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Here we show that thermodynamic instabilities during electrospinning of polymer blends of

poly(ethyl cyanoacrylate) (PECA) and polycaprolactone (PCL) in a ternary solvent system

(acetone/chloroform/acetonitrile) induce the formation of hierarchical composite fibres with

dual porosity. The analysis of the surface and cross-section of the PECA-PCL fibres reveals

that, differently from previous works, the electrospun fibres are formed of two distinct
morphologies: half of the fibre exhibits parallel and elongated grooves; whereas the other half

has near-circular shaped pores. Porosity is present throughout the fibre volume with some

regions being hollow. The occurrence of this novel architecture is investigated using different

solvent systems and a dual phase separation mechanism is proposed. Porous fibres with a
hierarchical porous structure are beneficial in many fields, including biomedical,

environmental and energy related applications.



1. Introduction

Hierarchical porous structures over different length scales, from nano- to macro-level, are
widely available in nature [1-3]. They are fundamental for adaptation and provide unique
properties to biological systems. Examples are: the outstanding mechanical properties of bone
[4], which is composed of a dense cortical shell and a porous, cancellous interior of mineralised
collagen fibres [5, 6]; the efficient light harvesting and nutrient transport capabilities of the
green leaves of most photosynthesising plants, which possess a porous network of veins and
irregular-shaped, loosely-packed spongy mesophyll cells [7, 8].

The development of multi-scale hierarchical porous materials that mimic natural structures has
drawn increasing research interest over the last decade, for application in catalysis, energy
conversion and storage, tissue engineering and drug delivery [9-12]. Among the diverse
fabrication methods proposed, electrospinning, namely the extrusion of polymeric fibres using

an electric field [13, 14], has demonstrated the possibility of creating a variety of hierarchical

primary and secondary structures with easy control over morphology, porosity and chemical

composition [15-18]. Porous electrospun fibres have been obtained by several methods, such
as co-axial electrospinning [15, 19-21], selective removal [22-26], self-assembly [27, 28],
breath figure [29-31] and phase separation [29, 32-42]. The last one has been the most
commonly utilised, because it does not require specifically designed electrospinning
apparatuses or post processing steps. By manipulating the composition of polymer solutions
and adjusting electrospinning parameters, thermally-induced phase separation (TIPS) [29-31,
38, 39] or non-solvent induced separation (NIPS) [30, 34, 40, 41] can be caused during fibres
formation. TIPS usually involves solvents that rapidly evaporate during electrospinning,

leading to temperature drop and thus thermodynamically instabilities [29-31, 39]. NIPS instead



takes place when a non-solvent for the polymer is added to the solution for electrospinning,
resulting in phase separation [30, 34].

In the case of polycaprolactone (PCL), which is relevant to the present work, the NIPS process

has been proposed to create fibres with different surface morphologies, using binary solvent

systems where a good solvent for PCL (chloroform, dichloromethane, tetrahydrofuran or

formic acid) was combined with a poor solvent (dimethyl sulfoxide, DMSQ) [43]. Bead-free

porous fibres were obtained for 12.5% w/v PCL in chloroform/DMSO solutions (10-20% v/v

of DMSOQ). The fast evaporation of chloroform during electrospinning induced changes in the

solution concentration (more DMSO remained in solution), leading to phase separation events

and formation of irreqularly shaped pores onto the fibres surface. In another work, NIPS was

studied for PCL solutions (15% wi/v) in chloroform/methanol (volume ratio of 18/2) and

chloroform/DMSO (volume ratios of 19/1, 18/2 and 16/4) [44]. The use of methanol in the

solvent mixture determined the appearance of surface roughness onto PCL fibres (relative

humidity higher than 35%). Fibre produced from chloroform/DMSO (relative humidity higher

than 35%) were instead characterised by irreqular and interconnected surface porosity. This

morphology was effective for the physical entrapment of a O»-sensitive indicator dye to sense

the oxygenation of cell cultures.

So far, it has been demonstrated that phase separation is a useful approach to create porous
electrospun fibres [45, 46]. However, phase separation events have not been used yet to
promote the coexistence of micro- and nano-features with distinct morphology on the same
fibre. Here we show that each single electrospun fibre of poly ethyl cyanoacrylate (PECA) and
PCL can be partitioned in one region with aligned micro-grooved and one with circular
nanopores by blending the polymers in a selected mixture of solvents. In order to elucidate the
formation of those structures, we investigated the role played by diverse solvents (acetone,

chloroform and acetonitrile) and their mixtures. We described the results obtained using a



mechanism based on the simultaneous happening of diverse types of phase separation events.

The surface micro- and nanostructures and the internal porosity generated are of interest for

biomedical applications as physical cues to locally influence cellular behaviour [47, 48] and to

control the release of bioactive compounds [46].

2. Experimental methods

2.1 Materials

Polycaprolactone (PCL, 80000 g/mol), poly ethyl cyanoacrylate (PECA, medium viscosity),
dimethyl sulfoxide, acetone, chloroform and acetonitrile were purchased by Sigma Aldrich,

and used as received without further purification.

2.2 Electrospinning process

We prepared solutions for electrospinning by dissolving PECA in acetone (10% v/v) and PCL
in chloroform (10% w/v). PECA was first prepared by mixing ethyl cyanoacrylate and dimethyl
sulfoxide at 1:1 ratio [49]. PECA/acetone and PCL/chloroform solutions were then mixed
together at 2:1 volume ratio and diluted in acetonitrile to achieve a 7% w/v mixture. All
solutions/mixtures were then electrospun by keeping the tip-to-collector distance fixed at 15
cm, solution injection rate between 2 and 3 mL/hour (pump system PHD ULTRA, Harvard

Apparatus), needle gauge of 21, and applied voltage between 10 and 12 kV (Table S1 of the

Supplementary Material). The electrospinning process was conducted at room temperature,

usinga Linari srl. electrospinning system.

2.3 Morphological characterisations

The morphology of the electrospun fibres (surface and cross section) was observed using a

scanning electron microscope (SEM), with a field emission gun system LEO1530VP. A



gold/palladium coating was deposited onto the fibrous mats before imaging using an Emitech

SC7640 sputter coater (90 s sputter time). The fibres size, the distribution and alignment of the

micro- and nanostructures presented onto the fibres surface were measured using ImageJ

software (US National Institutes of Health). For each sample, ten SEM micrographs with

different magnification were analysed and 50 measurements were used to perform statistical

analysis.

3. Results and discussion

The SEM images of Figures 1a-1c show that the resulting PECA-PCL fibres were characterised
by an average diameter of (4.5£1.2) um and, more interestingly, by two different types of
porosity. Each single PECA-PCL fibre had one region with elongated and parallel grooves and
one region with near-circular shape pores (Figure 1b and 1c). Although several researchers
have worked on the electrospinning of polymer blends [22-26, 29-31, 34, 37-41], no accounts
have been reported so far on electrospun fibres with dual morphology. SEM investigations
revealed a net separation between the two regions along the whole length of the PECA-PCL
fibres. The fibre portion with circular-shape pores (green area in the schematics of Figure 1d)
had an average width (a) of (2.23+0.30) um, whereas the portion with elongated structures
(orange area in Figure 1d) had an average width (a’) of (2.26+0.30) um. Therefore, the a/a’
ratio was of (1.01+0.30), indicating that half of each fibre was formed by pores and the other
half by parallel micro-features. In particular, as shown in Figure 1e, the majority of the fibres
population (60.5%) had a/a’ values between 0.8 and 1.1; whereas a/a’ was in the range of 0.5-
0.8 and 1.1-1.6 for 15.8% and 23.7% of the fibres produced, respectively. Furthermore, both
pores and grooves exhibited a degree of alignment to the main axis of the fibre. The polar
diagram in Figure 1f (green symbols) shows that the angle () formed by the main axis of the

fibre and the main axis of the near-circular shape pore was in the range of 0-34°: 48% of the



values were between 1° and 7° (included), and 24% between 7° (excluded) and 14°. The

statistical analysis of @ values can be described by a broad bell curve centred at 3.9° with a

variance of 8.4° (Figure S1 of the Supplementary Material). On the contrary, the angle (&)

formed by the main axis of the fibre and the main axis of the elongated structures (orange
symbols in Figure 1f) ranged between 0 and 14°, with most of the values (90%) between 0°

and 7°. The statistical distribution of the values had a mean of 3.0° and a variance of 2.1°

(Figure S1 of the Supplementary Material). This denotes that the grooves were more aligned

to the fibre direction than the pores. Alignment of both grooves and pores can be associated to
the stretching of the polymer filaments during electrospinning, as previously reported in other
studies [39-41].

The formation of PECA-PCL fibres with dual morphology was likely to be determined by
phase separation before and during the electrospinning process. In order to investigate this
further, we firstly analysed the role played by solvent properties (boiling point and surface
tension). PECA and PCL were separately electrospun using different solvents and solvent
combinations: acetone, chloroform, acetonitrile, acetone/chloroform (2/1 volume ratio),
acetone/acetonitrile (14/9 volume ratio), chloroform/acetonitrile (7/9 volume ratio), and
acetone/chloroform/ acetonitrile (14/7/9 volume ratio). The polymer concentration was fixed
at 7% wi/v for all solutions to have a direct comparison with the PECA-PCL system. Solvent
ratios of binary and ternary solvent systems were calculated based on the solvent ratio of the
PECA-PCL blend: 10% w/v PCL in chloroform and 10% w/v PECA in acetone were mixed at
1:2 volume ratio, and then acetonitrile was added to achieve a 14/7/9 solvent volume ratio.
Because PCL had a poor solubility in acetone and insolubility in acetonitrile, the following
solvent  systems were studied for PCL: chloroform, chloroform/acetone,
chloroform/acetonitrile, and acetone/chloroform/acetonitrile. The SEM images of the PCL

fibres produced revealed a beads-on-string morphology for all solvent combinations used



(Figure 2). The low polymer concentration was responsible for the formation of electrospun
mats with beads, being widely accepted that a minimal concentration is required for producing
uniform and defect-free fibres [41, 50-52]. For chloroform solutions, we observed spindle-like
shape beads with micro-features (Figure 2a), similarly to golf-ball shaped particles discussed
for the electrospray of PCL-chloroform at 1-4% w/v concentrations [53]. At these low polymer
concentrations, a small amount of solvent was still present on the beads surface when they hit
the collector. The successive evaporation of the solvent caused the formation of particles with

a rough surface [54]. The effect of different solvents on the morphology of PCL electrospun

mats is well documented in the literature [55, 56]. Katsogiannis et al. have reported on the

electrospinning of PCL (molecular weight of 80000 g/mol) from chloroform solutions with a

polymer concentration of 12.5% wi/v [43]. When chloroform was used as a single solvent, they

observed the presence of elongated beads, possibly due to the low dielectric constant of

chloroform. The addition of dimethyl sulfoxide resulted in well-defined fibres but also in an

increased fibre diameter. As shown in Figure 2b and 2d, for the binary (acetone/chloroform)

and the ternary system (acetone/acetonitrile/chloroform), the beads presented a spindle-like

shape along with a more rounded shape. They were also characterised by surface roughness,

which could be caused by non-solvent induced phase separation (being PCL poorly soluble in

acetone and not soluble in acetonitrile) and high vapour pressure of acetone and chloroform

[36, 53, 57]. Bosworth and Downes have investigated the use of acetone in PCL solutions with

polymer concentration of 5.0, 7.5 and 10.0 %w!/v [58]. They observed that beads were formed

for 7.5%wl/v solutions, irrespective of the electrospinning parameters used (increase in applied

voltage and needle-collector distance). The beading effect has been reported also by Nottelet

et al. for PCL solutions of acetone/chloroform (3:7 volume ratio, 5-15% w/v polymer

concentration) [50]. For acetonitrile/chloroform mixtures (Figure 2c), the beads appeared more




rounded in shape and with a smooth surface, which could be due to the relatively high boiling

point (81.6 °C) and high surface tension (29.2 mN/m at 20 °C) of acetonitrile.

We investigated the effect of different solvent combinations (acetonitrile/chloroform,

acetone/acetonitrile, and acetone/acetonitrile/chloroform) on the electrospinning of PECA. As

shown in Figure 3, only acetone was suitable as single solvent for PECA, thanks to its high

conductivity, which caused stretching of polymer solution with the electric field [59]. The
fibres produced were well-defined and defect-free with a ribbon-like shape and a wrinkled
surface (Figure 3a), in agreement with a previous study [49]. The wrinkled surface is expected
to be due to the high volatility of acetone, which causes buckling instability during
electrospinning [35, 36, 40]. Interestingly, although PECA could not be electrospun from
acetonitrile and chloroform as single solvents, fibres were formed from the binary

acetonitrile/chloroform system (Figure 3b), even if spindle-like beads were present along the

fibre length. The combination of the two solvents could assist the formation of fibres by
changing the conductivity, viscosity and evaporation rate of the system [60]. Beads along fibres

were also observed for acetone/acetonitrile solutions of PECA (Figure 3c). The electrospinning

of PECA from acetone/chloroform led to the formation of only beads. The ternary system

(Figure 3d), instead, allowed us to obtain well-defined flat fibres decorated with near-circular
nanopores.

The investigations conducted on the diverse solvent combinations revealed that chloroform and
acetone were necessary to produce electrospun fibres with increased surface roughness, both
for PCL and PECA. A direct comparison between PCL and PECA mats, separately electrospun

from the ternary system, showed that PCL fibres were characterised by a rough surface (Figure

4a), whereas PECA fibres exhibited a wrinkled surface with circular nanopores (Figure 4b).

The composite PECA-PCL fibres were much bigger in size than PCL and PECA fibres, and

they consisted of elongated grooves and near-circular pores (Figure 4c). Investigations of the




fibres cross section revealed that some PECA-PCL fibres possessed a cylindrical shape

whereas others had a collapsed ribbon-like structure (Figure 5a). In both case, the porosity was

not limited to the surface of the fibres, but cavities were visible throughout the fibre cross

section. The fibres with a cylindrical shape were more likely to be hollow in some regions, as

shown in Figure 5b. Li et al. have demonstrated the possibility to produce hollow electrospun

fibres using a single nozzle instead of a coaxial needle (conventionally used to create core-shell

and hollow fibres) [61]. The process was based on the electrospinning of phase-separated

solutions of poly(vinyl pyrrolidone) (PVP), ethanol and tetraethyl orthosilicate (TEOS) in

ethanol. During the fast ethanol evaporation, a concentration gradient was created along the

fibre diameter: high concentration of TEOS, highly soluble in ethanol, in the core of the fibres;

high concentration of PVP, immiscible with TEOS, at the edges of the fibres. After the

complete evaporation of ethanol and TEOS, PVP nanotubes were formed. A similar approach

has been reported also by Bazilevsky et al. for the fabrication of poly(methyl methacrylate)

(PMMA)/polyacrylonitrile (PAN) core-shell fibres [62]. They electrospun emulsions of 100-

200 pm-diameter drops of PMMA/DME in a continuous phase of PAN/DMEFE. During

electrospinning of the polymer blend, occasionally one PMMA/DMF drop (embedded in the

PAN/DMEF solution) reached the Taylor cone and a jet was formed at the drop edge. This

resulted in core-shell fibres (PMMA core and PAN shell), whose structure was maintained until

the drop was completely consumed.

In our case, phase separation occurred in the PECA-PCL solution (ternary system) mainly

between PECA-acetone and PCL-chloroform, due to the immiscibility of PECA and PCL

(hydrophilic and hydrophobic polymer, respectively) [63], the limited solubility of PECA in

chloroform and acetonitrile, the poor solubility of PCL in acetone and its insolubility in

acetonitrile [56, 44]. During fibre formation, solvents evaporation, mainly acetone and

chloroform, determined a gradient in PECA and PCL concentration from the outer fibre surface




(high concentration) to the inner core (low concentration) [61, 64, 65]. The acetonitrile

concentration (being this a solvent with low evaporation rate) instead increased in the core of

the fibres. Eventually, acetonitrile evaporated leading to fibres with a skin-core morpholoqgy.

Some PECA-PCL fibres exhibited a ribbon-like structure with a peanut-shaped cross-section

(Figure 5¢), due to the collapse of the outer porous shell. This morphology has been previously

reported in the literature and it has been related to buckling instability: a thin skin layer is

formed around the fibres due to solvent evaporation; when the solvent continues to evaporate

from the core of the fibres, the skin collapses under atmospheric pressure and cohesive forces

stick together the skin from opposite sides of the fibres [35, 66, 67]. This phenomenon tends to

be observed for fibres with large diameter (microfibres) due to the long drying time [67].

The unique morphology of the skin layer of the PECA-PCL fibres (grooves and pores) can be

described by considering phase separation events occurring during the electrospinning process,

namely a complex interplay between nucleation and growth and/or spinodal decomposition [16,
35, 39, 68, 69]. If a ternary system is considered, its phase diagram consists of three regions:
one region where only one phase exists (good miscibility), one metastable region where phase
separation proceeds via nucleation and growth, and one unstable region where phase separation
proceeds via spinodal decomposition. The three regions are divided by the binodal and spinodal
curves. When the system passes the binodal curve and enters the metastable region, nucleation
and growth take place and the formation of isolated circular pores has been observed during
electrospinning [35, 68-71]. In case of spinodal decomposition (transition through the spinodal
curve into the unstable region), instead, fibres with bi-continuous morphology and
wrinkled/grooved surface have been produced [35, 40, 70-72].

We propose a dual phase separation mechanism for describing the hierarchical morphology
and internal porosity of the PECA-PCL fibres, as schematically illustrated in Figure 6. When

the two solutions, PCL in chloroform and PECA in acetone, were mixed together and then
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solubilised in acetonitrile, phase separation happened and caused the mixture to become

partially cloudy. During electrospinning, polymer-lean nuclei appeared on one portion of the

ejected filament and they were embedded into a polymer-rich matrix (left-hand side path of

Figure 6). Due to the rapid solvent evaporation, the polymer-rich matrix solidified, and limited

time was given to the nuclei to grow. Therefore, isolated pores emerged onto the fibre surface.

They represent one of the morphologies (near circular pores) observed for the PECA-PCL

fibres (coloured in green in the SEM image of the inset of Figure 6) and often associated with

the nucleation and growth mechanism [70, 71].

Simultaneously, polymer-rich phase and polymer-lean domains appeared also onto the other

portion of the electrospun filament due to solvent evaporation and changes in polymer

concentration (right-hand side path in Figure 6). After complete solvent evaporation, grooves

aligned along the fibre direction were formed. Those microstructures are attributed to spinodal

decomposition [70, 73, 74] combined with stretching of the polymer filament by electric force

[72]. Electrospun fibres with a grooved texture have been observed for polystyrene (PS)

solutions of binary solvent systems with enough difference in evaporation rate between the two

solvents [72]. Three different mechanisms of grooves formations have been proposed: void-

based elongation, wrinkle-based elongation, and collapsed jet-based elongation. In the case of

the PECA-PCL fibres, the characteristic elongated and aligned structures (coloured in orange

in the SEM image of the inset of Figure 6) were the result of the second mechanism. According

to this mechanism (for a binary solvent system), a solvent with a low boiling point induces the

formation of wrinkles at the fibre surface, while a solvent with high boiling point maintains the

extruded filament wet and able to stretch because of the electric force [72]. The wrinkles then

elongate and evolve into grooves upon fibre solidification. During the electrospinning of

PECA-PCL fibres, we expect that the high evaporation rate of acetone (boiling point of 56 °C)

and the slow one of acetonitrile (boiling point of 82 °C) influenced grooves formation. Since
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acetone and acetonitrile are a poor solvent and a non-solvent for PCL, respectively, while they

solubilise PECA, we assume that the elongated microstructures consisted mainly of PECA. In

order to verify this, we treated the PECA-PCL mats with acetonitrile: a 5y drop acetonitrile

was deposited onto the mat and let it dry at room temperature. SEM investigations of the treated

mats (Figure S2) show that the regions with near-circular pores survived the acetonitrile

treatment, while the other regions were solubilised. This indicates that it is most likely that the

grooved surface and the porous one contained a high amount of PECA and PCL, respectively.

The spatial separation of the two polymers within the electrospun fibres can be associated to

the presence of PECA-rich and PCL-rich domains (emulsion) in the starting solution before

electrospinning. Those domains further segregated during fibre formation due to changes in

solvent concentration.

4. Conclusions

In conclusion, we demonstrated the formation of structured PECA-PCL fibres with dual-
porosity by inducing phase separation during the electrospinning process. The fibres were
constituted by two distinct regions: one with elongated and parallel grooves, possibly caused
by spinodal decomposition; the other one with near-circular nanopores as result of nucleation
and growth phenomena. Compared with previous studies on hierarchical micro- and nano-
structures, the method here discussed allows the easy and cost-effective production of fibres
with a unique morphology. Those hierarchical, multi-scale electrospun mats can find potential

applications as scaffolds for tissue engineering and devices for drug delivery.
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Figure captions

Figure 1. (a), (b) and (c) SEM images of electrospun PECA-PCL fibres at different
magnifications. (d) Schematic diagram of one single fibre with dual porosity, where a is the
size of the region with circular pores, a’ is the size of the region with elongated structures, dis
the angle formed by the main axis of the fibres and the direction of the main diameter of the
pores, and & is the angle formed by the main axis of the fibres and the main direction of the
structures. (e) Statistical distribution of a/a’ ratio. (f) Polar diagrams of & (green symbols) and
6 “ (orange symbols). Data were obtained by analysing 50 structures for each shape (circular
pores and grooves).

Figure 2. SEM images of PCL electrospun fibres formed using different solvent systems: (a)

chloroform, (b) acetone/chloroform, (c) acetonitrile/chloroform, and (d)

acetone/acetonitrile/chloroform.

Figure 3. SEM images of PECA fibres electrospun from different solvent systems: (a) acetone,

(b) acetonitrile/chloroform, (c) acetone/acetonitrile, and (d) acetone/acetonitrile/chloroform.

Figure 4. SEM images of (a) PCL (region of the mat without beads) and (b) PECA and (c)

PECA-PCL fibres electrospun from the ternary system (acetone/acetonitrile/chloroform).

Figure 5. SEM images of the cross section of (a) PECA-PCL mats, (b) hollow PECA-PCL

fibre with cylindrical shape, (c) PECA-PCL fibre with ribbon-like shape.

Figure 6. Schematic diagram (not in scale) of the dual phase separation process: green path
shows nucleation and growth mechanism, while the orange path shows the spinodal

decomposition mechanism. Central inset: Coloured SEM image of PECA-PCL fibres.
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Supplementary Material

Table S1. Optimum conditions for the electrospinning process. All experiments were
conducted at room temperature (20 °C) with a relative humidity of 33%. Solvent systems
include: acetone, acetonitrile and chloroform, acetone and acetonitrile, and acetone,
acetonitrile and chloroform.

Solutions FI(()r;,]vI/L?te Appli?lgl \}/)oltage Di(sgfrl]r;ce
PECA-PCL in acetonitrile 3 12 15
PECA in all solvent systems 2 10 15
PCL in all solvents systems 2 12 15

Figure S1: Statistical analysis of the distribution of 8 (green histograms) and 6* (orange
histograms). The continuous curves are the best fits with a Gaussian function.
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Figure S2: SEM images of PECA-PCL electrospun mats after treatment with acetonitrile.
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