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ABSTRACT: We describe the co-electrospraying of hollow
microspheres from a polycaprolactone (PCL) shell solution
and various core solutions including water, cyclohexane,
poly(ethylene oxide) (PEO), and polyethylene glycol (PEG),
using different collectors. The morphologies of the resultant
microspheres were characterized by scanning electron
microscopy (SEM), confocal microscopy, and nano-X-ray
computed tomography (nano-XCT). The core/shell solution
miscibility played an important role in the co-electrospraying
process and the formation of microsphere structures. Spherical
particles were more likely to be produced from miscible
combinations of core/shell solutions than from immiscible ones. Hollow PCL microspheres with a single hole in their surfaces
were produced when an ethanol bath was used as the collector. The mechanism by which the core/shell structure is transformed
into single-hole hollow microspheres is proposed to be primarily based on the evaporation through the shell and extraction by
ethanol of the core solution and is described in detail. Additionally, we present a 3D macroscopic tubular structure composed of
hollow PCL microspheres, directly assembled on a copper wire collector during co-electrospraying. SEM and nano-XCT confirm
that microspheres in the 3D bulk structure remain hollow.

■ INTRODUCITON

Electrospraying and its variant, electrospinning, are two
techniques capable of fabricating nano- or microsized
droplets/fibers from polymer solutions by means of electric
forces.1,2 These two techniques are convertible by tuning the
polymer molecular weight3 and/or polymer solution concen-
tration.4 Co-electrospraying and co-electrospinning are modi-
fied versions of electrospraying and electrospinning for the
fabrication of core−shell or hollow polymeric micro/nanosized
spheres/fibers,5,6 which are also convertible by controlling the
core/shell solution properties.7

Solid polycaprolactone (PCL) nano/microspheres can be
prepared by the technique of electrospraying for applications in
drug and growth factor delivery.8−12 Recently, red blood cell-
mimicking nonspherical particles were produced by the
electrospraying of poly(lactic-co-glycolic acid) (PLGA) and
cellulose derivatives, which can find application in areas of drug
delivery, medical imaging, and the establishment of improved
disease models.13,14 Hollow PCL microspheres have lower
density and larger surface area than solid microspheres and may

also have a wide range of potential applications in the
controlled local delivery of drugs and proteins. Despite the
extensive recent efforts to prepare hollow polymer nano/
microspheres,15 there have been very limited studies on PCL
hollow microspheres.16 Co-electrospraying has mainly been
used to prepare core−shell spheres for nano/microencapsula-
tion.17−21 No previous study has been conducted on the
production of hollow PCL microspheres by co-electrospraying.
In electrospraying/co-electrospraying, nano/microspheres

are usually collected on the surface of aluminum foil11 or a
water bath,8,22 resulting in the formation of a 2D planar layer of
microspheres. However, in the context of biomimetic micro-
structures, 2D electrosprayed/co-electrosprayed constructs of
microspheres lack the microenvironment characteristics of 3D
tissues. Despite the popularity of nano/microspheres created by
electrospraying/co-electrospraying, the production of micro-
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sphere constructs in a 3D bulk form remains a challenge.
Hollow PCL microfibers have been recently produced in one-
step by co-electrospinning of the appropriate solution pairs, i.e.,
PCL solution as shell and PEO solution as core23 or PCL as
shell and sugar as core.24 Recently, electrospinning has been
demonstrated to prepare 3D tubular nanofibrous structures for
use as nerve and vascular scaffolds.25,26

Given the above background, it is of interest to investigate
whether the scenarios of producing hollow PCL microfibers
and 3D nanofibers can be extended to co-electrospraying of
hollow PCL microspheres and 3D microsphere constructs,
respectively. Unlike previously reported methods that require
several chemical agents and complex processes,16 co-electro-
spraying would be a one-step process for hollow sphere
generation without using extra surfactants or large quantities of
solvents.
Here we report the production of hollow microspheres with/

without a single surface hole by the one-step co-electrospraying
of PCL in chloroform as shell and polyethylene glycol (PEG) in
chloroform as core. A 3D tubular structure of hollow
microspheres was generated in situ by using a spring-shaped
copper wire as collector in the co-electrospraying process. The
microstructures of PCL microspheres were characterized by
SEM, confocal microscopy, and nano-X-ray computed tomog-
raphy (nano-XCT). Unusually, single-hole hollow PCL micro-
spheres were formed in some co-electrospraying processes. The
solvent evaporation and solvent extraction was proposed as the
main mechanism for the formation of the single-hole
microstructure. The surface morphology and structures of
PCL microspheres were found to vary with the type of the
collectors. Tubular microsphere constructs could find applica-
tion in the construction of 3D tumor mimics, which provide a

new tissue mimetic material for validating new and existing
MRI methodology and calibrating MRI scanners.

■ EXPERIMENTAL SECTION
Materials. Polycaprolactone (number-average molecular weight Mn

= 45 000 g mol−1), poly(ethylene oxide) (PEO) (with Mw = 100 000 g
mol−1), polyethylene glycol (PEG) (Mn = 35 000 g mol−1),
Rhodamine B, and Coumarine-6 were obtained from Sigma-Aldrich
(Dorset, UK) and used as received. Chloroform and cyclohexane
solvent were also purchased from Sigma-Aldrich (Dorset, UK).
Deionized water was used to dissolve the PEO and PEG.

Co-Electrospraying of Core−Shell/Hollow Microspheres. A
schematic of the experimental setup used to prepare core−shell
microspheres was described previously for co-electrospinning of
hollow microfibers.24 Here, four different collectors were tested, on
each occasion being placed just below the spinneret to collect
microspheres. All experiments were conducted in a fume cupboard
under ambient conditions. PCL in chloroform was used as the shell
solution in all co-electrospraying processes, but various solutions
including water, cyclohexane, PEO in water, PEG in water, water/
ethanol, or chloroform were used for the core to investigate the effects
of different miscible/immiscible core−shell combinations and core
flow rate on the co-electrospraying process and resultant microspheres.
In the co-electrospraying process, microspheres were collected onto a
microscope glass slide, a sheet of aluminum foil, a liquid-filled Petri
dish, and a spring-shaped copper wire in separate experiments to
determine the influence of collecting methods. A video of co-
electrospraying of PCL microspheres is included as Supporting
Information.

Electron and Confocal Microscopy. The collected microspheres
were transferred onto a scanning electron microscopy (SEM) sample
holder and sputter-coated with a thin gold film to increase their
conductivity before imaging. A Philips XL30 FEG SEM or a Phenom
G2 pro desktop SEM with an acceleration voltage of 5 kV was used to
investigate the structure, i.e., size and morphology, of the micro-

Figure 1. Products of the co-electrospraying of immiscible and miscible core/shell solution combinations: (a) PCL/chloroform (9 wt %) only, (b)
PCL/chloroform (9 wt %) + water as core, (c) PCL/chloroform (9 wt %) + PEO/water (1 wt %), (d) PCL/chloroform (9 wt %) + PEG/water (15
wt %), (e) PCL/chloroform (9 wt %) + cyclohexane, and (f) PCL/chloroform (5 wt %) + PEG/chloroform (15 wt %). Co-electrospraying settings:
applied voltage, 9 kV; working distance, 20 cm; core/shell flow rate, 0.5/2 mL/h (except in part f, where the core/shell flow rate was 1.0/3.0 mL/h).
Insets in parts a and f: cross-section of electrosprayed solid PCL microspheres (scale bar: 130 μm) and a confocal laser scanning microscope image
showing the core−shell structure (scale bar: 10 μm), respectively. Spheres in these SEM images were collected on a static wire electrode placed
above the aluminum foil substrate.
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spheres. A Leica TCS SP5 confocal light microscope was additionally
employed to assess the core−shell structures of the microspheres. In
order to optically monitor the location of PCL and PEG, a green dye
(Coumarin 6) was dissolved in the PCL solution and a red dye
(Rhodamine B) was mixed with the PEG solution. The concentration
of Rhodamine B and Coumarin 6 in both solutions was 2 mg/mL. The
green (Coumarin 6) and red (Rhodamine B) dye were excited at 488
and 543 nm, respectively.
Nano-XCT Observations and Morphological Analysis Using

AVIZO. Nanotomographic acquisitions were conducted on a ZEISS
Xradia Ultra 810 (source voltage of 80 kV, 10 W source power) with
the use of a Zernik phase plate. Prior to the nano-XCT scanning, the
sample, constituted of a few agglomerated microspheres, was fixed on a
flattened needle tip with a total thickness (needle and spheres) of less
than 200 μm. A total of 721 radiographs were taken during a total scan
time of 24 h, with a pixel size of 64 × 64 nm and a field of view of 65 ×
65 μm. The reconstructed volume is a cube with 65 μm length sides,
allowing the extraction of around 15 spheres from this limited-size
cube. AVIZO 8.0 (FEI), which is commercial software specializing in
3D image processing, quantification, visualization, and image-based
modeling, was used to process and quantify morphological features. A
3D conditional median filter with a 3 × 3 kernel size was used to
reduce noise. A global thresholding technique based on a local gray-
scale gradient was used to extract the material’s phase corresponding
to microspheres. Segmentation was performed using phase contrast
based fringes. For the purpose of this study, shell thickness, thickness

variation, sphere connectivity, and sphere shape were the features of
interest.

■ RESULTS AND DISCUSSION

Co-Electrospraying of Various Core Solutions with
PCL/Chloroform Shell Solution. It has been argued that core
and shell solutions have to be immiscible to obtain a stable
coaxial jet and produce well-defined core−shell structures in co-
electrospinning27 and co-electrospraying,17,28 In this study, in
order to investigate the effect of core/shell miscibility on
resultant microspheres, two core fluids, PEO/water and PEG/
water, both of which were immiscible with PCL/chloroform
shell fluid, were co-electrosprayed with PCL/chloroform used
for the shell. Spherical (nonhollow) particles were easily
fabricated from the PCL/chloroform shell fluid (Figure 1a) and
the PEG/water core solution (inset in Figure 1a), respectively,
on their own in a stable cone-jet mode at appropriate
concentrations. However, a stable cone-jet was difficult to
achieve in the co-electrospraying processes using these core
solutions, even when the applied voltage and core/shell flow
rate were optimized, as is usually done in co-electrospinning.29

As shown in Figure 1b−d, the unstable co-electrospraying
process using the core fluids of water, PEO/water, and PEG/
water resulted in the formation of a mixture of spheres and

Figure 2. Products of co-electrospraying of PCL/chloroform (5 wt %) + PEG/chloroform (15 wt %) on different collecting substrates: (a) on
aluminum foil, (b−e) in ethanol (with different magnifications), (f) on aluminum foil and then immersed in ethanol, (g−i) reproducible PCL
microspheres with a single surface hole at three time points. Co-electrospraying parameter settings: applied voltage, 9.0 kV; working distance, 20 cm;
core/shell flow rate, 1.0/3.0 mL/h.
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fibers. These fibrous and spherical structures were not seen in
the co-electrospraying of olive oil as shell and water as core17 or
bovine serum albumin/water core and PLA/1,2-dichloroethane
shell solution,6 and these structures looked similar to the
electrospun structure from 3 wt % PCL/chloroform solution,
where the spherical to cylindrical transition occurred.30 It is
now widely accepted that the cone-jet stability and the structure
of final spheres rely on the physical properties of the core/shell
fluids (viscosity, electric conductivity, and surface tension) as
well as processing parameters (core/shell flow rate and applied
voltage).6 The observed difference could be partly due to the
higher interface tensions between aqueous core and PCL/
chloroform shell solution (∼32.8 mN/m at 20 °C31) than that
between bovine serum albumin/water core and PLA/1,2-
dichloroethane shell solution (up to 9 mN/m, room temper-
ature28) and water core and olive oil shell (16.4 mN/m32),
which does not favor a stable coaxial jet.
It has been also reported that co-electrospinning of two

miscible solutions can still produce well-defined core−shell
nanofibers, because the interdiffusion time constant between
the two solutions is much longer than that of the electro-
spinning process.5,33,34 In the case of co-electrospraying,
previous studies have also revealed that miscible liquid
combinations could be utilized to fabricate core−shell
structured nanoparticles, for example, PCL/acetonitrile+tetra-
hydrofuran (core)−PLGA/acetonitrile (shell)35 and PCL/
chloroform (core)−PS or PMMA/chloroform (shell).36 In
this study, core fluids including cyclohexane and PEG/
chloroform, both of which were miscible with PCL/chloroform,
were also investigated to understand their stabilities in the co-
electrospraying process. As shown in Figure 1e,f, microspheres
were only produced when a stable cone-jet mode was achieved
in both core fluids. The confocal microscopy image in Figure 1f
clearly demonstrates the well-defined core−shell structure.
Co-Electrospraying of Hollow Microspheres with a

Single Surface Hole. Formation of Single-Hole Hollow
Microspheres in an Ethanol Bath. In the electrospraying
process, micro/nanospheres are usually collected on a layer of
aluminum foil for a very short time (perhaps around 2 min11).
Similar to electrospraying, aluminum foil and a liquid medium
were employed here to collect microspheres prepared by co-
electrospraying of PCL/chloroform as shell and PEG/chloro-
form as core.
The co-electrosprayed microspheres deposited on aluminum

foil tended to form small clumps within which neighboring
spheres merged with each other and some spheres became
partly flattened (Figure 2a). This may be because the charged
PCL spheres were still wet and subject to impact distortions
upon reaching the aluminum foil collector. In our previous
study, a water bath was used to collect PCL microspheres in
electrospraying, but this resulted in the formation of a thin film
on its surface, which hampered the dispersion of micro-
spheres.37 Therefore, in order to prevent PCL spheres from
merging, spheres were also collected in a bath of ethanol, which
is miscible with the chloroform solvent but cannot dissolve the
PCL polymer itself. Surprisingly, PCL microspheres collected
in the ethanol bath were hollow and had a single hole on the
surface (Figure 2b−e), which was apparently different from
those deposited on aluminum foil. This class of hollow
microspheres has been previously reported and prepared by
low-temperature swelling,38 polymerization and cross-linking,39

emulsion,40 and pressurized gyration.41 All these reported
techniques except pressurized gyration are multistep compared

to one-step co-electrospraying, which makes this technique
potentially attractive. In a co-electrospraying study,42 single-
hole hollow polymethylsilsesquioxane (PMSQ) microspheres
were successfully produced from PMSQ/ethanol as shell and
perfluorohexane (PFH) as core but did not show such irregular
holes in the surface as observed in this study. The formation of
hollow PMSQ microspheres was explained as being due to the
rapid evaporation of the core fluidPFHthrough the PMSQ
shell and its immiscibility with shell fluid. A similar mechanism
was proposed to be responsible for hollow nanofibers produced
by co-electrospinning of PCL/chloroform + DMF as shell and
PEO/water as core.23 However, this explanation does not fully
apply to the formation of hollow PCL microspheres in this
study, as chloroform was used as the solvent in both PEG core
and PCL shell solutions. Spheres initially collected on
aluminum foil and soaked in ethanol did not show the single-
hole structure, though they appeared slightly crumpled, as
shown in Figure 2f. More interestingly, these hollow PCL
microspheres with a single surface hole were repeatedly
produced and demonstrated good reproducibility (Figure 2g−
i).
The proposed mechanism by which the core/shell structure

is transformed into single-hole hollow microspheres is based on
the evaporation and extraction of the solvent in shell/core
solutions and is described here in detail (Figure 3). The rapid

Figure 3. Schematic illustration of three proposed major steps
involved in the formation of single-hole hollow microspheres. In the
first step, core−shell microspheres undergo rapid solvent evaporation
on their way from the spinneret to the ethanol bath. The evaporation
of chloroform occurs at the sphere−air interface, which results in the
loss of most chloroform and solidification of the PCL shell,
considering its volatility and the 20 cm working distance from the
spinneret to the ethanol bath collector. Once spheres are deposited on
the surface of the ethanol bath, besides evaporation, chloroform
extraction by ethanol occurs at the sphere−liquid interface, which
becomes dominant. This extraction on the sphere−liquid interface
results in a solvent gradient and thus an outward flux of chloroform,
which dissolves the PCL shell and leads to the formation of a hole
through the sphere wall. In the last step, after the ethanol is completely
evaporated, hollow PCL spheres with a single hole in the surface are
formed.
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evaporation of the solvent of chloroform starts from the
sphere−air interface immediately after co-electrospraying
(Figure 3a), resulting in the solidification of the PCL shell.
The PEG core will migrate toward the surface of each sphere,
driven by the outward evaporation of chloroform, and finally
deposit onto the inner surface of previously solidified PCL
spheres. The extraction of chloroform occurs to the sphere−
ethanol interface formed when microspheres deposit on
ethanol. Because the spheres are only partially immersed in
the ethanol liquid, and because the extraction of chloroform
only occurs in the immersed region, a solvent gradient of
remaining chloroform is formed between sphere−ethanol and
sphere−air interfaces of each sphere, resulting in a flux of
chloroform toward to sphere−ethanol interface (Figure 3b).
This flux of chloroform can dissolve the solidified PCL shell,
and as chloroform is being extracted at the sphere−ethanol
interface, a hole is expected to appear in the shell of each
hollow sphere because of the presence of a chloroform flux
(Figure 3c). The single-hole hollow microsphere is left after the
complete evaporation of ethanol (Figure 3d).
To confirm that only part of the microsphere was immersed

in the ethanol bath, a calculation is done below to give the force

of gravity (Fg) of a hollow PCL microsphere and its buoyancy
force (FA) in the ethanol bath. Take as an illustration a hollow
PCL microsphere produced using a 3.0/1.0 mL/h shell/core
flow rate (Figure 6h, below), with diameter D = 14.9 μm (1.49
× 10−3 cm), wall thickness t = 0.25 μm (2.5 × 10−5 cm), and
the density ρ and ρw of PCL and ethanol was 1.45 and 0.789 g/
cm3, respectively. So, the hollow sphere total volume V = 4/
3π(D/2)3 = 4/3 × 3.14 × (1.49/2 × 10−3 cm)3 = 1.73 × 10−9

cm3. If this hollow PCL sphere is entirely immersed in the
ethanol bath, the resultant buoyancy force FA = ρwVg = (0.789
g/cm3) × (1.73 × 10−9 cm3) × (9.81 × 10−3 N/g) = 13.3 ×
10−12 N. The hollow sphere wall volume Vw = 4/3π(t/2)3 = 4/
3 × 3.14 × (2.5 × 10−5 cm)3 = 0.65 × 10−13 cm3. So the force
of gravity of hollow PCL spheres Fg = ρwVwg = (1.45 g/cm3) ×
(0.65 × 10−13 cm3) × (9.81 × 10−3 N/g) = 9.2 × 10−16 N.
It is obvious that the force of gravity Fg of hollow PCL

spheres is drastically smaller than the buoyancy force FA that
microsheres are subject to in the complete immersion case,
which leads to PCL spheres floating in the ethanol bath.

Effect of Core Flow Rate on the Formation of Single-Hole
Hollow PCL Microspheres. Previous studies have demonstrated
that the core/shell solution concentration and processing

Figure 4. Effect of core flow rate on the formation of a surface hole on hollow PCL spheres collected on different substrates: (a−c) 0.5, 0.2, and 0.05
mL/h in an ethanol bath; (d−f) 0.5, 0.2, and 0.05 mL/h on aluminum foil; (g, h) spheres deposited in an ethanol bath (9 wt % PCL/chloroform
shell solution, 0.2 mL/h core flow rate) and (i) on aluminum foil (9 wt % PCL/chloroform shell solution, 0.2 mL/h core flow rate). The inset in part
h highlights the appearance of surface capillary-like structures under certain conditions. The inset in part i shows the surface hole on electrosprayed
solid PCL spheres. Other co-electrospraying conditions: PCL/chloroform (5 wt %, shell) + PEG/chloroform (15 wt %, core); applied voltage, 9.0
kV; working distance, 20 cm; shell flow rate, 3.0 mL/h.
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parameters including flow rate and applied voltage play a key
role in the formation of core−shell and spherical particles in co-
electrospraying.22,36,42 In the present study, the core flow rate
was investigated to determine its effect on spheres, especially
the formation of single holes, since it is usually used to tune the
inner diameters of hollow microspheres22 and co-electrospun
hollow microfibers.29 As shown in Figure 4, when the core flow
rate decreased, there were substantial differences in the hole
size in the surface: the holes resulting from 0.2 mL/h (Figure
4b) and 0.05 mL/h (Figure 4c) were much smaller than those
created from 1.0 mL/h (Figure 4c) and 0.5 mL/h (Figure 4a),
or they were never formed. SEM micrographs also revealed that
the microsphere size/shape changed when the core flow rate
changed, while a shell flow rate of 3.0 mL/h was maintained.
For example, larger spheres were present at 0.2 mL/h (Figure
4b) and nonspherical shapes (elongated droplets) appeared at
0.05 mL/h (Figure 4c). This result was consistent with Hwang
et al.’s study that demonstrated that a poorly chosen core/shell
flow rate ratio produces PCL−PS particles with irregular shape
and sizes.36 Figure 4d−f shows that the microspheres that were
deposited on aluminum foil had no similar single hole in the
sphere surface compared to those collected in ethanol, which
was consistent with those from 1.0 mL/h (Figure 2a). We
assume that the change in hole size may have a correlation with
the flux of chloroform from the core solution during its
extraction by ethanol. At higher inner flow rates, the flux of
chloroform was increased and stronger, leading to the
formation of holes with larger openings. To confirm our
assumption, a shell solution with a higher PCL concentration
(9 wt %) was used to prepare spheres, as a higher shell PCL
component was expected to contribute to the holes in a similar
way to the lower core flow rate. As shown in Figure 4g, no
holes were observed in the surface of the majority of
microspheres collected in the ethanol bath when the core
flow rate was 0.2 mL/h, compared to the spheres in Figure 4b.

Larger spheres (∼50 μm, inset in Figure 4h) were produced, as
expected, but additionally, short protruding capillary-like
structures were seen (∼2 μm inner diameter) on the sphere
surface (Figure 4h). The increase in the overall sphere size and
the presence of surface capillaries could be explained by the
higher solution concentration not only providing more PCL
but also facilitating a co-electrosprayed structure transition from
spherical to fibrous shape, as seen in co-electrospraying of
PCL−PS microspheres.36 It is also worth noting that there was
another type of hole with a circular opening and smaller size,
which was rarely seen on spheres collected in ethanol liquid but
more likely to be seen on those deposited on aluminum foil
(highlighted by circles in Figure 4f,i). This type of hole was also
observed in previous studies on electrospraying of PCL
spheres8 and co-electrospraying of PMSQ and PFH.42 The
ambient conditions [temperature/relative humidity (RH)] for
co-electrospraying were not controlled but monitored in this
study, which were 5.5 °C/40.7% RH for 0.5 mL/h core flow
rate (Figure 4a,d), 4.2 °C/41.2% RH for 0.2 mL/h core flow
rate (Figure 4b,e), and 5.0 °C/36.5% RH for 0.05 mL/h core
flow rate (Figure 4e,f). It is well accepted that temperature and
humidity can affect solvent evaporation in electrospraying/co-
electrospraying, which could result in the formation of the
second type of hole, though the exact mechanism remains
unclear.

Effect of Core Solution on the Formation of Single-Hole
PCL Hollow Microspheres. In order to investigate the effect of
miscibility between core and shell solutions on the formation of
the single-hole structure, PCL spheres were also prepared from
the shell−core combination of PCL/chloroform (5 wt %)−
PEG/water (15 wt %) and PEG/water+ethanol (15 wt %, 2/8
v/v) and were then collected in an ethanol bath and on
aluminum foil using the core flow rates of 1.0, 0.5, 0.2, and 0.05
mL/h. The difference of core solution here from that previously
used (PEG/chloroform) lies in the complete immiscibility

Figure 5. Effect of core solution on single-hole PCL microspheres: (a, b) 0.2 mL/h core flow rate, 15 wt % PEG/water core solution, collected in an
ethanol bath and on aluminum foil; (c, d) 0.05 mL/h core flow rate, 15 wt % PEG/water, in an ethanol bath and aluminum foil; and (e, f) 0.2 mL/h
core flow rate, 15 wt % PEG/water/ethanol (2/8 v/v) in an ethanol bath and on aluminum foil. Co-electrospraying settings: PCL/chloroform (5 wt
%, shell); applied voltage, 9 kV; working distance, 20 cm; shell flow rate, 3.0 mL/h.
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(PEG/water) or partly miscibility (PEG/water−ethanol) with
PCL/chloroform. It became more difficult to achieve a stable
coaxial cone-jet process using PEG/water or PEG/water−
ethanol as core fluid, especially when the core flow rate was
higher, i.e., 1.0 and 0.5 mL/h, resulting in solution dripping
from the coaxial spinneret. As shown in Figure 5a,c,e, PEG/
water or PEG/water−ethanol core derived microspheres
deposited in an ethanol bath, unlike those from PEG/
chloroform core, had no single-hole structure in the surface
but instead became more porous. However, such porous
surfaces were not seen on the spheres collected on aluminum
foil (Figure 5b,d), which had much smaller sizes than those
deposited in the ethanol bath. It was also seen that spheres
from PEG/water−ethanol production became less uniform, and
elongated or tear-shaped droplets were present (Figure 5f)
since the addition of ethanol into water increased the solution
viscosity and decreased surface tension, which favored the
transition from spheres to fibers.43 It has also been reported for
electrospraying that the mixture of spherical, elongated, and/or
tear-shaped particles was the result of the interplay among a
number of factors, including jet formation, droplet breakup,
solvent evaporation, and eventual particle solidification.44

Therefore, it is expected that the formation of a mixture of
structures in co-electrospraying could become more complex
due to the introduction of core solution.
On the basis of the proposed mechanism in Figure 3, the

results revealed in Figure 5e suggest that the core evaporation
rate when using a core solvent of water or water/ethanol is
lower than when chloroform is used and, more importantly,
that these solvents do not dissolve PCL; these factors may
explain why the hole formation in the microsphere surface is
not observed here. However, water or water/ethanol (non-
solvent for PCL) in the core solution had to be only evaporated

through the solidified PCL shell, but this evaporation was less
complex than that (evaporation via hollow fibers shell and to
outlet) occurring to the co-electrospinning of hollow PCL
microfibers.23 The evaporation of the core solvent through the
PCL shell, along with an ethanol bath, could contribute to the
formation of a porous surface. In a previous study on
electrospraying of PCL,8 it was found that PCL microspheres
collected in a water bath became more porous and had larger
sizes than those collected on an aluminum plate due to the
presence of large pores in the spheres. This was thought to be a
result of the decreasing interaction between PCL and
chloroform by nonsolvent water, thus favoring the phase
separation. This could also apply to our case and help explain
the observed porous and larger-size co-electrosprayed PCL
spheres in the ethanol bath collection.

Co-Electrospraying of Hollow PCL Microspheres
without a Surface Hole and Their 3D Bulk Structure.
In the previous section, we have shown that the core/shell
solution pair of PEG in chloroform/PCL in chloroform
achieved a stable co-electrospraying process. This pair was
thus selected to produce the bulk microsphere samples.
Figure 6a shows a typical tube-shaped bulk microsphere

sample fabricated after 1 h of co-electrospraying. The
microsphere tube had a length and inner diameter of about 8
cm and 1 mm, respectively, and was cut in parallel and
perpendicular directions for microstructural characterization. As
shown in Figure 6b−d, microspheres on the outer tube wall
were aggregated to neighboring ones, resulting in the formation
of interconnected clusters of spheres with void spaces, but they
tended to merge into a dense layer on the inner surface with a
few microns thickness. As shown in Figure 6e, the wall of the
microsphere tube was not uniform in thickness (thicker on
top), which was due to the preferable deposition of

Figure 6. (a) Photograph of a microsphere tube (dash line indicating its longitudinal direction). (b, c) SEM micrographs showing the longitudinal
view of the microsphere tube (circle indicating the wall boundary). (d) Inner surface of the microsphere tube. (e) Cross-sectional view of the
microsphere tube. (f) SEM micrograph showing the hollow structure of PCL microspheres after cryo-sectioning. Representative SEM images used to
measure the wall thickness of hollow PCL microspheres produced at the shell/core flow rate of (g) 3.0/1.5 mL/h, (h) 3.0/1.0 mL/h, and (i) 6.0/0.5
mL/h. The sphere size and wall thickness are expressed as mean ± standard deviation from 50 measurements. Experimental settings for the
microsphere tube: applied voltage, 9.0 kV; working distance, 20 cm; shell/core flow rate, 3.0/1.0 mL/h.
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microspheres on the top of the static wire electrode. While the
inner diameter of the bulk sample depended on the diameter of
the wire electrode, the thickness of the sample depended on the
duration of co-electrospraying. These microspheres collected
on the wire show a hollow structure after cryo-sectioning
(Figure 6f), although spheres were deformed during the
sectioning process due to the material’s ductility. In contrast,
electrosprayed PCL microspheres were confirmed to be solid
(see the inset in Figure 1a). Figure 6g−i shows representative
cross-sectional images used to measure the wall thickness of
hollow PCL microspheres produced using different shell/core
flow rates of 3.0/1.5, 3.0/1.0, and 6.0/0.5 mL/h. These
microspheres had a wall thickness of 0.19 ± 0.06, 0.25 ± 0.07,
and 2.09 ± 0.82 μm (mean ± standard deviation), respectively,
with the corresponding overall diameter of 15.1 ± 2.9, 14.9 ±
1.7, and 17.9 ± 2.1 μm, indicating that a higher shell/core flow
rate ratio can result in a thicker wall, which is consistent with a
previous study by Chang et al.22

In our previous studies, hollow microfibers with diameters of
3.3−15 μm produced by co-electrospinning were used to
develop axon and cardiac-mimicking test objects (phantoms)
for the validation of diffusion magnetic resonance imaging.29,45

Here hollow PCL microspheres were produced to mimic tumor
cells that typically range from 10 to 20 μm,46 which could find
application in the validation of tumor microstructure models in
diffusion magnetic resonance imaging.47 Further work is in
progress to prepare 3D bulk structures of PCL microspheres
with various wall thicknesses. It is also noteworthy that the
yield of the co-electrospraying process is low, but the yield can
be enhanced by novel spinnerets.41,48−51

Nano-XCT, a Nondestructive High-Precision Charac-
terization Technique. The external PCL wall could be clearly
distinguished on phase-contrast imaging, as shown in Figure 7a.
A typical cross-sectional 3D reconstruction of co-electrosprayed
PCL microspheres after segmentation is shown in Figure 7b.
The PCL formed the outer surface of the microspheres, leaving
the majority of the volume unoccupied (core). From the
measurements on the nano-XCT cross-sectional 3D recon-

structed and segmented images (Figure 7b), the walls of the
hollow PCL microspheres had a thickness of 307.3 ± 78.7 nm
(mean ± standard deviation).
Figure 7c,d shows 3D reconstructed images of hollow PCL

microspheres after segmentation and the corresponding
transversal virtual cut. As seen in Figure 7a,b,d, it seems that
part of the spheres’ walls is not visible, particularly at the points
where spheres meet. This observation could be caused by (1)
neighboring hollow spheres having merged and therefore no
separating wall is present; (2) the wall thickness may be less
than the acquisition resolution, which was 64 nm/pixel; or (3)
artifacts in the phase contrast data may be obscuring detail. It
can be deduced from either possibility that wall thinning
occurred during the sintering process. SEM images of
microspheres after cryo-sectioning (Figure 7e,f) show that
there are wall barriers between neighboring spheres. However,
it should be pointed out that these SEM images do not
correspond to the same spheres scanned by nano-XCT. This
apparent contradiction between the SEM and phase-contrast
CT regarding the status of walls between spheres may be due to
imperfections in either of the imaging methods, and further
work is required in order to unambiguously determine the
presence or absence of these walls.

■ CONCLUSIONS
We have presented a direct co-electrospraying approach to
fabricate hollow microspheres with a tunable surface hole from
PCL as shell and PEG as core and their 3D bulk structure,
which has not been demonstrated previously. This method is
straightforward, rapid, and cost-effective, because it does not
require expensive chemical agents and instruments. The
microstructures of co-electrosprayed products were charac-
terized using SEM and nano-XCT. It was demonstrated that
the miscibility of the core/shell solution and the choice of
collecting system played a key role in determining the
microsphere structures. A miscible core/shell solution pair
(PEG/chloroform and PCL/chloroform) achieved a more
stable co-electrospraying process than other immiscible pairs

Figure 7. (a) Transversal virtual cut of PCL microspheres showing XCT phase contrast based fringes. (b) Transversal virtual cut of PCL
microspheres after shell segmentation using phase contrast based fringes. (c) 3D visualization of segmented hollow PCL microspheres. (d) 3D
visualization of segmented hollow spheres and the corresponding orthogonal virtual cut. (e, f) SEM images showing the wall between merged
microspheres.
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(aqueous solution core) and thus produced spherical particles.
It was also found that an ethanol bath collecting system led to
the formation of single-hole hollow microspheres when PEG/
chloroform was used as the core, which were not obtained on
aluminum foil and copper wire collectors. A mechanism
responsible for the transformation of the core/shell structure
into single-hole hollow microspheres was proposed on the basis
of the evaporation through the shell and extraction by ethanol
of the core solution. Further study will be required on
quantitatively controlling the hole size in the co-electrosprayed
PCL microsphere surfaces as for previously reported PS and
PMMA microspheres with controllable surface holes produced
by low-temperature swelling.38

In addition to the more conventional production of a 2D
microsphere layer on aluminum foil, a 3D microsphere sample
was fabricated on a copper wire collector, which had
interconnected sphere clusters throughout most of the
structure but nearly merged together spheres on the inner
surface. SEM and nano-XCT revealed the hollow structure of
interconnected spheres and also the difference in wall thickness.
There were wall barriers between merged neighboring spheres
on SEM images, but these were not shown on nano-XCT,
which motivates further work on characterizing these
structures. This bulk microsphere construct can be potentially
used as a tumor cell-mimicking structure (usually called
phantom) for application in diffusion magnetic resonance
imaging (MRI), as demonstrated in early experimental
results.47 As a phantom material, one major advantage of
PCL over other biodegradable polymers like PLGA and PLA
lies in its long shelf life due to its long-term stability (up to 3−4
years).52 Although the size uniformity of hollow PCL
microspheres is less important for a tumor cell-mimicking
phantom, it is highly desirable for applications like drug delivery
and encapsulation of therapeutic molecules and could be
produced by using a coaxial spinneret system previously
reported by Hwang and co-workers.36 Our current efforts
include the production of tumor cell-mimicking hollow
microspheres with variable sizes from different biopolymers,
enabling us to determine the relationship between MR signals
and microsphere sizes.
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