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Introduction. Electrospinning is recognized as a
unigue and useful technique to fabricate nonwoven mats
of polymeric fibers with diameters ranging from several
microns down to less than 100 nm.! Fibers can be elec-
trospun from solutions and melts, and processing condi-
tions (surface tension, solution concentration, conductiv-
ity) can be adjusted to control fiber diameter.2=> Of
particular interest in our laboratories® and elsewhere’=°
is the application of electrospinning to biomaterials
processing, including the development of tissue engi-
neering scaffolds, drug delivery platforms, and wound
care materials.

We report here a new and potentially useful expan-
sion of the scope of electrospinning, namely, the encap-
sulation of aqueous domains within thin polymer fibers.
This work derived from an interest in incorporating
water-soluble small molecules and/or macromolecules
(e.g., drugs, enzymes, growth factors, DNA), and per-
haps living cells, that could be immobilized for long
times and/or released in a controlled manner. It was
recently reported that small droplets of water in oil can
be prepared by electrospraying® using coaxial jets, and
while such an approach could in principle be extended
to electrospinning, we have initially sought to employ
a single needle and an aqueous dispersion in a polymer/
organic solvent mixture to achieve microencapsulation
of water reservoirs in polymer fibers. The bulk of our
initial work has focused on fibers of poly(ethylene-co-
vinyl acetate) (EVA, Elvax-40 from Dupont, 40 mol %
vinyl acetate), as this material is known to be biocom-
patible and useful as a drug delivery matrix.1112 EVA
has also recently been electrosprayed to form micro-
spheres!® and electrospun to yield microfibers.* We
demonstrate that EVA fibers containing aqueous res-
ervoirs are easily electrospun and that osmotic swelling
can lead to expansion and eventually the bursting of
these reservoirs.

Experimental Section. In a typical experiment, a
13% wi/w solution of poly(ethylene-co-vinyl acetate) in
dichloromethane was mixed in a 40:1 ratio with a 0.55
g/mL solution of bovine serum albumin (BSA, MW ~
66 kDa) dissolved in phosphate-buffered saline (PBS).
The cloudy suspension containing dispersed water
droplets was drawn into a 5 mL syringe, which was then
placed in a syringe pump (kdScientific, New Hope, PA)
and electrospun from a blunt tip, 18 gauge needle at 10
kV and a pump rate of 7 mL/h. Polymer fibers were
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Figure 1. Visualization of fluorescently labeled protein
encapsulated in reservoirs using visible (a) and ultraviolet (b)
light.

collected on glass slides!® secured to both sides of a
grounded metal target, which was then placed 15 cm
from the needle tip and rotated at ca. 100 min—1. These
conditions give relatively thick fibers® (ca. 5—20 um).

An Olympus optical microscope (BX-51) equipped with
digital cameras was used to visualize fibers under
normal and ultraviolet illumination. To confirm the
presence of BSA in what were believed to be pockets of
aqueous solution when the electrospun fibers were
viewed by optical microscopy, fluorophore-tagged BSA
was prepared with AlexaFluor 350 (Molecular Probes,
Eugene, OR), and 1 mL of the tagged protein solution
was combined with 0.55 mL of untagged BSA. This
solution was then combined with the EVA solution as
described earlier, and fibers were collected as noted
previously. These fibers were viewed using ultraviolet
illumination with a blue DAPIY filter. To prepare fibers
with hyperosmotic aqueous reservoirs, a 1.28 M aqueous
solution of dextrose was mixed with a 13% w/w EVA
solution in CHxClIy; the solution was electrospun, and
again fibers were collected onto glass slides as described
above.

Results. Observation of polymer fibers spun from
two-phase suspensions of EVA—CH,CIl,/BSA—water
under a light microscope typically reveals the presence
of what appear to be small!® and larger domains within
the perimeter of the fibers (Figure 1a), and we believe
these to be water-filled, containing both BSA and PBS,
especially in the case of the larger domains. The fiber
was spun using fluorescently labeled BSA in the sus-
pension and when viewed under ultraviolet light (Figure
1b) demonstrates that BSA indeed resides in these
larger domains.

We noticed that, upon immersion of these fibers in
water, the aqueous reservoirs would swell slightly,
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Figure 2. Swelling of aqueous reservoirs due to osmotic
pressure: (a) time zero, (b) 6 min, (c) 32 min, (d) 115 min.
Arrows indicate reservoirs that deflated during observation.
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Figure 3. Electrospun EVA fibers showing extensive strings
of swollen microencapsulated aqueous domains.

presumably due to water diffusion through the thin fiber
walls driven by the presence of BSA and salt in the
reservoirs. To amplify this effect, EVA fibers were
electrospun from dispersions in which the aqueous
phase contained 1.28 M dextrose. When the resulting
fibers were exposed to a lower molarity solution, in this
case 1x PBS,'° the aqueous pockets swelled to several
times their initial diameters (Figure 2a—d). Swelling of
the individual pockets occurred at different rates, sug-
gesting the presence of nonuniform wall thicknesses.
Several of the swollen pockets, or blisters, were also
observed to decrease in size (Figure 2c,d) back to near
their original volumes after they had reached a maxi-
mum inflation, suggesting that the blister walls had
ruptured? with concomitant leakage of the contents of
the pockets.?! Some fibers show extensive strings of
blisters while others have few or none (Figure 3).
Electron micrographs of EVA fibers containing agueous
glucose pockets which had burst indicate that the walls
of the blisters ruptured with significant plastic deforma-
tion (Figure 4a). In one case, a hole almost a micron in
diameter was left at the base of the bubble after rupture
(Figure 4b).

Discussion and Conclusions. In electrospinning,
fluid emerges from the tip of a small-bore nozzle at a
high potential with respect to an opposing counter
electrode. The liquid forms a so-called Taylor cone from
whose tip emerges a thin filament or jet of liquid.
Effectively, a thin “skin” of liquid is pulled off the
surface of the cone to form the jet of liquid that is
accelerated toward the electrode. Polymer chain en-
tanglements serve to stabilize the jet, and a fiber forms
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Figure 4. (a) Electron micrograph showing plastic deforma-
tion of capsule membrane (left). The reservoir on the right
underwent a more violent rupture. (b) Electron micrograph
showing ruptured membrane of an encapsulated reservoir,
with a resultant hole of nearly 1 um in diameter.

as solvent evaporates. We suggest that water droplets
suspended in EVA—CHCI; undergo deformation at the
Taylor cone along with the surrounding polymer solu-
tion and break up into droplets during polymer fiber
formation via a Rayleigh instability. This phenomenon
is frequently manifested in unconfined liquid?? as well
as liquid-within-liquid columns??® and is seen in elon-
gated droplets of polymers in electric fields.?* In fact,
we occasionally observe (optical micrographs not shown)
EVA fibers with extended “hourglass” structures char-
acteristic of a liquid column in the process of breakup.
The observation that some fiber segments are richly
populated with blisters while others are devoid of such
features also suggests that as a droplet of aqueous
solution in the suspension approaches the instability
region of the Taylor cone, the droplet breaks up into
many smaller domains that become encapsulated within
the polymer fiber.2> We are currently exploring the
efficacy of various additives (e.g., surfactants) to control
water droplet size in the fibers and extending this work
to other polymer systems (e.g., biodegradable polyes-
ters).

We believe that “two-phase” electrospinning may have
a number of potential applications including drug
delivery, active filters, tissue engineering, and sensing.
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The concentrations of species in the aqueous reservoirs
may be tailored to provide various functions, including
buffering and osmotic gradients. It may also be possible
to transport molecules through the fiber “walls” by
Fickian diffusion. Moreover, tailoring of the polymer
“shell” around the droplets to be responsive to various
stimuli (e.g., electric or magnetic fields, pH) can in
principle afford a novel means to release macromol-
ecules trapped in the reservoirs on demand, and we are
presently exploring these avenues. Finally, we suggest
that under the proper conditions it should be possible
to trap living cells?6 within the reservoirs, with the
prospect of developing microencapsulated cell bioreac-
tors and artificial organs that are resistant to immune
system attack.
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