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METHODS AND DEVICES FOR THE
FABRICATION OF 3D POLYMERIC FIBERS

Teo, W. E. and Ramakrishna, S. (2006) Nanotechnology
17(14):R89-R106; Li, D.; Xia, Y. N. (2004) Advanced Mate
rials 16(14):1151-1170; Greiner, A. and Wendorff, J. H.

RELATED APPLICATIONS

(2007) Angewandte Chemie-International Edition 46(30):

[0001] This application claims priority to US. Provisional
Application No. 61/177,894, ?led on May 13, 2009, the entire
contents of Which are incorporated herein by this reference.
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[0002]
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Harvard University Nanoscale Science and Engineering Cen
ter (NSEC), Harvard Materials Research Science and Engi

neering Center (MRSEC), both sponsored by the Nastional
Science Foundation Harvard Center for Nanoscale Systems

(CNS), Wyss Institute for Biologically-Inspired Engineering
and the National Institutes of Health (NIH R01HL079126
01A2). The United States Government has certain rights in
the invention.
BACKGROUND OF THE INVENTION

5670-5703).
[0005] HoWever there are multiple drawbacks associated
With electrospinning, such as the requirement for a high volt

age electrical ?eld, loW production rate, the requirement for
precise solution conductivity, and the need for additional
devices for producing aligned ?ber structures (Lia and Xia
(2004) Advanced Materials 16:1151-1170; WeitZ, et al.

(2008) Nano Letters 8:1187-1191; Arumuganathar, S, and
Jayasinghe, S, N. (2008) Biomacromolecules 9(3):759-766).
[0006] Accordingly, there is a need in the art for improved
methods and devices for the fabrication of polymeric ?bers,
such as nano?bers.

SUMMARY OF THE INVENTION

[0007]

Described herein are improved methods and devices

for the fabrication of polymeric ?bers having micron, submi
[0003] Polymeric ?bers, such as nano?bers, have a broad
array of uses including use as catalytic substrates, photonics,

?ltration, protective clothing, cell scaffolding, drug delivery
and Wound healing. Structures prepared using nano?bers are
the best candidates for tissue engineering for, e.g., orthope
dic, muscular, vascular and neural prostheses, and regenera
tive medicine due to their high surface to mass ratio, high

cron, and nanometer dimensions. The polymeric ?bers pro
duced according to the methods disclosed herein can be, for

example, used as extracellular matrix and, together With cells,
may also be used in forming engineered tissue. The polymeric
?bers of the invention may also be combined With other
substances, such as therapeutic agents, in order to deliver
such substances to the site of application or implantation of

porosity for, e.g., breathability, encapsulation of active sub

the polymeric ?bers.

stances, and ?ber alignment, and because they can be easily
Wound into different shapes (Madurantakam, et al. (2009)
Nanomedicine 4: 1 93-206; Madurantakam, P. A., et al. (2009)
Biomaterials 30(29):5456-5464; Xie, et al. (2008) Macromo

provides a device for the fabrication of a micron, submicron
or nanometer dimension polymeric ?ber. The device includes

lecular Rapid Communications 29:1775-1792).
[0004]

The most common process for fabricating nano?

bers is electrospinning. Brie?y, electrospinning is a process
that uses high voltage to create an electric ?eld betWeen a

droplet of polymer solution at the tip of a needle and a col
lector plate. One electrode of the voltage source is placed into
the solution and the other is connected to the collector. This
creates an electrostatic force. As the voltage is increased, the
electric ?eld intensi?es causing a force to build up on the

pendant drop of polymer solution at the tip of the needle. This
force acts in a direction opposing the surface tension of the

drop. The increasing electrostatic force causes the drop to
elongate forming a conical shape knoWn as a Taylor cone.
When the electrostatic force overcomes the surface tension of

the drop, a charged, continuous jet of solution is ejected from
the cone. The jet of solution accelerates toWards the collector,
Whipping and bending Wildly. As the solution moves aWay

from the needle and toWard the collector, the jet rapidly thins
and dries as the solvent evaporates. On the surface of the
grounded collector, a nonWoven mat of randomly oriented

[0008]

Accordingly, in one aspect, the present invention

a rotary spinning system, the system comprising a rotating
reservoir suitable for accepting a polymer and comprising an
ori?ce for ejecting the polymer during rotation of the reser
voir, thereby forming a micron, submicron or nanometer
dimension polymeric ?ber and a collector for accepting the
formed micron, submicron or nanometer dimension poly
meric ?ber; Wherein the device is free of an electrical ?eld,
e.g., a high voltage electrical ?eld.
[0009] In another aspect, the present invention provides a
device for the fabrication of a micron, submicron or nanom

eter dimension polymeric ?ber. The device includes an oscil

lating track system, said system comprising a reservoir suit
able for accepting a polymer and operably linked to the track
system and comprising an ori?ce for ejecting said polymer
during oscillation, e.g., vertical, horiZontal, or diagonal oscil
lation, of the reservoir along the track system, thereby form
ing a micron, submicron or nanometer dimension polymeric
?ber, and a collector for accepting said formed micron, sub
micron or nanometer dimension polymeric ?ber, Wherein the
device is free of an electrical ?eld, e.g., a high voltage elec
trical ?eld.
[0010] A motor may be operably linked to the reservoir to

solid nano?bers is deposited (Zufan (2005) Final RET
Report; Xie, J. W. et al. (2008) Macromolecular Rapid Com
munications 29(22):1775-1792; Reneker, D. H., et al. (2007)
Advances in AppliedMechanics 41 :43-195; DZenis,Y. (2004)
Science 304(5679):1917-1919; Rutledge, G. C. andYu, J. H.

provide rotation or oscillation to the reservoir. In one embodi
ment, the reservoir is operably linked to the shaft of a brush
less motor. In another embodiment, the reservoir is operably

(2007) “Electrospinning” In Encyclopedia of Polymer Sci

linked to an oscillating motor.

ence and Technology, John Wiley & Sons: NeW Jersey; Krog
man, K. C., et al. (2009) Nature Materials 8(6):512-518;

ing base Which may house a poWer source and may also

Pham,
P., et al. (2006) Tissue Engineering 12(5):1197
1211; Boland, E. D., et al. (2001) Journal ofMacromolecular
Science-Pure and Applied Chemistry 38(12): 1231-1243;

contain a speed control element for the rotating or oscillating
reservoir. The devices may also optionally include a ?exible
air foil to facilitate the ?ber collection.

[0011]

Optionally, the devices may also include a support
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[0012] In one embodiment, the device is depicted in FIG.
1(A). In another embodiment, the device is depicted in FIGS.
1(B) and 1(C). In yet another embodiment, the device is
depicted in FIG. 2A.
[0013] The reservoir may contain one, tWo, three, four, ?ve,

5,000, 5,500, 6,000, 6,500, 7,000, 7,500, 8,000, 8,500, 9,000,
9,500, 10,000, 10,500, 11,000, 11,500, 12,000, 12,500,
13,000, 13,500, 14,000, 14,500, 15,000, 15,500, 16,000,
16,500, 17,000, 17,500, 18,000, 18,500, 19,000, 19,500,
20,000, 20,500, 21,000, 21,500, 22,000, 22,500, 23,000,

six, seven, eight, nine, ten, eleven, tWelve, thirteen, fourteen,

23,500, or about 24,000 rpm, for a time of, e.g., about 1
minute to about 100 minutes, about 1 minute to about 60
minutes, about 10 minutes to about 60 minutes, about 30
minutes to about 60 minutes, about 1 minute to about 30
minutes, about 20 minutes to about 50 minutes, about 5 min
utes to about 20 minutes, about 5 minutes to about 30 minutes,
or about 15 minutes to about 30 minutes, about 5-100 min

?fteen, or more ori?ces, Which may be of the same diameter

or different diameters, e. g., about 1, 10, 20, 30, 40, 50, 60, 70,

80,90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200,
210, 220, 230, 240, 250, 260, 270, 280, 290, 300, 310, 320,
330, 340, 350, 360, 370, 380, 390, 400, 410, 420, 430, 440,
450, 460, 470, 480, 490, 500, 510, 520, 530, 540, 550, 560,
570, 580, 590, 600, 610, 620, 630, 640, 650, 660, 670, 680,
690, 700, 710, 720, 730, 740, 750, 760, 770, 780, 790, 800,
810, 820, 830, 840, 850, 860, 870, 880, 890, 900, 910, 920,
930, 940, 950, 960, 970, 980, 990, or 1000 micrometers.
[0014]

The reservoir may also include a heating element for

heating and/or melting the polymer.
[0015]

The device may further comprise a component suit

utes, about 10-100 minutes, about 20-100 minutes, about

30-100 minutes, or about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20,21, 22, 23, 24, 25,26, 27, 28, 29, 30,
31,32,33,34, 35,36, 37,38, 39, 40,41,42,43,44, 45,46, 47,
48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64,
65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81,
82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98,

able for continuously feeding the polymer into the reservoir.

99, about 100 minutes, or more.

[0016] The collector of the device may be of any shape,
e.g., round, oval, rectangular, or of a heart, kidney, lung, liver
lobe(s), bladder, uterus, intestine, skeletal muscle or any other
living organ shape, or portion thereof.
[0017] The reservoir and the collector of the device may be

[0024] In other embodiments of the invention, the oscillat
ing track system is oscillated at a velocity of about of, e.g.,
about 650 millimeters/second (mm/sec) to about 33,000
mm/sec, about 650 mm/sec to about 26,000 mm/sec, 650
mm/ sec to about 19,000 mm/ sec, about 650 mm/ sec to about

made up of a material that can Withstand heat, or of a material

13,000 mm/sec, about 3,200 mm/sec to about 13,000 mm/sec,

that is not sensitive to chemical organic solvents. For
example, the reservoir and the collector of the device may be

about 3,200 mm/sec to about 9,800 mm/sec, or about 650,

made up of a plastic material, e.g., polypropylene, polyeth
ylene, and polytetra?uoroethylene; or a metal, e.g., alumi

num, steel, stainless steel, tungsten carbide, a tungsten alloy,
titanium, and nickel.
[0018]

In one embodiment of the invention, the device is

free of a needle.

[0019]

In another aspect, the invention provides methods

for fabricating a micron, submicron or nanometer dimension

polymeric ?ber. The methods include continuously feeding a
polymer into a rotating reservoir of a rotary spinning system
Which is substantially free of an electrical ?eld; and rotating
the system at a speed and for a time suf?cient to form a

micron, submicron or nanometer dimension polymeric ?ber.

[0020]

In another aspect, the invention provides methods

for fabricating a micron, submicron or nanometer dimension

polymeric ?ber. The methods include continuously feeding a
polymer into a reservoir of an oscillating track system Which
is substantially free of an electrical ?eld, and oscillating the
system at a speed and for a time suf?cient to form a micron,
submicron or nanometer dimension polymeric ?ber.

[0021]

The methods may further comprise collecting the

formed micron, submicron or nanometer dimension poly

meric ?ber by, e.g., covering the formed micron, submicron
or nanometer dimension polymeric ?ber With a suitable mate

rial and peeling off the formed micron, submicron or nanom
eter dimension polymeric ?ber from the Walls of a collector of

the rotary spinning system or the oscillating track system.
[0022] In one embodiment, the formed micron, submicron
or nanometer dimension polymeric ?ber is imaged, e.g.,

using a scanning electron microscope.
[0023] In certain embodiments of the invention, the rotary

700, 750, 800, 850, 900, 950, 1,000, 1,100, 1,200, 1,300,
1,400, 1,500, 1,600, 1,700, 1,800, 1,900, 2,000, 2,100, 2,200,
2,300, 2,400, 2,500, 2,600, 2,700, 2,800, 2,900, 3,000, 3,100,
3,200, 3,300, 3,400, 3,500, 3,600, 3,700, 3,800, 3,900, 4,000,
4,100, 4,200, 4,300, 4,400, 4,500, 4,600, 4,700, 4,800, 4,900,
5,000, 5,100, 5,200, 5,300, 5,400, 5,500, 5,600, 5,700, 5,800,
5,900, 6,000, 6,100, 6,200, 6,300, 6,400, 6,500, 6,600, 6,700,
6,800, 6,900, 7,000, 7,100, 7,200, 7,300, 7,400, 7,500, 7,600,
7,700, 7,800, 7,900, 8,000, 8,100, 8,200, 8,300, 8,400, 8,500,
8,600, 8,700, 8,800, 8,900, 9,000, 9,100, 9,200, 9,300, 9,400,
9,500, 9,600, 9,700, 9,800, 9,900, 10,000, 102,100, 10,200,
10,300, 10,400, 10,500, 10,600, 10,700, 10,800, 10,900,
11,000, 11,100, 11,200, 11,300, 11,400, 11,500, 11,600,
11,700, 11,800, 11,900, 12,000, 12,100, 12,200, 12,300,
12,400, 12,500, 12,600, 12,700, 12,800, 12,900, 13,000,
13,100, 13,200, 13,300, 13,400, 13,500, 13,600, 13,700,
13,800, 13,900, 14,000, 14,100, 14,200, 14,300, 14,400,
14,500, 14,600, 14,700, 14,800, 14,900, 15,000, 15,100,
15,200, 15,300, 15,400, 15,500, 15,600, 15,700, 15,800,
15,900, or about 16,000 mm/sec, for a time of, e.g., about 1
minute to about 100 minutes, about 1 minute to about 60
minutes, about 10 minutes to about 60 minutes, about 30
minutes to about 60 minutes, about 1 minute to about 30
minutes, about 20 minutes to about 50 minutes, about 5 min
utes to about 20 minutes, about 5 minutes to about 30 minutes,
or about 15 minutes to about 30 minutes, about 5-100 min

utes, about 10-100 minutes, about 20-100 minutes, about

30-100 minutes, or about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13,
14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,
31,32,33,34, 35,36, 37,38, 39, 40,41,42,43,44, 45,46, 47,
48,49,50, 51, 52, 53, 54,55, 56, 57, 58, 59,60, 61, 62, 63, 64,
65, 66, 67, 68, 69, 70, 71,72, 73, 74, 75, 76,77, 78, 79, 80, 81,
82, 83,84, 85, 86, 87, 88,89, 90, 91, 92, 93,94, 95, 96, 97, 98,

spinning system is rotated at a speed of, e.g., about 1,000 rpm
to about 50,000 rpm, about 1,000 rpm to about 40,000 rpm,
about 1,000 rpm to about 20,000 rpm, about 5,000 rpm to
about 20,000 rpm, about 5,000 rpm to about 15,000 rpm, or

[0025] The polymers for use in the methods of the invention
may be biocompatible or nonbiocompatible and include, for

about 1,000, 1,500, 2,000, 2,500, 3,000, 3,500, 4,000, 4,500,

example, poly(urethanes), poly(siloxanes) or silicones, poly

99, about 100 minutes, or more.
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(ethylene), poly(vinyl pyrrolidone), poly(2-hydroxy ethyl
methacrylate), poly(N-vinyl pyrrolidone), poly(methyl
methacrylate), poly(vinyl alcohol), poly(acrylic acid), poly
acrylamide, poly(ethylene-co-vinyl acetate), poly(ethylene
glycol), poly(methacrylic acid), polylactides (PLA), polyg
lycolides (PGA), poly(lactide-co-glycolides) (PLGA), poly
anhydrides, polyphosphaZenes, polygermanes, polyorthoe
sters, polyesters, polyamides, polyole?ns, polycarbonates,
polyaramides, polyimides, and copolymers and derivatives
thereof.
[0026] The polymers for use in the methods of the invention

may also be naturally occurring polymers e.g., proteins,
polysaccharides, lipids, nucleic acids or combinations
thereof.
[0027]

In one embodiment the polymers for use in the

methods of the invention may be mixtures of tWo or more
polymers and/or tWo or more copolymers. In one embodi

ment the polymers for use in the methods of the invention may

peptides, lipids, nucleotides; ?uorescent molecules, metals,
ceramics, nanoparticles, and pharmaceutically active agents.
[0033]

In certain embodiments of the invention the poly

meric ?bers contacted With living cells are cultured in an

appropriate medium for a time until, e.g., a living tissue is

produced.
[0034] In still other embodiments, the polymer is contacted
With living cells during the fabrication process such that ?bers
populated With cells or ?bers surrounded (partially or totally)
With cells are produced. The polymer may also be contacted
With additional agents, such as proteins, nucleotides, lipids,
drugs, pharmaceutically active agents, biocidal and antimi
crobial agents during the fabrication process such that func
tional micron, submicron or nanometer dimension polymeric
?bers are produced Which contain these agents.
[0035] In other aspects, the present invention provides the
polymeric ?bers produced using the methods and devices of
the invention, as Well as tissues, membranes, ?lters, biologi

mers. In another embodiment, the polymers for use in the

cal protective textiles, biosensor devices, food products, and
drug delivery devices comprising the polymeric ?bers of the

methods of the invention may be a mixture of one or more

invention.

be a mixture of one or more polymers and or more copoly

synthetic polymers and one or more naturally occurring poly

[0036]

mers.

methods for identifying a compound that modulates a tissue

[0028]

In one embodiment, the polymer is fed into the

reservoir as a polymer solution, i.e., a polymer dissolved in an

appropriate solution. In this embodiment, the methods may
further comprise dissolving the polymer in a solvent prior to
feeding the polymer into the reservoir. In other embodiments,
the polymer is fed into the reservoir as a polymer melt. In such
embodiment, the reservoir is heated at a temperature suitable
for melting the polymer, e.g., is heated at a temperature of
about 100° C. to about 300° C., 100-200° C., about 150-300°
C., about 150-250° C., or about 150-200° C., or about 100,

105,110,115,120,125,130,135,140,145,150,155,160,
165, 170,175,180, 185, 190, 195, 200, 205, 210, 215, 220,
225, 230, 235, 240, 245, 250, 255, 260, 265, 270, 275, 280,
285, 290, 295, or about 300° C.
[0029] In one embodiment of the invention, a plurality of
micron, submicron or nanometer dimension polymeric ?bers
are formed. The plurality of micron, submicron or nanometer
dimension polymeric ?bers may be of the same diameter or of
different diameters.
[0030] In one embodiment, the methods of the invention
result in the fabrication of micron, submicron or nanometer

In another aspect, the present invention provides

function. The methods include, providing a tissue produced
according to the methods of the invention; contacting the
tissue With a test compound; and determining the effect of the
test compound on a tissue function in the presence and
absence of the test compound, Wherein a modulation of the
tissue function in the presence of the test compound as com
pared to the tissue function in the absence of the test com

pound indicates that the test compound modulates a tissue
function, thereby identifying a compound that modulates a
tissue function.

[0037]

In yet another aspect, the present invention provides

methods for identifying a compound useful for treating or
preventing a tissue disease. The methods include, providing a

tissue produced according to the methods of the invention;
contacting the tissue With a test compound; and determining
the effect of the test compound on a tissue function in the
presence and absence of the test compound, Wherein a modu
lation of the tissue function in the presence of said test com

pound as compared to the tissue function in the absence of the
test compound indicates that the test compound modulates a

tissue function, thereby identifying a compound useful for

dimension polymeric ?ber having a diameter of about 15, 20,

treating or preventing a tissue disease.

25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100,
110, 120, 130, 140, 150, 160, 170, 180, 190,200, 210, 220,
230, 240, 250, 260, 270, 280, 290, 300, 310, 320, 33, 340,
350, 360, 370, 380, 390, 400, 410, 420, 430, 440, 450, 460,
470, 480, 490, 500, 510, 520, 530, 540, 550, 560, 570, 580,
590, 600, 610, 620, 630, 640, 650, 660, 670, 680, 690, 700,
710, 720, 730, 740, 750, 760, 770, 780, 790, 800, 810, 820,
830, 840, 850, 860, 870, 880, 890, 900, 910, 920, 930, 940,

[0038] The tissue function may be any suitable physiologi
cal activity associate With the particular tissue type, e.g., a

950, 960, 970, 980, 990, 1000 nanometers, 10, 20, 30, 40, or
about 50 micrometers.
[0031] In one embodiment, the methods of the invention

biomechanical activity, e.g., contractility, cell stress, cell
sWelling, and rigidity, or an electrophysiological activity.
[0039] In one embodiment, the methods include applying a
stimulus to the tissue.

[0040]

In another embodiment, a plurality of living tissues

are contacted With a test compound simultaneously.

[0041]

The present invention is further illustrated by the

folloWing detailed description and draWings.

result in the fabrication of a plurality of aligned (e. g., uniaxi
ally aligned) micron, submicron or nanometer dimension

BRIEF DESCRIPTION OF THE DRAWINGS

polymeric ?bers.

[0042]

[0032]

tion. (A) Photograph of a device. (B) Schematic representa

In other embodiments of the invention, the plurality

of micron, submicron or nanometer dimension polymeric
?bers are contacted With additional agents, e.g., a plurality of

living cells, e.g., muscle cells, neuron cells, endothelial cells,
and epithelial cells; biologically active agents, e. g., lipophilic

FIG. 1 depicts an aspect of the devices of the inven

tion of one embodiment of the devices of the invention. (C)

Enlarged schematic representation of the device in 1(B)
shoWing that the polymer solution is ejected from the tWo
ori?ces of the rotating reservoir due to centrifugal action.

