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A structured spinneret comprising two acentric needles nested
into a third metal capillary was developed to conduct three-fluid
electrospinning processes. With an exterior solvent surrounding two
core fluids arranged side-by-side, high quality polyvinylpyrrolidone/
shellac Janus nanofibers could be prepared, which was not possible
using a standard side-by-side spinneret without this innovation.

The relationship between a material’s structure and its func-
tional performance, and the ability to tune these in a systematic
manner, are of vital importance for the intelligent design of an
effective product. This is equally true on the macroscale and the
nanoscale. A range of different nanoscale structures have been
reported, but the core-shell and Janus structures are the most
fundamental of these."”” The former provides an inner-outer
relationship between two compartments, and the latter a side-
by-side arrangement. Both frequently appear in nature and are
similarly useful starting points for creating man-made materials
to provide multiple functions, or to exploit the synergetic action
of two components.” Other, more complex, nanoscale structures
can be viewed as combinations and derivatives of these two basic
architectures. Unlike core-shell structures, almost all the Janus
nanomaterials reported to date have been synthesized by
bottom-up routes, such as molecular self-assembly.*™
Electrospinning is a facile top-down method for creating
nanofibers, and the past two decades have seen the publication
of many studies using this technique to generate products for a
wide variety of potential applications.®”® The technique essen-
tially involves making a solution of a polymer (often with a
functional component) in a volatile solvent, and ejecting this
from a syringe fitted with a metal needle (the spinneret). A high
potential difference is applied between the spinneret and a
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grounded collector, and the electrical energy causes rapid
evaporation of the solvent and yields one-dimensional polymer-
based fibers.”'® Most reports have focused on the advantageous
properties of the non-woven fiber mats which result from electro-
spinning, such as their very high large surface area and high
porosity."'™* However, the most attractive feature of electro-
spinning is its ability to generate nanoscale structures from a
macroscale spinneret, thereby allowing the development of
complex nanostructures in one step.

To date, although there are many publications detailing
monolithic fibers from single-fluid spinning, reports concern-
ing complex (e.g. core-shell, Janus) electrospun nanostructures
are rather limited, and most concern core-shell nanofibers.
Although electrospun three- and four-layer core-shell materials
have been reported recently,"””™® investigations into electro-
spun Janus products are rare, with only ten or so publications
during the past 20 years.’**° This situation is related to the
great difficulty that arises in producing Janus fibers using a
one-step “top-down” process.>’*>

The key issue underpinning this difficulty lies in the need to
manipulate working fluids with very different properties, and
ensure that these are drawn synchronously from the spinneret
without separation under the electrical field. A carefully con-
sidered spinneret design is crucial:** the spinneret must both
provide a template for generating the desired nanoscale struc-
ture, and also control the behavior of the working fluids under
the electrical field.

Three different spinnerets were developed for implementing
side-by-side electrospinning in this work. These are termed
parallel (spinneret I, which has been reported several times in
the literature'®~°), acentric (II), and structured (III), and are
respectively shown in Fig. 1a, d and g. Three fluids were used.
The first (spinnable) fluid was a transparent 8% (w/v) poly-
vinylpyrrolidone (PVP) K60 solution in ethanol, the second
(spinnable) a magenta 80% (w/v) shellac solution in ethanol,
and the third (unspinnable) pure ethanol. PVP and shellac were
chosen because, based on our previous experience, we know
them to have very different behavior under an electric field

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Side-by-side electrospinning using different spinnerets. (a, d and g)
are photographs of the parallel, acentric, and structured spinnerets,
respectively; (b, e and h) are schematics of the charged area and fluid
contact interfaces; and (c, f and i) are typical photographs of the spinning
processes (insets: Taylor cones).

(for instance, the polymer concentration required to make a
spinnable solution is some 5 times greater for shellac than for
PVP), and thus they make excellent model polymers. They also
have very different dissolution properties in water, meaning they
have great potential in dual-compartment drug delivery systems.

Fig. 1b and c illustrate the electrical charges on the working
fluids and a photograph of a typical experiment using the two
spinnable fluids and spinneret I. This results in a small contact
area between the two working fluids (marked “A” in Fig. 1b), as
well as a large and irregular charged surface. Fig. 1e and f show
a schematic of the charges on the working fluids and a photo-
graph for the spinning process using spinneret II. Compared to
spinneret I, the acentric spinneret results in a much larger
contact area between the working fluids, as well as a smaller
and more continuous charged surface.

Recent work has shown that the introduction of an addi-
tional, pure solvent, fluid around the spinnable working fluids
can be beneficial in increasing the quality of the nanofibers
produced, and in preventing clogging at the spinneret.*°
Based on these findings, a third structured spinneret based
on II, but incorporating an additional shell compartment was
prepared (spinneret III). The charges on the working fluids and
a photograph of the resultant spinning process (with the two
spinnable fluids in the core compartments, and pure ethanol in
the shell) are given in Fig. 1h and i, respectively.

Although both the Taylor cones (insets of Fig. 1c, f, and i)
and the bending and whipping zones using all three spinnerets
appear perfect, SEM images of the fibers produced tell a
different story. There are clear differences in the fibers’ struc-
tural integrity, size, and size uniformity. The product from
spinneret I (Fig. 2a) contains two populations of fibers, a result
of the two working fluids separating after exiting the spinneret.
One population (likely to be from the PVP K60 solution given its
low 8% w/v concentration) had much narrower diameters than
the other (comprising shellac). These findings suggest a failure
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Fig. 2 The morphologies of the fibers prepared. (a—c) SEM images of the
fibers from spinnerets |, Il and Ill, respectively; (d) a TEM image of the Janus
structures from spinneret lll. The average fiber diameters are 1130 +
170 nm (spinneret 1), 940 + 120 nm (ll) and 710 &5 0 nm (II).

in preparing high-quality Janus fibers with structural integrity.
The reasons underlying the fluid separation are as follows:
(1) the small contact area of the two working fluids; (2) both
fluids have the same electrical charge and thus repel; and
(3) the two fluids solidify at different rates.

The fibers from the acentric spinneret show improved quality,
with fewer detached PVP fibers and a narrow distribution of fiber
diameters (Fig. 2b). However, some polymer separation can still
be observed. Although the two fluids had a continuous charged
surface under spinneret II, they still retain different properties.
Thus, their behaviors under the electrical field and their
solidification rates are non-identical. The shellac concentration
is 80% w/v and that of PVP only 8% w/v, so there is much less
solvent to remove from the shellac working fluid, and this will
solidify first. The PVP jet could still be drawn after the shellac
solution had solidified, which results in the detachment of the
PVP fluid from the shellac side.

SEM and TEM images of the fibers from spinneret III are
depicted in Fig. 2c and d, respectively. Clearly, these fibers have
perfect Janus structures, with full structural integrity, narrow
diameters and a uniform size distribution. During spinning,
the surrounding ethanol solvent could act as a protective shell
to the side-by-side shellac/PVP fluids. Given that charges induced
under an electrical field are always distributed on the exterior
surface of the working fluids, the ethanol shell can completely
eliminate any electrostatic repulsion between the two core fluids
(Fig. 1h). It can also ensure that the two core fluids are drawn and
dried synchronously.

Given the large body of literature reporting core/shell fibers
from coaxial spinning with a concentric spinneret,*”*® it might
be expected that a spinneret consisting of two parallel metal
capillaries could be used for generating Janus fibers. However,
the parallel spinneret I cannot easily ensure the production
of an integrated Janus structure. The suggested mechanism

Chem. Commun., 2017, 53, 4542-4545 | 4543
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Fig. 3 The formation mechanisms of fibers prepared using spinnerets (a) |
and (b) Ill.

underlying this is shown in Fig. 3a. The identical charges on the
two fluids and small contact area between them might allow
the two fluids to become detached from each other early in the
spinning process (either in the Taylor cone or the straight jet)
because of the repulsive force Frg between them (“A” in Fig. 3a).
In the data reported thus far, this phenomenon was not observed
because the two spinnable fluids were compatible and sticky
enough to bind together. When the shellac concentration was
reduced, such a separation phenomenon was frequently observed
for spinneret I, but not for spinneret II (see ESIt). The separation
of the two sides will be further encouraged when the two fluids
enter into the unstable region. Here, they are subjected to a
series of forces, which include the Coulombic repulsion forces
(Fy and F,) from the surface charges on the fluid jets, attractive
forces between the two electrodes (Fg), repulsion forces between
adjacent bending coils (F;), repulsion forces between the two
sides of the Janus fluid jets (Fs), and gravitational forces. The fact
that F; and F, will not be identical, and the action of Fs, will
directly result in the separation of the two fluids (“B” in Fig. 3a),
and the other forces might exacerbate this.

When the acentric spinneret II was used, the Janus fibers’
quality can be improved, since this offers a number of advan-
tages over spinneret I. First, a closed-loop charged surface is
ensured because of the nozzle shape, and there is a large
contact area between the two working fluids. These factors
facilitate the formation of a compound side-by-side Taylor
cone. This first step of the electrospinning process is very
important for the later emission of side-by-side straight fluid
jet, and synchronous bending and whipping of the two fluids.
Based on this idea, previous publications report the creation of
integrated Janus nanofibers though intelligent spinneret
design, including those with varied port-angles®" or a Teflon
coating.*? It is expected that the acentric spinneret II could be
advantageous over these, with less energy loss to the environ-
ment (for the reasons described above).>**° As a result, more
electrostatic energy can be transferred to the working fluids to
draw and dry them. However, the acentric spinneret II, just as
its varied port-angle and Teflon-coated predecessors, cannot
exert any influence on the bending and whipping processes,
which are believed to be the most important parts of the drying
process in terms of narrowing the fluid jets and converting
them to fibers.*'

When a solvent surrounding both fluids was added through
spinneret III, a common Coulombic repulsion force F; is
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exerted on the shell fluid during the bending and whipping
of the multiple fluids (Fig. 3b), and these forces should be
transmitted from the outer surface to the inner parts. Thus, the
two core fluids are drawn and dry synchronously, at least in the
early stages of the unstable region.

In summary, high-quality Janus nanofibers can be easily
fabricated using a three-fluid electrospinning process and a
structured spinneret. This experimental design can effectively
manipulate the behavior of the fluids from the Taylor cone to
the bending and whipping region under the electrical field. The
production of a Janus structure can be ensured because the
spinneret: (1) gives a relatively high contact area between
the two polymer solutions; (2) reduces repulsive forces between
the two fluids in the early stages of the electrospinning process;
and (3) facilities the two fluids moving and drying simulta-
neously. The exploration of electrospinning for the creation of
complicated nanostructures is still at its infancy, and thus we
believe these findings have great potential in the development
of advanced materials. The two concepts reported here can
pave the way to develop a broad series of new multiple-fluid
electrospinning processes.

This work was supported by the Natural Science Foundation
of China (NSFC; No. 51373101) and the NSFC/UK Royal Society
International Exchanges Scheme (No. 51411130128/IE131748).
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