78] and ADCs
ranging from 0.828-1.503 um?/ms have been reported in gliomas. The T, in the phantom, 161
+ 32 ms (median = IQR) is much lower than free water but similar to that reported for
gliomas by Oh et al.,[79] although it should again be noted that differences in acquisition
parameters and/or analysis methods preclude a direct comparison of values. Nevertheless,
these preliminary experiments provide initial evidence that the PLGA phantoms can be used
for quantitative MRI, and have diffusion and relaxation properties in a physiologically
relevant range. A detailed performance analysis including the stability and reproducibility of

PLGA microsphere phantoms has just been reported in a separate MR study.[80]
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Figure 6. (a) one MRI slice through the PLGA microsphere phantom indicating water and
spheres/water regions of interest; (b) ADC measurements from water and sphere region;(c) T
measurement from water and sphere region.

4. CONCLUSIONS

To summarize, we have achieved a stable co-electrospraying process of a 3D bulk structure
comprised of hollow PLGA microspheres, mainly by optimizing shell and core solutions. We
have shown that optimizing the PLGA electrospraying process helps to obtain a stable jet in
co-electrospraying and thus core-shell structured PLGA microspheres. In co-electrospraying,
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the introduction of core solutions played a significant role in both the process stability and the
morphology of the final products. The core-shell combination with a miscible interface
between the core solution and PLGA/chloroform shell was found to generate a stable jet and
thus well-defined hollow structures. For instance, when ethylene glycol and PEG/chloroform
were used as the core, the resultant PLGA microspheres were found to be hollow. Hollow
microspheres produced using ethylene glycol core had one opening on their surface, which
could find application in a range of areas including encapsulation, drug/gene delivery,
biomedical imaging, and theranostics.[52] Hollow PLGA microspheres generated using the
core of PEG/chloroform, which did not have such a surface opening, could be used to mimic
the microstructure of tumour cells. A 3D tubular structure of hollow PLGA microspheres was
successfully produced on a grounded copper wire in the co-electrospraying of
PLGA/chloroform with PEG/chloroform. Micro-CT revealed that these PLGA microspheres
had a wall thickness of ~3 pum, which was consistent with SEM measurements, and had a
sub-region dependent volume fraction in the ROI. We have shown that a 3D tubular structure
of hollow PLGA microspheres can be constructed into a water-filled MR phantom that may
be suitable for use as a quantitative validation and calibration tool for diffusion MRI. The
results of our study provide evidence that the spheres are restricting/hindering water diffusion
as cells do in tumour tissue.[33] Work is underway in our laboratory to optimize co-
electrosprayed core-shell or hollow microspheres in terms of sizes and volume fraction.
Research in this area has the potential to enable the development of tailored co-
electrosprayed tissue-mimetic materials, potentially providing substitutes for animal tissues,
and allowing the validation and calibration of various imaging modalities including diffusion

MRI.

Notes
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Electrospraying of PLGA in chloroform for solid sphere generation

The investigated solutions used in the electrospraying experiments are summarized in Table
1. Previous studies on electrospraying of PLGA [1-2] have shown that for a given
PLGA/solvent system, polymer solution concentration and flow rate are two major
parameters affecting the microparticle morphology. Here, we systematically investigate the
effect of PLGA concentration on particle morphology in the electrospraying process of
PLGA/chloroform solution. Starting at an upper concentration limit, determined by the onset
of electrospinning, electrospraying of PLGA/chloroform solutions in of each category
(PLGA-1, PLGA-2 and PLGA-3), at a flow rate of 3 mL/h, yielded PLGA products with
different morphologies (Fig. 1).

Table 1. Types of solid microspheres: composition of the solutions (Typical temperature of
the environment is ~20°C, typical humidity is ~40%). Chloroform used as solvent.

Flow rate Applied
Set Polymer Concentration (ml/h) electric field Figure
(kV/em)
1 PLGA-1 5wt. % 3.0 10.0/20 Fig. 1a
2 PLGA-1 6 wt. % 3.0 10.0/20 Fig. 1b
3 PLGA-1 7 wt. % 3.0 10.0/20 Fig. 1c
4 PLGA-2 10 wt. % 3.0 7.0/20 Fig. 1d
5 PLGA-2 12 wt. % 3.0 9.0/15 Fig. 1e
6 PLGA-2 15 wt. % 3.0 6.0/20 Fig. 1f
7 PLGA-2 20 wt. % 2.0 15.0/20 Fig. 1g
8 PLGA-3 12 wt. % 3.0 9.0/20 Fig. 1h
9 PLGA-3 15 wt. % 3.0 9.0/20 Fig. 1i

Note: PLGA-1 (ester terminated, Mw 50,000-75,000 g mol!, lactide: glycolide 85:15);
PLGA-2 (acid terminated, Mw 50,000 g mol!, 50:50); PLGA-3 (PEG-PLGA (Mw
5000:45000 (50:50), g mol!)

For PLGA-1, a composite structure of spherical and flattened particles was observed for all
three polymer concentrations, 5 wt.%, 6 wt.% and 7 wt.%, (Fig. 1a-c). The flat structures
have also been reported in the electrospraying of PCL in chloroform. [3] The presence of flat

particles, usually with larger sizes than spherical particles, was likely to be a direct

consequence of incomplete solvent evaporation, which resulted in the collapsed morphology



upon the collector. It is believed that some of electrosprayed particles produced from these
PLGA solutions were still partially wet when hitting the collector and tended to collapse.

For PLGA-2, spherical particles were obtained at polymer concentrations of 10 wt.%, 12 wt.%
and 15 wt.% (Fig. 1d-f), while nanofibres were observed for a higher concentration of 20 wt%
(Fig. 1g). Spherical particles from 12 wt.% and 15 wt.% were found to have one or multiple
fibres attached to the particle core. Fibres were extremely thin, on the nanometre scale,
appearing as discrete extensions from the sphere shells. This can be explained in terms of the
competition between Coulomb fission and polymer chain entanglements in electrospraying.
[1, 3] In both 12 wt.% and 15 wt.% PLGA-2 solutions, it is believed that the polymer chain is
partially entangled, which is sufficiently strong to preserve the particle integrity, but too weak
to prevent the particle from deforming via stretching during the fission process. As a result,
some of the electrosprayed microspheres presented a certain degree of concomitant fiber
formation between the particles, as illustrated in the SEM micrographs (Fig. 1e -f).

In the case of PLGA-3, the sizes of microspheres from 12 wt.% solution (Fig. 1h) were much
larger than those from 15 wt.% solution (Fig. 1i), and some of the 15 wt.% solution spheres
were elongated or attached to one or multiple fine fibres, indicating that a higher polymer

concentration resulted in the morphology transition from spherical to non-spherical shapes.[1,

3]




Figure 1. Effect of polymer concentration of the morphology of electrosprayed PLGA
products. SEM micrographs of electrosprayed PLGA products from (a-c) 5 wt.%, 6 wt.% and
7 wt.% PLGA-1 in chloroform; (d-g) 10 wt.%, 12 wt. %, 15 wt. % and 20 wt.% PLGA-2 in
chloroform; Optical micrographs of electrosprayed PLGA products from (h-1) 12 wt.% and
15 wt.% PLGA-3 in chloroform. Inset in (e) is a cross section of PLGA microspheres. White
arrows and inset in Fig. 11 highlight the fibres.
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