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Electrospinning is a versatile process used to prepare micro- and nano- sized fibers from various polymers dissolved
in volatile solvents. In this report, cellulose and cellutebkeparin composite fibers are prepared from nonvolatile
room temperature ionic liquid (RTIL) solvents by electrospinning. RTILs are extracted from the biopolymer fiber
after the fiber formation using a cosolvent. Micron to nanometer sized, branched fibers were obtained from 10%
(w/w) concentration of polysaccharide biopolymer in RTIL solution with an applied voltage e2Q5V.
Cellulose-heparin composite fibers showed anticoagulant activity, demonstrating that the bioactivity of heparin
remained unaffected even on exposure to a high voltage involved in electrospinning.

Introduction jet. In the electrospinning process, a polymer solution is held
L . . ) by its surface tension at the end of a capillary. When a
_Electrospinning is a widely used simple technique to prepare gyficiently large electric field is applied, the solution at the tip
micron- to nanometer-sized fibers of various polymeBsec- of the capillary elongates to form a cone because of coupled
trospun fibers find applications in the making of fiber-reinforced  effects of the electrostatic repulsion within the charged droplet
composites, membranes, biosensors, electronic and opticalhg attraction to a grounded electrode of opposite polarity. As
devices, and as enzyme and catalytic suppoftse electro-  (he syrength of the electric field is increased, the charge
spinning technique is useful even in large-scale manufacturing gyercomes the surface tension, and a fine jet is ejected from
environments such as textile industrigsvariety of novel tissue the apex of the cone. Fibers were initially thought to be formed
engineering scaffolds have been prepared by electrospinningpy the splitting of a primary jet into multiple filaments, a process
various synthetic and natural biodegradable polyrhelswever, known as “splaying™! but recent studiéd have shown that
the range of the polymers that can be electrospun is still limited yiameter reduction occurs because of the whipping action of a
by the ava_ilability of volatile splvents and their Iimif[ed capability single jet as it nears the target. This whipping instability, caused
of dissolving polymers of different types. In this report, we py sma|l |ateral fluctuations in the centerline of the jet as it
conceive of making electrospun fibers from a relatively novel avels toward the target, causes high-frequency bending and
solvent system: room.temperature ioniclliquids (RTILS). RT!LS stretching of the jet, leading to the formation of micron- and
have become more important in a wide array of chemical anometer-sized fibers. Typically, electrospinning involves the
processes owing to their capability of dissolving both polar and eyaporation of the solvent component of the viscoelastic liquid,
nonpolar compounds.Other desirable properties of RTILS  egyiting in fiber formation. In this report, we have demonstrated
include low or zero vapor pressure, low melting point, large at it is possible to electrospin cellulose and cellutdseparin
liquidus range, high thermal stability, large electrochemical composite fibers from nonvolatile room temperature ionic liquids
window, and recyclability. Further, the properties of an RTIL  (RrT|Ls). Cellulose and heparin polysaccharides were selected
can be modified by adjusting the structures of its anion or cation 55 5 model system also with potential applications as bioma-
or both, and hence, RTILs are also called designer solvents.igyig|s. Since RTILs are low-melting salts having very low vapor
RTILs have proven to be a promising solvent system for the prassyre, it is impossible to evaporate them. Instead, in this
reactions involving biopolymers such as enzyfasd carbo-  report, the RTIL is removed from cellulose and heparin by
hydrates’ 1% The successful application of RTILs in electro- yissolution in ethanol cosolvent.
spinning could increase the number and types of materials from Cellulose, a linear polysaccharide compose@¢l — 4)-
which the fibers can be made. o linked glucose, is known for its excellent biocompatibility and
Electrospinning can be considered as a derivative of the yhermal and mechanical properti&he insolubility of cellulose
electrospray process, as both use high voltage to form a liquid, o5t conventional organic and aqueous solvents is attributed
to its very high crystallinity supported by an extensive hydrogen
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Figure 1. Schematic representation of electrospinning from RTIL solutions.

biological activities'® Heparin, the most widely used antico- washed with additional ethanol and then dried in vacuo to remove the
agulant, has also been extensively investigated to prepare variousesidual ethanol.

blood-contacting polymer devices with good blood compati- Surface Characterization. A JEOL JSM-6332 FESEM equipped
bility. 1719 Heparin is soluble only in a few organic solvents with secondary electron detectors was used at a voltage of 5 kV to
including dimethylformamide, dimethyl sulfoxide, and forma- study the surface characterization of the fibers. To perform the FESEM
mide. We have recently reported that the RTIL 1-ethyl-3- analysis, the fibers were first subjected to gold sputtering to form a
methylimidazolium benzoate ([emim][ba]) dissolves up to 2% monolayer of gold on the surface of the fiber to afford a conductive

(w/w) of the imidazolium salt of heparit. film.
Thromboelastography (TEG). The cellulose-heparin composite

fibers were thoroughly washed with water to remove all leachable
Experimental Section heparin prior to measuring TE®.Typically, dry fiber (1 mg) was
placed in a TEG cup, followed by the addition of 36D of human
Preparation of RTIL Solution. Imidazolium salt of heparin was  \yhole blood, and incubated for 5 min. A 10- aliquot of 0.01 M
prepared from the pharmaceutical sodium salt form (an extract from cac), was added to recalcify the citrated blood. A coaxially suspended
porcine intestinal mucosa, average molecular weight (M 12 500) stationary piston was then placed in the cup with a clearance of 1 mm.
by ion exchange chromatography (Dowex cationi¢)esin) followed This pin is suspended by a torsion wire which transduces the torque.
by neutralization with imidazole. Approximately 7 mg of imidazolium  The cup is oscillated at an angle 6t 45 in either direction every 4.5
heparin was added te400 mg of [emIm][ba] and mixed by vortexing s puring the clot formation, fibrin fibrils link the cup to the pin which
and heated to 35C for about 20 min to afford a clear, yellow solution.  jnfluences the rotation of the pin, and the disturbance is measured and
Using the protocol of Swatloski et al., cellulose (Myy= 5 800 000) displayed by a computer. The display, called a thromboelastogram, plots
was dissolved in the RTH[bmIm][CI].**> Briefly, a 10% (w/w) the torque experienced by the pin as a function of time.
cellulose solution was prepared by hegtih g of [omIm][CI] to 70
°C, addition of 100 mg of cellulose, vortex mixing, and microwave
irradiation for 4-5 s to afford a clear yellow solution. Both the RTIL Results and Discussion
solutions (10% (w/w) cellulose in [omIm][CI] and 2% (w/w) heparin

in [emIm][ba]) were combined_ and m_ixed using a vortex for 2 min to A 10% (w/w) solution of cellulose dissolved in [omIim][CI]
aﬁOEr? a clear C‘?””'Ol\s/le':eza”é‘ Sﬁ'”tk'lon'loo/ / llose | and another solution containing cellulose (in [bmIm][CI]) and
o ecg?Sp'rén;ﬂg I(IEtI 0 o oth el . o (wiw) Cg “bose N heparin (in [emIm][ba]) were prepared and subjected to elec-
[ m ml[Cl] and the ce iose-neparin solution (prepared above) were trospinning (Figure 1). The fibers formed were directly received
subjected to electrospinning (Figure. 1 mL sample of polysac- . . .

. X - . in ethanol that can completely dissolve both the RTILs used in
charide RTIL solution was transferred to a syringe attached to a syringe . . - )

the dissolution, but neither of the polysaccharides are ethanol

pump, and a voltage of 3220 kV was applied to the needle of the . .
syringe, with a grounded charge, in the form of an aluminum sheet soluble. Hence, as the fibers formed, the ethanol extractively

placed beneath the ethanol collector. The nozzle-to-grounded-target’®Moved the RTIL solvents, affording pure polysaccharide
distance was fixed at 15 cm. The flow rate of the syringe pump (.03 fibers. These fibers were then subjected to further washing with

0.05 mL/min) was adjusted in tandem with the applied voltage affording ethanol until there was no residual RTIL found by distillation.
fiber formation. Both of the RTILs selected for this study, [omim][cl] ~ The fibers were then dried in vacuo to remove the residual
and [emIm][ba], are completely miscible in ethanol, while neither of €thanol. Both cellulose and celluleskeparin composite fibers

the polysaccharides are ethanol soluble. Hence, as the fibers formedwere made by this approach. Elemental analysis (C, H, N, S)
the ethanol extractively removed the RTIL solvents, affording pure (Galbraith Laboratories, TN) of cellulose fibers showed no N
polysaccharide fibers. The fibers, in the form of a tangled web, were or S, while cellulose-heparin composite fibers showed ta%v
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Table 1: Clotting Kinetics Values of Human Whole Blood Treated with Fibers from RTILs

fibers R (min) K (min) o (deg) MA (mm)
human whole blood (control—no fibers) 3.8 2.6 61.9 50.0
cellulose fibers 4.8 1.6 63.9 55.7
cellulose-heparin fibers (1 mg) 24.0 16.1 8.6 40.4
cellulose-heparin fibers (1.8 mg) 69.4 43.3 5.1 50.8

and skin formation due to differences in blend composition or
the MW or fiber diameter might also contribute to the observed
roughness of the composite fibers.

Biological characterization of the celluloséeparin fibers
was performed by measuring the clotting kinetics of human
whole blood exposed to these fibers using thromboelastography
(TEG)2°The clotting kinetics values of the human whole blood
treated with the cellulose and the celluledeeparin composite
fibers are given in Table 1. In TEG studies, cellulose fibers

e T behave similarly to the control sample (no added fibers). In

e i . contrast, celluloseheparin composite fibers afford a prolonged
Figure 2. Field emission scanning electron microscope images of clotting time R) in a concentration-dependent fashion. The time
cellulose only fibers (a,b) 10% (w/w). taken to reach 20 mm of cloK] increased, and the rate of the
clot formation () decreased. Little or no effect on maximum
amplitude (MA) of clot formation was detected. These observa-
tions suggest the presence of heparin in an electrospun fiber
acted as an anticoagulant slowing clot formation without altering
the final amount of clot formed. It is noteworthy that heparin
maintained its bioactivity even after an exposure to high voltages
(10—20 kV) required in the electrospinning process.

Conclusions

100 pum Cellulose and celluloseheparin composite fibers have been
. . . . ) } made for the first time by electrospinning from RTILs. The use
Figure 3. Field emission scanning electron microscope images of .
cellulose—heparin composite fibers (10% (wiw) cellulose solution, 7% of RTILs to form fibers, followed by RTIL removal through
(wiw) heparin—cellulose final concentration). ethanol extraction, demonstrates an advantage for the high
viscosity of RTIL solvents. FESEM images showed the forma-
expected values based on the synthesis described in Figure 1tion of both micron- and nanometer-sized fibers. The cellulose
confirming the absence of RTILs in the dried fibers. fibers showed a smooth surface, while the cellutaiseparin
The dried cellulose and cellulos@éeparin composite fibers ~ composite fibers had a rough surface morphology. Heparin,
were structurally characterized using field emission scanning despite being a biological macromolecule, stayed intact and
electron microscopy (FESEM). The FESEM characterization bioactive even with exposure to high voltage during electro-
of the cellulose-only fibers (Figure 2a,b) showed the formation spinning. The application of RTIL solutions in fiber formation
of highly branched, nanometer-to-micron-sized fibers by elec- by electrospinning is expected to delimit the nature of polymer/
trospinning from RTIL solutions. Cellulose fibers were made material from which electrospun fibers can be made. Finally,
out of 10% (w/w) cellulose-RTIL solution. FESEM images of  cellulose-heparin fibers offer promise in the preparation of
the cellulose-heparin composite fibers are shown in Figure 3. woven fabrics for use in the construction of artificial vessels
The morphology and diameter distribution of electrospun fibers with excellent blood compatibility.
depend on a variety of process parameters, including the solution )
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