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Abstract Hollow poly (vinylpyrrolidone) (PVP) + TiO,
and polypyrrole (core)/PVP (sheath) nanofibers were suc-
cessfully electrospun using hydrodynamic fluid focusing.
Utilizing a two-dimensional fluid focusing technique
previously applied to aqueous solutions, intersecting
microchannels cast in (poly)dimethylsiloxane were utilized
to dynamically center core fluids in immiscible sheath
fluids prior to electrospinning at the channel outlet.
Advantages of using microfluidic channel networks for the
electrospinning of composite nanofibers include spatio-
temporal control over input reagents, ease of fabrication
and the ability to focus the core stream into sheath layer
without the need of complex co-annular nozzles.
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The motivation to develop new and potentially more
robust manufacture techniques for hollow and core/sheath
nanofibers is driven by the increasing number of functional
“nano” materials being developed, extending from medical
applications such as controlled-release drug delivery
(Wei et al. 2002; Zhang et al. 2006) and tissue culture
(Zhao et al. 2007) to novel textiles for protective clothing
(Han et al 2006). Most of the reported fabrication methods
reported to date employ self-assembly (Wan et al. 2003),
template synthesis (Bognitzki et al. 2000; Hou et al. 2002;
Steinhart et al. 2002, 2004) or co-axial electrospinning
(Li et al. 2004, 2005; Loscertales et al. 2004; McCann et al.
2005; Song et al. 2005; Sun et al. 2003; Yu et al. 2004;
Zhang et al. 2006). Of these, co-axial electrospinning using
concentrically aligned spinnerettes consisting of tubes or
syringes has attracted the greatest attention in past decade,
as it provides a straightforward method of generating long
(cm scale) nanoscale core/sheath or hollow fibers. This
approach, though repeatable, requires a significant amount
of time and materials to fabricate each manifold and
properly align the nozzles (Bazilevsky et al. 2007).
Moreover, clogging of the spinnerettes requires frequent
cleaning or replacement. In an effort to simplify the
co-axial process, Bazilevsky et al. (2007) recently reported
on co-electrospinning from a single nozzle using emulsion,
producing long, but radially inhomogeneous core-shell
fibers on the order of 0.5-5 pm. In this manuscript, we
present an alternative approach to co-electrospinning using
hydrodynamic fluid focusing within a poly(dimethylsilox-
ane) (PDMS) microfluidic manifold. Eliminating the need
for concentric spinnerettes, a co-axial stream of immiscible
core and sheath solutions is generated in a square micro-
channel that persists until it is electrospun at the channel
outlet. The microfluidic devices, which are fabricated using
standard soft lithography techniques (Xia and Whitesides
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1998), offer several advantages as electrospinning mani-
folds, including flexible design constraints and tight control
over microchannel dimensions. While clogging has been
observed in the flow-focusing devices, the ability to rapidly
prototype the devices makes them easy to replace.

The microfluidic 2D-flow focusing devices were molded
in PDMS elastomer (Fig. 1) using a modification of a mi-
crochannel architecture previously applied to the focusing
of miscible aqueous solutions (Simonnet and Groisman
2005). The master mold for the device, consisting of dual
height SU-8 microchannels patterned on a silicon wafer,
was fabricated using standard lithographic protocols. Two
masks were required for the total process, and were scaled
up by 1.7% to compensate for bulk PDMS shrinkage. Both
masks were printed in high resolution on transparency
stock, with the second transferred to a chrome plate for
easier alignment. After initial solvent cleaning and evap-
oration, 3 in. diameter silicon wafers were coated with
SU-8 2015 photoresist (MicroChem,Newton, MA, USA)
spin-coated at 2,000 rpm, 30 s, to a film thickness of
21 um. Evaporation of the photoresist solvent was
achieved using the manufacturer-prescribed “soft bake” of
1 min at 65°C, followed by 2 min at 95°C. This layer was
then exposed through the first mask with ultraviolet light
for 80 s, which was placed in contact with the wafer. This

(a)

outlet

Fig. 1 a Top-down schematic representation of the microchannel
layout in the PDMS 2D flow-focusing device. The sheath fluid is
introduced through inlets A, C and D, while the core fluid is
introduced through inlet B. b Illustration of the 2D flow-focusing
process in the microfluidic device. Core fluid enters the central
microchannel at the A—B junction, is initially focused in the vertical
direction at the A—C junction, and subsequently focused laterally into
a single stream at the A-D junction prior to exiting the device
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step was followed by a post-expose bake of 1 min at 65°C,
and 3 min at 95°C. The second layer of photoresist fol-
lowed a similar procedure. SU-8 2050 was coated at
2,000 rpm, 30 s, to a film thickness of 75 um, with soft
bake times of 3 and 9 min at 65 and 95°C, respectively.
The second mask was aligned to the first pattern with the
aid of alignment reticules. UV exposure was performed for
2.5 min, followed by a post-expose bake for 1 min at 65°C
and 7 min at 95°C. Both layers of photoresist were then
developed in polymonoacetate simultaneously, without any
subsequent baking of the photoresist.

All of the microchannels are 100 pm (w), with the
exception of B and C, which taper to 50 um (w) at the
junction with channel A. The mold has two channel
heights: 75 pm for A and D, and 21 pm for B and C. From
the patterned master mold, single layer microfluidic devi-
ces were fabricated by pouring a ~5 mm thick layer of
PDMS (Sylgard 184, Dow Corning) in a ratio of 5:1 part
A:B on the silane-treated mold and cured at 80°C for
30 min. After the primary cure, the PDMS negative repli-
cas were released from the silicon masters and the fluid
inlet holes were punched with (20G) stainless steel luer
stubs (McMaster Carr). For final assembly, sealing the
bottom of the microchannels, the device was bonded to an
unpatterned PDMS layer (~1 mm) using plasma bonding
(Harrick Scientific PDC-001, 20 s, 600 mTorr).

Flow focusing of the core and sheath fluids for the
electrospun nanofibers is achieved within the devices by
exploiting the two different channel heights. Pressurized
sheath fluid is introduced into channels A, C, and D using
syringe pumps (Model 11, Harvard Apparatus), while
pressurized core fluid is fed into channel B (Fig. 1a). At the
A-B channel junction, the core phase in B flows into the
bottom of channel A as two separate parallel streams. As
the stratified core fluid passes through the A—C junction,
sheath fluid entering orthogonally from C lifts the core
fluid, focusing it primarily in the z-direction. Absence of
lift off in z-direction or incomplete lift off results into co-
laminar flows of sheath and core fluids, producing stratified
nanofibers with a Janus-type morphology. Finally, at the
A-D junction, impinging sheath fluid from D focuses the
core fluid in the y-direction, merging the two streams
(Fig. 1b).

To initiate electrospinning from the central microchan-
nel outlet, the steel tube connecting the syringe output to
the sheath flow inlet (A) is connected to the positive ter-
minal of a high-voltage power supply (ES30P-10W,
Gamma High Voltage), with the ground attached to an
aluminum plate positioned ~ 15 cm from the device outlet.
After the sheath and core flow rates are set, the supply
voltage is increased to 15 kV, initiating the formation of a
bi-component Taylor cone at the spinneret outlet and a
stable co-axial jet elongated by the applied field (Fig. 2a).
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Fig. 2 a Side view of the microchannel outlet during the electros-
pinning of hollow poly(vinylpyrrolidone) (PVP) 4 TiO, nanofibers.
At a supply voltage of 15 kV, a bi-component Taylor cone at the
spinneret outlet if formed, with a stable co-axial jet elongated by the
applied field. b Normal view of focused core fluid within the sheath
fluid at droplet formed at the microchannel outlet, in the absence of
electric potential. The small sphere visible in the core (left, center) is
a projection of the microchannel outlet behind the droplet

Viewing the device edge on at the outlet, flow focusing of
the core phase in the sheath fluid is observed (Fig. 2b).
Hollow composite nanofibers were electrospun with the
microfluidic manifolds using a sheath solution, poly(vi-
nylpyrrole) (PVP) + Ti (OiPr)4, flowed through channels
A, C and D, while the core solution, heavy mineral oil
(Sigma), was introduced into channel B. The optimized
volumetric feed rates from the syringe pumps for the sheath
and core solutions were 15 and 2 pl/min, respectively. For
the sheath phase, 25% (w/v) Ti(OiPr), in ethanol + acetic
acid (1:1 v/v) was added to a 6% (w/v) solution of PVP
(Mol.wt. 1,300,000, Acros Organics) in ethanol, inducing
stabilization the nanofiber sheath by gelation. Hollow
composite nanofibers of PVP 4 TiO, were synthesized
from the PVP + Ti(OiPr)4/heavy mineral oil nanofibers by
extracting the mineral oil core with octane. Moisture in the
air rapidly hydrolyzes the Ti(OiPr), in the sheath to TiO,.
Figure 3a and b show SEM and TEM images of hollow PVP
nanofibers fabricated from the hydrodynamic fluid focus-
ing electrospinning source respectively. The electrospun

fibers have outer diameters on the order of 150-300 nm
(daye ~250 nm).

To demonstrate the versatility of the platform for elec-
trospinning nanofibers with a core-sheath morphology, the
oil core was replaced with a conducting polymeric phase
[PVP (6% w/v), pyrrole (0.1 M) and ferric chloride
[(FeCls) 2% w/v] in ethanol + DMF (1:1 v/v), while PVP
(4% wl/v) in ethanol + DMF (1:1 v/v)] was used as the
sheath solution. The applied core and sheath solution vol-
umetric flow rates were identical to those applied to the
electrospinning of hollow fibers. SEM and TEM images of
the PPy/PVP core/sheath nanofibers are presented in
Fig. 3c and d, respectively. The TEM image (Fig. 3d)
shows that polypyrrole is encapsulated as a uniform con-
tinuous phase in each PVP nanofiber. The PPy/PVP
nanofibers were larger than the hollow PVP + TiO, fibers,
with diameters ranging from 400 to 700 nm (daye
~ 500 nm).

Proper balancing of the volumetric flow rates of the core
and sheath fluids is critical to electrospin composite
nanofibers using 2D microfluidic flow focusing. Two
parameters form an envelope for operating conditions:
sufficient sheath fluid pressure to separate the core phase
from the hydrophobic PDMS walls and, as an upper bound,
maintaining the Capillary number of the focused core
stream below unity to prevent destabilization and sub-
sequent rupture into discrete droplets (Guillot et al. 2007;
Utada et al. 2007). Under experimental operating condi-
tions, using equivalent volumetric flow rates for the sheath
fluids entering through channels A, C, and D resulted in

V
/ T

Fig. 3 a SEM image of the hollow nanofibers of PVP + TiO,.
b TEM image of hollow nanofibers of PVP + TiO,. ¢ SEM image of
co-electrospun PVP (sheath) and PPy (core) nanofibers. d TEM image
of PPy/PVP core/sheath nanofiber showing the uniform encapsulation
of PPy in the core, along the fiber axis of PVP

(a)
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stable flow focusing conditions with sheath flow rates of
~10-20 pl/min per channel with a fixed core channel (B)
flow rate of 2 pl/min for both core solutions (mineral oil and
conducting polymer). For sheath polymer flow rates of
<10 pl/min per channel, incomplete or no lift off of the
core solutions from the microchannel wall at the A-C
junction was observed. In general, altering the balance
between the individual volumetric flow rates of the sheath
fluids (A, C, D) destabilized flow focusing in the central
microchannel. If the flow rates for channels C or D were
increased relative to A, incomplete lift off or flow stagna-
tion at the A—C junction, or backflow of the core oil solution
towards inlet A was observed. Increasing the flow rate of A
relative to C and D impedes the focusing the oil core into a
single stream at the A-D focusing junction. While the
device operation is quite robust, permitting electrospinning
over a range of sheath flow rates for a fixed core feed rate,
excessive sheath/core flow rate ratios also destabilized the
focused core stream. At total sheath/core volumetric flow
ratios in excess of ~40:1 for the experimental solutions
(~27 pl/min for sheath fluid flowing through each of the
channels A, C, D; 2 pl/min for the core fluid in channel B),
the focused core became unstable, breaking into discrete
droplets prior to exiting the microfluidic devices.

In conclusion, we have demonstrated that a single cast
2D-hydrodynamic fluid focusing elastomeric device can be
successfully used as a source to electrospin hollow and
core/sheath nanofibers. The extension of microfluidic flow
focusing to nanofiber electrospinning opens up possibilities
for the nanomanufacture of novel, multi-laminate struc-
tures, analogous to what has been achieved over the past
decade using multi-phase microfluidic devices for particle
synthesis (Yi et al. 2003; De Geest et al. 2005; Dendukuri
et al. 2007). Moreover, the ability to focus complex, mul-
tiphase fluids in 2D in microchannels offers an interesting
platform for fluid dynamics modeling. With the ability to
precisely control physical parameters such as microchannel
geometry, fluid composition and flow rates, the easy-to-
fabricate 2D-flow focusing devices can readily be utilized
to analyze the jetting or dripping behavior of complex,
multiphase flows.
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