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structural defects to the musculature of the face may have a minor impact on the ability of a

patient to survive. However, even minor cosmetic defects of the muscle of the face can have
substantial psychological implications.

in addition to the striated muscle abnormalities noted above, cardiovascular muscle is
also subject to deterioration and disease. Congenital malformations of the heart are also
common. Conventional surgical technigues are fundamentally unable to adequately restore the
subtle structural and functional relationships that exist in a healthy heart. An intact heart has an
elaborate three-dimensional structure that insures the orderly propagation of electrical signals and
the coordinated contraction of the ventricular wall. If the heart muscle is to be effectively
repaired, the three-dimensional organization must be addressed at the cellular level.

Very few alternative technologies exist for the reconstruction of dysfunctional skeletal
muscle tissue. Attempts to fabricate such tissue have been generally confined to experiments in
which skeletal muscle cells are trapped in a collagen gel. In these experiments, the celis have

been seeded onto the exterior of a collagen gel or literally enveloped within the gel as it is
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withstand manual manipulation, the surgical procedures and the mechanical environment of the
intact tissue. Intact skeletal muscle is surrounded in vivo by multiple layers of a dense
connective tissue that compartmentalizes the muscle and reinforces the structure of the tissue.
Mimicking the specific structure of this arrangement in vitro is difficult, because any dense,
investing material will tend to limit nutrient diffusion, oxygen transport and the removal of
metabolic waste products away from the cells. Components made from artificial materials such
as polyester mesh have been used with some success to increase the strength of the cultures while
allowing them to retain a substantial portion of their elastic properties. However, the
incorporation of synthetic materials into an implant can increase the likelihood that it will initiate
an inflammatory response in vivo.

Cardiac tissue lacks a dense connective tissue. However, the muscle cells of the heart are

organized into a complicated lattice. The individual muscle cells of the heart have a rod-like cell
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conprises an extraeellular matrix nade of electrospun fibers for supporting
muscl e, &ardiac muscle cells. However, smooth muscle cells do exhibit an elongated, bipolar cell shape.
As a population they are organized along a similar axis in a serics of overlapping cellular layers.
This pattern of organization allows smooth muscle to exert contractile forces in a complex
pattern.
SUMMARY OF THE INVENTION
Accordingly, it is an object of the present invention to overcome the foregoing drawbacks
and to provide a muscle implant to a host in need thereof. The implant can be used in a variety
of ways including to augment existing muscle, correct muscle deficiencies or as a functional and
structural replacement for dysfunctional muscle tissue. Further, the invention includes a method
for manufacturing the muscle implant.
In one embodiment, a muscle implant includes an extracellular matrix made of
electrospun fibers and muscle cells disposed on the matrix. In another embodiment, the muscle

implant comprises an extracellular matrix made of electrospun fibers for supporting muscle, a

tendon made of extruded fibers, and a muscle cell layer that is disposed on the extracellular



tendon nmade of extruded fibers, and a nuscle cell layer that is disposed on
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may further include a gel of aligned collagen fibers deposited thereon.

In a further embodiment, the invention includes a method of forming a muscle fascial
sheath by providing an electrically grounded substrate. There is further provided a reservoir of
collagen solution wherein the reservoir has an orifice that allows the collagen solution to leave
the reservoir. The collagen solution is electrically charged and then streamed onto the substrate
to form a muscle fascial sheath.

In still a further embodiment, the invention includes 2 method of layering muscle cells
on an extracellular matrix. The method includes providing an extracellular matrix and then
placing the extracellular matrix inside a rotating wall bioreactor. A culture medium is loaded
into the bioreactor wherein the medium comprises muscle cells. The bioreactor is then run until

muscle cells attach to the extracellular matrix. Alternatively, the muscle cells attached to the

extracellular matrix form multiple layers.
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a scanning el ectron m crogra f an. el ectrospun matrix of fibers. Figures
2A and 2 5851"851%'@[1%‘&%‘1’% g‘f‘ﬁg‘éﬂﬂﬁ%‘%‘ R fIPES‘%“;S ?‘Yfﬁidﬁg el plimmed pollagensitess t he
el ectr ospi nni.r)sg egui prent and a rotating wall bioreactor. Figure 3 is a
scanni ng ‘éﬂ%i‘{ SBFI¥A%r ogr aph of a thin gel of aligned collagen. Figure 4A
and 4B are scanni ng el ectron m crographs of nuscle cells deposited on
aligned coll aagwuéw, theiavention meleescnetherkef fgening asgseelay presthyesis comprising

providing a mandrel about which the prosthesis will be formed. An extracellular matrix is

formed by winding a polymer fiber around the mandrel in a helical manner at a predetermined
pitch. Muscle cells are then deposited onto the extracellular matrix. This method may further
comprise forming a plurality of the extracellular matrix layers around the mandrel. Further, the
mandrel may be round or it may be in the shape of a predetermined blood vessel.
BRIEF DESCRIPTION QF THE DRAWINGS

Figure 1 is a scanning electron micrograph of an electrospun matrix of fibers.

Figures 2A and 2B are schematic drawings of electrospinning devices including the
electrospinning equipment and a rotating wall bioreactor.

Figure 3 is a scanning electron micrograph of a thin gel of aligned collagen.

Figure 4A and 4B are scanning electron micrographs of muscle cells deposited on aligned
collagen gel and a random collagen gel respectively.

Figures 5A and 5B are schematic representations of how a muscle implant may be

fabricated.



Figures 5A and 5B are schematic representations of how a nuscle inplant may
be fabricated. WO 01/15754 PCT/ USOQ 20974 6 Figure 6 is a schematic
represent gt i one type of hypertrophy mechani sm Fi gukgadaolfors

schemat i c%%giglesggé‘nt ation of a forminto which the polynmer stream nmay be
directed. Figure 8 is a scanning el ectgon m crograph of the external
surface of an el ectroacrosol PGA PLA§50/ 50) scaffolding. Figure 9 is a
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This fig '%cte&l | ustrates a high magnification of the sane construct as
shown in Fgure 9. Figure 11 is a scanning el ectron m crograph of the

| um nal surface of_ an el ect r(gaerosol_ PC%PA‘J A%SO/ 50&. scaffo dicg)g pr.oduced
on an 18 gaug® 81 SRR Fectsn micrgereph atfas picTp spdaEnt A1 ESA SRRl e
di fferent é{a¥ﬁrs @S d %f? reate one enbodi nent of a vascul ar prosthesis.
Fi gure 13G4Fh&PYPOsC A8 ng apparatus used to manufacture a vascul ar
prosthesis. Figure 14 is a schematic of a mandrel with a thin wall tube.
Figure 15 is &SEHNaEFRNEE clactrmiairorraph preoss sertiniah iew of apielgeirqeaemsoli s a
schematic of a bioreactor conposed of tubing connectors, tubing and
pol ycar bdta/BLAF§/80) sraffpiging prpdpesdgngdgreangegeedlect ron mi crograph of a
cross-section of a biom m cking vascular prosthetic.

Figure 10 is a scanning electron micrograph cross sectional view of the mid-wall of the

X

electroaerosol PGA/PLA (50/50) scaffolding produced on an 18 gauge ncedle. This figure
illustrates a high magnification of the same construct as shown in Figure 9.

Figure 11 is a scanning electron micrograph of the luminal surface of an electroaerosol
PGA/PLA (50/50) scaffolding produced on an 18 gauge needle.

Figure 12 is a schematic representation of five different layers used to create one
embodiment of a vascular prosthesis.

Figure 13 illustrates a winding apparatus used to manufacture a vascular prosthesis.

Figure 14 is a schematic of a mandrel with a thin wall tube.

Figure 15 i1s a schematic of a mandre! holder and mandrel.

Figure 16 is a schematic of a bioreactor composed of tubing connectors, tubing and
polycarbonate walls.

Figure 17 is a scanning eleciron micrograph of a cross-section of a biomimicking vascular
prosthetic.

Figure 18 is a scanning electron micrograph showing oriented smooth muscle cells

seeded on the external surface of a biomimicking vascular prosthetic.



Figure 18 is a scanning electron m crograph show ng oriented snooth nuscle
cells seeded on the external surface of a biom m cking vascul ar
prost heti cwoWh$0d4d 15754 PCT/ USO0/ 20974 7 Figure 19 is a pweamsbp@r£! ectron
m crograph showi ng oriented snooth nuscle cells seeded on the external
surface of a biom m cking vascul ar prosthetic. DETAI LED DESCRI PTION OF A
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an engi neered tendon, and engi neered nuscle cells. Each conponent will be
di scussedetded detiai dxtarg aurdicelof a afvthitnlidking vasa0irpidiaietion With respect to
their assenbly. A Engrneered extracellular natrrx In a normal human
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muscle, this outer coating is referred to as the fascial sheath. The fascial sheath gives shape and

support to the skeletal muscle. The fascial sheath is the extracellular matrix or scaffolding that
maintains the integrity of the muscle. Smooth muscle and cardiac muscle are also supported by
an extracellular matrix. The cells of smooth and cardiac tissue are both interconnected by a
network of collagen fibrils. Smooth muscle lacks a defined fascial sheath. The entire surface
of the heart is enclosed in a tough outer coating of connective tissue composed of collagen called
the pericardium.

Another type of extracellular matrix is a nerve guide. A nerve guide (or nerve guidance
channel) is a tube structure, small bore, which is used to connect the distal and proximal stumps
of severed nerve segments to aid in the guidance of the regenerating axons. A nerve guide allows
for more direct rewiring of the axons, a direct route for regeneration, and prevents the random
axon outgrowths from going off on a tangent and possibly not rewiring. A ncrve guide also
allows for a controlled environment within the lumen (neuroactive molecules released by the

axon stumps) to aid/promote axon regeneration at the same time preventing scar



axon outgrowm hs fromgoing off on a tangent and possibly not rewiring. A
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Al t hough the el ectrospun or clectroaerosol matrix can be fabricated on the
i nner cylBip&edter (8 MBécohpcati ons within the bioreactor also nay be used for
pl acenent of the matrix for seeding. The gap between the inner and outer
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sparging, through the use of impellers, or other means of stirring. The RCCS bioreactor is a
rotating wall bioreactor. It consists of a small inner cylinder, the substrate for the electrospinning
process, positioned inside a larger outer cylinder. Although the electrospun or clectroaerosol
matrix can be fabricated on the inner cylinder, other locations within the bioreactor also may be
used for placement of the matrix for seeding. The gap between the inner and outer cylinders
serves as the culture vessel space for cells. Culiure medium is oxygenated via an external
hydrophobic membrane. The low shear environment of the Synthecon RCCS bioreactor
promotes cell-cell and cell-extracellular matrix (ECM) interactions without the damage or
“washing away” of nutrients that occurs with active stirring or sparging. Typically, the RCCS
device is operated at rotation rates of 8 up to 60 RPM, as required to maintain cells in
suspension, and at less than 8 RPM (preferably 2-3 RPM) for cultures immobilized along the
center shaft of the vessel. The Synthecon bioreactor can be used in a standard tissue culture

incubator.



device is operated at rotation rates of 8 up to 60 RPM as required to
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el ectrospi nni ng process can be used to“produce a dense, mat-like matrix of

oriented and/loﬁlﬁ%bﬁf'%&ﬁg%ﬂm%%p bers (Figure 1). "El ectrospinning"
means a process 1n C I pers formed froma solution or nelt by
stream ng an ricall.y charged ,pol r splution or nelt {hrough an
orifice. El ect% %lggltfﬁtrr?% 1%%%8%0%5887{1 S@Wﬁ’r‘f 8eTg?’ts?’l“éatiqﬁaﬂ"é‘fri"spﬁt%‘ebﬁeéduce

ultra thin, |ayer f . fiber fahrics, (gontinuous pulti filanments) and dense
mats of r?ﬁ‘?’%‘%‘f“éP?’ﬁﬁ‘ﬁ@‘%B?r%ﬁs?ﬁﬁvfsiP-s gF?F%*amBy’g{mﬁlF@Sta@mﬁ?sqwhx&hé'lbf:rﬁ t he
40- 500 nanofmat er_ di anet er ranﬂs The mechani cal properties(i.e.,

st r engt h)Ere IpEpegdrany 2 sapipn g msh by streamieg sngiscircallyehsraed salyppr wlwionoomsltnni ng
can be controlled by regulating the processing conditions, the materials
used in theush#n pefinc Slecosrinyng hasheen peedtimthekerdideindpstiye priwuos iltre thin
material. Gbson, P.W, et al., Electrospun Fiber Mats: Transport

Pr oper t i éayersi@fdgenfabrEs (Fontimeyh mult)filamentshind defeguats oS materialn griepobass and
Applications of Electrospun Fibers, 1996 J. Electrostatics 35:151. An

ext r acel |fipersrfomerdriythisfteahigiue resp the 40- Ormnometearcdiametanargeni THe rhdthaiégs ent

i nvention can be produced anal ogously. Wile any polyner can be used, it

i s pref empadpledies(@e estengthh ppiosity; addiweight o eeyfateics piobaded by elddtraspirtald g s
fibers. Various effective conditions can be used to electrospin a collagen
mat ri x. \Abitalet bg rdgalatiogihe grocessmg@exditidng] the hattiald ubddeth eid @BkidRRbM PR cesat her
protocols can be followed to achieve the sane result. Referring to Figures

2A and 2Bndithe ti@@ikss0smhe dbRGited BlateRBIe NGIbHE TEW ., ét GI. OBlcRedsh&s Fifdr #ifs:f 111 ed
with a solution of collagen and suspended above a grounded target 11, for

i nst ance, Transp&t BlopeHied) MIDSSAICRE I.; Db 99 ei 415 ELLtrE PGl Hrbdss i Aﬂﬁﬁﬁti&g the

of Electrospun Fibers, 1996 J. Electrostatics 35:151.

An extracellular matrix of electrospun fibers in accordance with the present invention can
be produced analogously. While any polymer can be used, it is preferable to electrospin natural
polymer fibers such as collagen fibers. Various effective conditions can be used to electrospin
a collagen matrix. While the following is a description of a preferred method, other protocols
can be followed to achieve the same result. Referring to Figures 2A and 2B, in electrospinning
collagen fibers, micropipettes 10 are filled with a solution of collagen and suspended above a
grounded target 11, for instance, a metal ground screen placed inside the central cylinder of the
RCCS bioreactor. A fine wire 12 is placed in the solution to charge the collagen solution in each
pipette tip 13 to a high voltage. At a specific voltage determined for each solution and apparatus
arrangement, the collagen solution suspended in the pipette tip is directed towards the grounded
target. This stream 14 of collagen forms a continuous filament that, upon reaching the grounded

target, collects and dries to form a three-dimensional, ultra thin, interconnected matrix of
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| i ke mat rioutEsRsBEUtheTugh 38 ciifige| The clectreremsdlagsprocesalsi a mndifibaionrddee of

| ess than 10 microns in dianmeter. Figures 8 to | | are scanning el ectron
m cr ogr apHectiospiamng proetss duibridho tlestraeiosol procS: BilizdRGAL R orodntratiel dfuhear
matrix. As with the el ectrospinning process described earlier, the

el ect r oaep@dwoir dprimgibs procainreb dnstead of prodicingta pelitaegicsplay Qfters b e thaye: tip
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process, &fthe ipheytnands smsll &loplsts dre foledir Bies@dropled 1B trah 8 fibink fnk 288eddnig he
el ectroaerosol process. The differences from clectrospinning |nc§ude t he

concent r aoitilgrofndedi@bstrate to form a sponge like matrix composed of fused polymeric droplets --

spirnning process, an el ectroaerosoling
dense, matte-like matrix of polyner

[N the conbaEeh, felbidssiiidd bRt aesgur e 2. Pl ct rosol

all on the order of less than 10 microns in diameter. Figures 8 to 11 are scanning electron
micrographs of an electroaerosol matrix of 50:50 PGA/PLA extracellular matrix.

As with the electrospinning process described earlier, the electroaerosol process can be
carried out using various effective conditions. The same apparatus that is used in the
electrospinning process, for instance as shown in Figures 2A and 2B, is utilized in the
electroaerosol process. The differences from electrospinning include the concentration of the
polymer placed in solution in the micropipette reserveir and/or the voltage used to create the
stream of droplets. Obviously, those of skill in the art recognize that changes in the
concentration of polymer solution would require modification of the specific voltage to obtain

the formation and streaming of droplets from the tip of a pipette.

3. Electrospin/Electroaerosol Process Variations
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be m xed daﬂ%gp&ggeggﬁéﬁf‘%@ rﬁjghwslkggwngrpt??mpor poration into the

ti ssue-engi neer on consunpti on/ reorgani zati on of the

scaf f ol di ng by, geded. IS, . jneorporate the vector (i.e.
genetic engi n&%%}%af i nf‘%la% n&?rsu@%{?ﬁcﬁy 1B{roo ?J%lgcqf"fs@@’%‘ing88318??0(38‘?%0“1‘1% DNA
can be in f ich is .effective t enhance its uptake into cells.
For exarrpﬁoghl,ﬁxxll't B@a@nc 'élgE%{dee&"e(dé’.“bdfu,CtS N ?orﬁjaciagﬁf “RES%‘{‘“‘S’,‘ %6058@9’{“’ sajutppg  488)

or conpl exed or enca at.ed (e..g., U S_ Patent Nos. 5,6908,777; 5,787,567).
Simlar ﬁéﬁmg%ia?rﬁtéondﬁ&%? Elssﬂﬁ'%n%ge Resepifgld. Ugon eRnswpp o reotgaRiationiodtieor s or
ot her chenof&,(gﬁj ns such %s E\n iogenic factors into the el ectrospun or
el ect r 0ae*BLYINERY thesepdpd getls tieyimaysperrPEate s vecios fi.c. swnstie praingenapintei ng or
el ectroaerosol i ng process can be mani pul ated to nmeet the specific
requi r emetifs DG 2 ‘ﬁ?r"&PQFeﬁ‘]d%GHB‘F alfest.i 3R¢ DNAecay berip gnp darmewhigh is ¢fectivautet ed on
a frame that noves in the x, y and z planes with respect to the grounded
subst r at eSthans iigivpiakpinse eellss Fangrampe, ifpan be daked|(e.a5 B PatenyNow A5&6,859;
substrate for instance a tubular mandrel. In this way, the

5,910,488) or complexed or encapsulated (e.g., U.S. Patent Nos. 5,908,777; 5,787,567). Similar

to adding DNA, it may be possible to incorporate growth factors or other chemotaxins such as
angiogenic factors into the electrospun or electroaerosol matrix to aid in tissue regeneration.
The electrospinning or electroaerosoling process can be manipulated to meet the specific
requirements for any given application. The micropipettes can be mounted on a frame that
moves in the X, y and z planes with respect to the grounded substrate. The micropipettes may
be mounted all around a grounded substrate for instance a tubular mandrel. In this way, the
collagen or other polymer streamed from the micropipette can be specifically aimed or patterned.
Although the micropipettes can be moved about manually, preferably, the frame onto which the
micropipettes are mounted is controlled by a microprocessor and a motor that allows the pattern
of streaming collagen to be predetermined by a person making a specific matrix. For instance,
collagen fibers or droplets can be oriented in a specific direction, they can be layered, or they can

be programmed to be completely random and unoriented.



col | agen or other polynmer streamed fromthe mcropipette can be
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the art JFCEPEREHT BRACHIRAGOIFUrBOras TRERE varebrs pieed-knpha [ ENethSilof the
grounded target can be npdified to produce a desired matrix. In a

pr ef er r ed? dWERFISRTOsPIngACTodgerigx e FbBEeact or is used. The grounded
target is a cylinder that fits inside the inner cylinder in the

el ect r ospi nni fge eeoresdteyf thsequades taregt grnde anpslifiegyio pradyqerigiesird myrivukg
geonetry, for instance having a planar or linear or nultiple points ground,
t he dir eqiréfomed apfbodineent retatirignialidudreasiens wah Te srawmnidediarpstis e ggbinde thed to a
particul ar application. For instance, a grounded target conprising a

seri es offitpasidk thelinder odmdeoamthb eletsasginhimgor elentoagrbsetibg propesn. Bplvbmognhe i n a
specific direction. The grounded target may be a cylindrical mandrel

wher eby agrbutdgeanetryyedr instantshal g Rthnaiird ine o branttiidd yointt Boud, ohndirdecgora
vari abl e surface that can be controlled by a mcroprocessor that dictates

a speci f i 6 iy eredtling eSIRE danbb *hriddSnd EQENAPIRE a bittiQuldrtapplicAidre MaRinkiadey, for
i nstance, the ground may be nounted on a franme that noves in the x, y, and

z planes ﬂ‘érbﬁhd%@&?%@Eorﬁﬂis_ﬁxg%tsa‘iés%ﬂﬁirmdﬂiﬁés‘ém BAlskBrolokiBni e faFLAEoIRGE] agen.
The grounded targe 11 in Figure 2B is shown as being able to oscillate
al ong i t sinl0Redikdir&&Hon 2% grounded target may be a cylindrical mandrel whereby a tubular
matrix is formed. Most preferably, the ground is a variable surface that can be controlled by a
microprocessor that dictates a specific ground geometry that is programmed into it.
Alternatively, for instance, the ground may be mounted on a frame that moves in the X, y, and
z planes with respect to a stationary micropipette tip streaming collagen. The grounded target
11 in Figure 2B is shown as being able to oscillate along its longitudinal axis.
The substrate onto which the collagen is streamed can be the grounded target itself or it
can be placed between the micropipette tip and the grounded target. The substrate can be
specifically shaped, for instance in the shape of a heart or a part thereof or a vascular graft, to
substitute or replace a specifically shaped muscle.
Through modification of a substrate shape and by programming the specific orientation

and density of the electrospun or electroaerosol polymer, a very complex muscle pattern can be

replicated to enable a specific muscle form for a specific application to be created. Alternatively,
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t hi ckness and attributes of the matrix may be preselected to form

carti | agecherate icxamprle Rf Wis typs ofeppligatien ifishawn prFigeledsi s. A schematic
exanple of this type of application is shown in Figure 7. Qher variations
on el ectr ospi fiharyangipne pe clectospinnigland glectnzewsealinglincluid: ng di f f er ent
solutions (e.g.,. collagen | and IIl) to produce two or nore different
fibers or dropl et sUsingudiffareansmutions ety collhgdnel amt 1Y ©PIr6ducarta@dyor mbse t hi s
case, the single conponent solutions can be nmaintained in separate
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material can be mxed wwth a biological nolecule such as collagen, e.qg.,

PVA, PLA, PGA2. PEOUsRCmix3d sblutibh (), BtlabérP} %n@?ltlfmih@!sﬁm@%icir@oqr(%tg the
Havi ng two or re

different solutions or even the sane sol utions. 4.

different geonetri grnQURGEE of %gﬂssco('dgto d o?rmﬂl{i%@@glr%’?e%sg@bem?g&q%ﬁr eens) .

Al'l these variations can be done separately or | Ion"w €8ch
other to produce “blends™). Nonbiological but biclogically compatible material can be mixed with

a biological molecule such as collagen, e.g., PVA, PLA, PGA, PEOQ, etc.

3. Utilizing multiple potentials applied for the different solutions or even the same
solutions.
4. Having two or more different geometric grounded targets (i.e. small and large

mesh screens).

All these variations can be done separately or in combination with each other to produce
a wide variety of electrospun and electroaerosol extracellular matrices.

Additionally, a matrix can be formed that includes both electrospun and electroaerosol
polymers. In other words, a combination of fibers and droplets may be beneficial for some
applications envisioned by a particular structure to be mimicked. This combination of fibers and
droplets can be obtained by using the same micropipette and solution in varying the electrical
charge; varying the distance from the grounded substrate; varying the polymer concentration in
the reservoir; using multiple micropipettes -- some from streaming fibers and others for

streaming droplets; or any other variations to the method that could be envisioned by those of



a wde variety of electrospun and el ectroaerosol extracellular matrices.
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envi si onqglﬁmta&_hose of WD 41/ 15754 PCTI USOQ 20974 14 skill in this art.

The fibers and droplets could be |ayered or m xed together in sanme |ayers.
The possi bl e-gconbi.nati.ans of the electr i pni ng and_ el ectroaergsoling
processes are T?]F rFY[?)‘UQ‘in E}gl‘q@n F’?drﬁt{’]eéagnb\*ﬁeé ngﬁ'gﬁﬁf"ir‘f un ot ifCHPIS)PsO LA H e r
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el ectroaerosol matrix may be used in its unnodified state, or it nmay be
modi i ed TP Waived 9itE prmpdiied ggi peitemraysbeomodifish i heconlangspivitlc she on.
Modi fications to the matrix can be made during the electrospinmng or

el ect r oagPGUETEHY o A GBesdic enplisdtionr Medifieatidepiosht wdirixCGrapde-thidekiungg dgent s
such as carbodiimde EDC (1-ethyl-3(3 dinmethyl am nopropyl)), carbodiimde
hydr ochl ldciespinxig or elechigadrassiyrppsadess oriadtes) it isalepddifed. | Qrobs-Gultindoazenis ecth €. g. ,
to stabilize the fascial sheath against proteolytic attack, and/or to

i ncr ease a hebedimbid¢ EDY (bfethybB(3aljeethglensnopSesl)),eathodiind@s hWhebigsndeeNHsal . ,
1996 Myobl ast seeding in a collagen matrix evaluated in vitro, J.

Bi onedi cédh-hirbeysuadisinfiis, or (B0 1igh3eati be vded, Big) b Blabilibd Ghe FasvAS SHERI agBMED] €Si s
One type of engineered extracellular matrix and/or engi neered nuscle (nedia
conponentproteolytic attack, and/or to increase the stability of collagen gels. See, e.g., Van Wachem, et

al., 1996 Myoblast secding in a collagen matrix evaluated in vitro, J. Biomedical Materials Res.
30:353-60.

4. Biomimicking a Vascular Prosthesis

One type of engineered extracellular matrix and/or engineered muscle (media component)
that can be fabricated is a vascular prosthesis. A successful prosthesis may be accomplished best
if the prosthesis biomimics the artery or other vessel or branch that is to be replaced. One of the
keys to creating this prosthesis is the orientation and layering of the extracellular matrix that will
be the scaffolding for the prosthesis.

The vascular prosthesis includes winding thin collagen fibers (<150 xm) in a collagen
gel and/or in a matrix of electrospun or electroaerosol polymer(s). Although any polymer may
be used, natural polymers are preferable. In a specific example using electrospun PLA fibers,
a matrix of the electrospun fibers are formed around a thin mandrel. The collagen fibers are then

wound in a helical manner around (embedded in) the matrix of electrospun fibers. The



that can be fabricated is a vascular prosthesis. A successful prosthesis
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matrix creates_.a residual _stress environnment simlar to that found in
native arBePeeilc vasgpletirs beinggerlaced o T he specifip apriicatianaril] alsn deteimine tho spuber
matrices can  be assenbled with each layer of the nmulti-Ilayer prosthesis
ori ent ed 3¢ thickiissafthelaysrs. cip ang embadiment addresgrddp buitdings sualhdiametebartary

repl aced. The specific application will also determ ne the nunber and

t hi cknesscagh laygeis| eyiadrcal withoeash anebssasing: atcolasn disié dundlesmbdttimascke ital |
dianeter artery, each layer is cylindrical with each possessing a col |l agen
fibril butri¢taresround (spimaleuhrgeneht) at wiryingpitches (Rigured 2(displayah 5 dayerprgaiesa).) at
varying pitches (Figure 12 displays a 5 |l ayer prostheses). Al historical

att enpt s 4l histerie etinmys &t deedepihga vasanatcongiuct kM cSIREEPGRRANS coRbbrnAT
conponents. have been unsuccessful for two reasons: 1) the collagen was

added i n Hae bear msaécessfgiefor twortabiN: NY) SEDMIBzRIGE] £dedih Shefimadd Lpgd to
formaround a solid mandrel (no specific orientation) and 2) the
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col | agen and/ or other natural polyners) that nakes up each |layer ~ can be

ori ent ed dt&hﬁgpﬁ)mﬂdiib B prareRiradivad nadisthinkd &seit cORRAQRO! | Ng techni ques
descri bed herein. ternatively, as described in Exanple 4, the |ayers may
be formed on arhepaiget (pRiferiBlg BARkERInd/or other natural polymers) that makes up each layer
can be oriented using the electrospinning and/or electroaerosoling tcchniques described herein.
Alternatively, as described in Example 4, the layers may be formed on a mandrel by mechanical
winding of fibers about the mandrel at specified pitches. Still further alternatively, a
combination of mechanical winding and electrospinning/electroaerosoling may be used to
assemble the extracellular matrix.

It has been discovered that the mechanical winding of polymer fibers in the prosthesis
has an unexpected effect on muscle cells subsequently seeded on the extracellular matrix. The
residual stress in the wound polymer (collagen) creates an energy in the prosthesis that promotes
growth of the muscle cells in the direction of the spiral wound polymer. This residual stress also

mimics the actual stress found in natural arteries. Figures 17-19 display a matrix and wound

fiber composite as well as the orientation of muscle cells seeded onto the prosthesis.



wi ndi ng of fibers about the mandrel at specified pitches. Still further
alternatively, a conbination of nechanical w nding and
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pol ynmer around, B. Fngi neere ndon. The engi neered tendon, or the connective
tissue struts Y5&PSEFREHGEdORT difgonrest wadispiesiiie that anchoniks engimerbémassendl ed
fromextruded col | agen fibers or other suitable materials. Collagen fibers
are pref eforbone, cpebaarsanbied frementridsdcollagen fikest yr ¢tberisaitably metesals.b§olmgen
recipient's imune system These fibers function in conbination with the
ext r acel | fibars avepreferred, bessuiseirolliger isti¢se likelp tolelrejecsddryatrenigibnt ishineghé dyme@f t he
nmuscl e inplants. Collagen fibers for the fabrication of the engi neered

t endon cafhhdse fibgtsr fudatbnaihit @mbiradvm witt 1he tsiradéBti® , mMrik.to a8i12k [iNEbverki H.
Formati on of Continuous Coll agen Fibers: Evaluation of Bioconpatibility

and Mechasinucatal Prieppier dfitesmustRIRiplakls O0BLAREH Abdts b thé GrilRionkAUR endinkered ©1
al ., Mechani cal Properties of Collagen Fibers: A Conparison of

IIzeconst i t1ithéuh BatbeTenaded bidamswn &Rod omb eviraksd §0va38r42; randibh S
at ent

Continuous Collagen Fibers: Evaluation of Biocompatibility and Mechanical Properties, 1990
Biomaterials 11:169-75; Kato, Y.P., et al., Mechanical Properties of Collagen Fibers: A
Comparison of Reconstituted Rat Tendon Fibers, 1989 Riomaterials 10:38-42; and U.S. Patent
Nos. 5,378,469 and 5,256,418 to Kemp, et al..

A preferred collagen extrusion apparatus comprises a syringe pump, microbore tubing,
a dehydration trough, recirculation pump, rinsing trough, drying chamber, heating air dryer, and
a collagen fiber winder. The syringe is filled with degassed collagen and mounted onto a syringe
pump. The collagen solution is then extruded from the syringe, through the microbore tubing,
and into a dehydration bath (Polyethylene glycol in PBS). The formed coliagen fiber is
subsequently guided through a rinsing bath (phosphate buffered saline, PBS) and attached to a
winding system within a dryer. Once the initial fiber has been formed and attached to the
winding element, the process becomes automated and continuous. At an extrusion rate of

approximately 8 cm/minute, the extrusion apparatus can produce fiber 1-10 meters in length and



Nos. 5,378,469 and 5,256,418 to Kenp, et al.. A preferred collagen

extrusi on apparatus conprises a syringe punp, microbore tubing, a
dehydr at i Qg h, recirculation punp, rinsing trough,

heating air g{/f%% and a collagen fiber w nder. The syr?’ﬁé’e&?(gﬁ?ﬁmed with
degassed col l agen and nounted onto a sjyringe punp. The col |l agen sol ution
is then extruded fromthe syringe, through the mcrobore tubing, and into

a dehydr 80280 ek RidnRedry QY bRABt Y & fibki ik arﬁﬁ r caﬁ BE Vi v% Hied Br ﬁg}g gl%n fi ber

is subsequently guided through a rinsing b osp n%Ilne

PBS) andemt S ce .t he ini
fiber hag btt(-a(faﬁ(r:]alﬂ1;8 grgm@rg?\égpgﬁvglgﬁé% :\%p%u?]ge&‘méaagmga&g l%nr?eﬁ?tml? ﬁ'& d&f‘l? eéss

becones At sion,.rat ppr.oxj mat el y
ot ot O @Bl A6 AL bOlyRURzea™ THO Pl LY RGN T et %P§° #eDeng h

d WO O%415 50 / n di
SPOdUCtI ybé Jaﬁ Eﬁ §g&a sznlh %Ozjahgmﬁgd é%F?gP}agag tﬂﬁr%) e g’é{r‘?ﬁ }??gemé‘ﬁ@ﬁt ron
and i ghg_l_t E@n% QR G eval uati o Var t| on conditions controls
the di ane of !esé OPIPRYER® ¢ ‘in‘BﬁF“%l t§“‘§’8l°§ F medplategihy ipepRoratsd

propertie he engi neered col fiber can be further nodified and
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el astic propertie of the engi neered tendon can be nodul ated by
i ncor por g}l gingered implanttheollagesy fihersare starlized by perateticarid stendizatignl agen
solution as it is extruded. Prior to use in the engineered inplant the
col l agen fibers are sterilized by peracetic acid sterilization. C
Engi neered nmuscle cells Any type of nuscle cells can be used in the present
i nventi o Bngineggdmyselekcellscul ture strains, transformed cells, primary
muscl e cells, enbryonic nuscle cells, neonatal nuscle cells, enbryonic
stemcel | s, ety tRredionnstt cells can be esedtietheqabdest iavemios Cinelugidk|csll cOkurBUSC| €
precursor cells) which are obtained froma host into which the nuscle wll
be t ranspiraing, gdnsf@aned oflispprirdary mustle edlis, enttatgotiid fiisoid del1f] ne@bnatdirfusRRREM, NY
Myobl asts in the Progeny of Single Human Miscl e

embryonic stem cells, etc. Preferred cells are stem cells or muscle cells (or muscle precursor

cells) which are obtained from a host into which the muscle will be transplanted. Barrofio, A.,
et al., Identification of Self-Renewing Myoblasts in the Progeny of Single Human Muscle
Satellite Cells, 1996 Differentiation 66:47-57; Blau, H.M. and Webster, C., Isolation and
Characterization of Human Muscle Cells, 1981 Proc. Natl. Acad. Sci 78:5623-27. The term
“primary myocytes” means muscle cells which are obtained directly from a host animal muscle
which retain the ability to differentiate and which have been passed a minimum number of times
in culture. Such cells generally are not transformed.

The cell type to be used in the implant depends upon use and the site of implantation that
is to be reconstructed repaired or otherwise augmented by the engineered muscle. A variety of
cell types can be used and include but are not limited to; embryonic stem cells, bone marrow
stem cells, satellite muscle cells from the striated muscle beds, cardiac muscle cells, smooth

muscle cells, muscle cell lines, transformed cell lines and genetically engineered cell lines. Cells



Satellite Cells, 1996 Differentiation 66:47-57; Blau, HM and Wbster, C,
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this use because they _ can be engineered to becone nearly any type of cell
(e.g.. SpeRsehirom disivationt iykyitigatediyith the musgleiraplant. bagawse gvendhpey pergeironone,
etc). They can but do not have to cone fromthe patient to be treated with
t he nusclsemi afhenspurceteryani8 @obipeokeish impape topasisé.r om  sone ot her source they
wi Il not invoke an imune response. For skeletal nuscle, satellite nuscle
cell's are der Foeskeletabmuerls gitelitsl reyscirrediisaro Berrvsd ifwen a sudalriorand uhebtmsive.he
subject who is to receive the nuscle inplant. Miscle biopsies are isol ated,
and the doanrsaedn the sibjeswio iseozeadk thy misdsieglidno NViuddierbiopsies mre ddotatad] sndcan be
utilized to isolate satellite or other cell types fromthe nuscle for
engi neer i th@cdnbetivsanemovedrbyidisséca ot €V arbupprotoosiotandr mtibifed i@Rokelshteie:
| sol ated nuscle tissue is mnced and dissociated into a single cell
suspensi ajothBycell types from the muscle for engineering the implant. For instance, a protocol can be

as follows: Isolated muscle tissue is minced and dissociated into a single cell suspension, by

trypsin-EDTA digestion (or other suitable enzymes) under constant stirring. At the conclusion

of the enzymatic dissociation procedure, the digestion media is quenched with the addition of

10% serum. Cell suspensions are washed by centrifugation, and a sample is stored in liquid

nitrogen for future use. The balance of the isolated cells are enriched in satellite cells by flow

cytometery or through the use of differential adhesion or through immunoseparation methods.

Flow cytometery, can be used to separate cells by size, by cell cycle stage, or, if labeled, by cell

surface markers. In differential adhesion, cells are placed into a culture vessel for a short

incubation period to allow contaminating fibroblasts to seed out of the solution, thus enriching

the remaining cell population in satellite cells. A longer interval of differential adhesion can be

used to seed out satellite cells so they can be purified away from contaminating debris and

muscie cells. Enriched cell fractions that contain myogenic satellite cells can be stored at -70°C
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upon the size of the inplant to be fabricated), they are prepared for
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Miscle cell differentiation in the bioreactor can be induced by replacing
t he hi gh difesrentingaarih eetbisrestiod c4nlbk induced by replacing the high serum content media (10-

15% serum) with low serum media.

Cells utilized in the fabricated muscle are readily amenable to genetic manipulation. For
example, genes encoding angiogentic factors, growth factors or structural proteins can be
incorporated into the isolated cells. This can be accomplished before, during or after the
fabrication of the muscle construct. Useful genes include, e.g., VEGF, FGF, and related genes.

For introducing genes into cells, any effective method can be used, including viral vectors, such

as adenovirus, also DNA, plasmids, etc. can be used.

D. Assembly of an engineered skeletal muscle implant
The muscle implant can comprise three distinct components, the extracellular matrix, the
engineered tendon and the population of muscle cells. As detailed earlier, an extracellular matrix

composed of a matrix of collagen fibers or other biologically compatible material is prepared on
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i ncl udi ng el ectrospi nning, spraying, dipping, spreading, dropping, etc.
Si nmpson, Ngdugtion o n@amaatgﬁf@ﬁotme Taviicaly %&@rﬂw@qﬂn«mi Oregniggtiqnnel the
Conposition and Organi zation of the Extracellular matrix, 1994 J. Cel
Physi ol . Exgaccfulanggirix] k994 J.dradifRhysield 1 @mifolfiSmima preferred enattodiepsih thefdobeges i n t he
thin gel are aligned along a common axis. For exanple, the aligned nmatrix
can be [ibeduetd thiy geliarepiligged diengrervmmadn axisl iIFaderampts; the @figried enaRO0Sin be
bi oreactor, with its el ectrospun

produced by dipping the central cylinder core of the RCCS bioreactor, with its electrospun

coating of collagen, end-on into a ice cold neutral stock sclution of collagen (1 mg/ml) (Type ]
or type III or a mixture thercof). After a very brief interval (1-3 secs), the cylinder is removed
from the solution and the excess collagen is allowed to drain by gravity off of the distal end of
the cylinder. The orientation of the cylinder is maintained constant throughout this process, i.e.
perpendicular to the collagen solution in which it was dipped. This allows the excess collagen
to drain off the long axis of the cylinder. The cylinder is then placed into an incubator, e.g., set
for 37°C, to allow the collagen to polymerize, e.g., sixty minutes or more. After polymerization
is complete, the aligned collagen fibers are allowed to dry down on to the underlying facial
sheath. These procedures result in a thin layer of aligned collagen fibrils arrayed along the axis
the cylinder was drained. See Figure 3. Other methods for aligning the collagen may be
employed, for instance, using the described clectrospinning system or using a centrifuge after

dipping the core in the collagen solution. Regardless of how the collagen is aligned, at the
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of orientgd collagen is only necessary if the extracellular matrix
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axis of prosthesis. The implant can be made more or less stiff by applying these fibers in an

undulating pattern. The large fibers can also be attached to the matrix by only overlapping the
matrix at the distal ends, i.e., not necessarily running the entire length of the engineered muscle.
Regardless of the orientation used, the ends of extruded fibers are allowed to project from the
distal ends of the implant. At the conclusion of this step, the large diameter collagen fibers are
allowed to dry down onto the fibers of the aligned collagen gel. Alternative fabrication processes
can be used to further customize the mechanical properties of the implant. For example, large
diameter collagen fibers may be laid down first followed by collagen fibers deposited by
electrospinning, followed by another layer of large diameter collagen fibers, the aligned collagen
gel and the satellite cells. Other permutations on this assembly process are also possible.

A tendon can also be created in situ by combining tendon fibroblasts with the synthetic

muscle bed. For example, tendon fibroblasts may also be harvested from a recipient’s own



filaments added to the inplant. Second, by the orientation of these fibers
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these conditions, it is possible to assemble a muscle cell culture comprising muitiple layers (8-12

layers in 48 hours) of aligned cells. In the assembly of the muscle implant, cells are gradually

depleted from suspension culture and plated onto the collagen matrix, either directly on the

electrospun matrix or on the collagen gel coating, to form the three dimensional arrangement of

the engineered tissue. Additional satellite cells are added as need to the bioreactor to assemble

additional cell layers. Once the desired mass of cells has been plated onto the fascial sheath, they

are allowed to differentiate into myotubes, e.g., by transfer to a serum media. Also, there are

artificial oxygen carriers that can be used in vitro to increase oxygen delivery to tissues or cells

in culture. They would be mixed into the reactor with the satellite cells as the muscle is

fabricated. They basically function like red blood cells in the sense these carriers increase the

oxygen content of the culture media.
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construct the muscle_ inplant. This latter procedure_ involves trinmng (for

i nst ance, °fj Fﬂrdn%mw&cfaaﬁbmuaqle%h%étﬂat shigelyuifethe sngineered aiiselg is embe pesidi tong
(Figure 5B) the engineered nuscle into the desired configuration.
Al t er nat i em§truct yuogslphed of theaxiglskeletoncismay be tackedito theiimplartatiandite througher ed
for the reconstruction
the large diameter collagen fibers 20 that protrude from the ends of engineered muscle 21,
through the distal ends of the fascial sheath itself or through a combination of these methods.
If the tissue is to be used to reconstruct a congenital heart defect or repair an otherwise
dysfunctional region of myocardium or reconstruct a musclc of facial expression it can be sutured
or affixed in place with fibrin glue. By modifying the assembly process, implants for the
reconstruction of cardiac muscle or smooth muscle can be assembled. In general, the major
modification may be in the relative pattern of the engineered extracellular matrix and connective
struts or tendons described in this application. Cardiac tissue and smooth musclie lack tendons.
However, the use of large diameter collagen fiber may still be desirable to lend mechanical

strength to the implant. In the case of cardiac implants, the large fibers may be used as a delivery

system to assemble or to manipulate the implants. The key common feature to assembly of these



of, for instance, facial nuscles as a flat sheet. If the engi neered nuscle
is to be used to reconstruct a nuscle bed of the axial skeleton, it may be

attached twolbhesrkapl antation site through the | arge di apetesoopedsagen
fibers 20 that protrude fromthe ends of engineered nuscle 21, through the
distal ends of the fascial sheath itsel4 or through a conbination of these
nmethods. If the tissue is to be used to reconstruct a congenital heart

def ect orimpiapisiis tharbibtyhe falrisate a yplif-lapertiinplant compgibagrof ofllsriy ex ar dvapatem
reconstruct a nuscle of facial expression it can be sutured or affixed in
pl ace wi tdf ofgaoizatiorgl ue. By nodi fyi ng the assenbly process, inplants for the
reconstruction of cardiac nuscle or snooth nuscle can be assenbled. In

general , the ritds@ularizaneh bf tatimphntedymdelei tizsuch@ill edcat invanpaivéer fayefafehe
engi neered extracellular matrix and connective struts or tendons descri bed
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However, the use of large dianmeter collagen fiber may still be desirable to
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transpl ant, the nuscle into the onentum The onentum has an extensive and
ri ch vasctiffusionefsyirignts gag oxygen ey e suppading Hesue alEgnativeleogn pdditiongo it ubat or
for the support of_ engineered tissue. The engineered tissue would be
renpved fipieashymaingeied BysuaprrldpaipaertediteRdy wribhtndagaaes VistHid seeplvappor t ed

by the diffusion of nutrients and oxy?en fromthe surrounding tissue.
Al t er nat i elojpeptium; A bledd v¢ssel mighttbgpartially perforated or cut or left simply dissected free

of the omentum. The engineered tissue could then be wrapped around the vessel. The
engineered tissue would be supported by nutrients leaking from the perforated vessel or by the
simple diffusion of nutrients if the vessel was left intact. Regardless of strategy, the engineered
tissuc would be surrounded by the omentum and its rich vascular supply. It is also possibie to
engineer muscle with an endogenous vascular system. This vascular system might be composed
of artificial vessels or blood vessels excised from a donor site on the transplant recipient. The
engineered tissue would then be assembled around the vessel. By enveloping such a vessel with
the muscle during or after assembly of the engincered muscle, the engineered tissue would have
a vessel that could be attached to the vascular system of the recipient. In this example, a vesscl
in the omentum would be cut. The vessel of the engineered muscle would be inserted and
connected to the two free ends of the omental vessel. Blood would pass from the omental vessel

into the vascular system of the muscle, then pass through the muscle and drain back into the



approach, engineered tissue could be connected directly to the endogenous
vascul ar supply of the omentum A blood vessel mght be partially
perforate or left sinply dissected free of the e
engineeregwglssﬁ% could then be wapped around the vesse?gﬁah@&%gﬁglneered
ti ssue would be supported by nutrientsysl eaking fromthe perforated vesse
or by the sinple di ffusion of nutrients if the vessel was left intact.
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engi neered tissue would be supported by the diffusion of nutrients fromthe
onent um iieplenied tiesye.e Thiseeangnd inpubaior siraegy lveulthatsol be avmbineg Witlsthe other
fabrication. After a suitable period of time the nuscle would be renoved

f r om t he 2ugregenig strategics Biscwssed eanlibrpl aced in the correct site in the
recipient. By using this type of strategy the engi neered nuscle could be
supported i n Zhmengineered mysclshlesombed abuve is advamtagegud inesefdralatspeaty.eFasdt, dlays
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wi t h t he anddesic porntirl agkits strusttuabroprrtiss caih beragslaied #adahy @ifferent sites, including,
but not limited to; the relative concentration of different collagen isoforms used to produce the
sheath, the thickness of the fibers used and, the degrec of chemical cross-linking present in the
matrix. Next, the implant uses large diameter collagen fibers to further modify the structural
properties of the implant and provide a means to anchor the engineered muscle to the site of
transplantation. These fibers are very similar to the fibers used to manufacture catgut for surgical
sutures (>250 um), however, the extrusion process allows for better control of fiber diameter and
the fabrication of fibers that are much smaller in diameter than conventional catgut (50 to 200
um depending upon reaction condition). Preliminary studies from other laboratories indicate the
efficacy of using extruded collagen fibers in the production of tendons in the rat and in the
formation of woven sheets for the repairs of experimental abdominal wounds in the rat. The
implantation of large diameter, extruded collagen fibers did not induce inflammation beyond

background levels in these experiments.



The engi neered nuscl e descri bed above i s advantageous in several respects.
First, the connective backbone support of the inplant conprises natural
mat eri al s. Tg' terial has low antigenic potenti al anilgk'd,‘tJ ctural
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to produce the sheath, the thickness of the fibers used and, the degree of

chem cal crosghk kiki dafds Bf S8&MN cdlif ubd¥eo cBRtukXthe DEXbnt bR 8e iIRk@AM o aRS | arge
di anmeter collagen fibers to further nodify the structural properties of

the.i npl %ﬂf)jeé\ngr &ﬁé?\ébﬂﬁatﬁzlé?r?xgﬁ thf re@;@ﬁ%ugcﬂerc@c{ﬂgﬁ&%gﬁeﬁléi%?ﬁlg9 oﬁ\go&she site

of transplantation. These érs are very simlar tot rs used to

TRNUF 0t Ut b OB 0L AL Bbe n UL UL B 2200 LSS gl lEa SRy UST O

process a er contro ran ication of
fibers that are ch smal.ler in.di ter than c nt.i onal catgut (50 to
h00- m adBe s Bl Pt r TR TSt e RHRLY SEa At hbatitto: hor

| aborat ori es [ negiif caoi?e.t he _.effi ca(ié[ogml;si ng extruded (iol l agen fibers in
the prodiReP P8 AsHY oobifb A SuffinicpiRImtey oLerlis;ta Constuctil; mariatin 181 MBVWASSsheet s
for the repairs of experinmental abdom nal wounds in the rat. The

i npl ant atfeRiiond! delisifpeandidamascdp engoacRONsRLSEIS Ustise hat saussas Hhedlopen sie fRfuce .

i nfl ammati on beyond background levels in these experinents. WO 01/ 15754
PCT/ USOQ sietirgmusdde qefle st em cel s or nuscle cells used to construct the
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direction, allowing for the structural and functional repair of a dysfunctional muscle bed. This
feature is especially critical in cardiac muscle where it is essential to restore both the mechanical
and electrical properties of the damaged muscle. Cultures prepared on, or, in a random gel of
collagen lack this uniform alignment. Compare Figures 4A (aligned) with Figure 4B (random).
Random cultures are unsuitable for the use in reconstruction because they lack the clearly defined
orientation that is characteristic of intact skeletal muscle and the individual cellular layers of the
heart. The highly polarized nature of intact muscle allows it to effectively and efficiently apply
mechanical force along a defined axis during contraction. This property also facilitates the
conduction of electrical impulses through the tissue.

Strategies must be implemented to promote the formation of vascular elements within
the implant. Several options are available. First, the implants can be seeded with angioblasts

and/or endothelial cells to accelerate the formation of vascular elements once the engineered

tissue is placed in situ. Second, angiogenic peptides can be introduced into the engineered tissue



and their three-di nensional arrangenent. The cultures are conposed of
i near, three-dinensional arrays of nuscle cells distributed al ong a
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deliver active peptides or, as noted, angi ogenic peptides or growth
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is to “seed” fully differentiated muscle constructs with additional satellite cells and/or endothelial
cells and or angioblasts shortly before they are implanted in situ. Also, use of the omentum
“incubator” was discussed earlier.

In vivo deneravation of skeletal musclc promotes the evolution of atrophy in the effected
tissue. To a great extent, this response appears to develop because deneravation reduces the
amount of resting tension observed in the affected muscle (Thomsen and Luco 1944; Gutman
et al,, 1971). In vitro, the effects of denervation may be substantially overcome by applying
tension to the denervated muscle. Cardiac muscle is also very sensitive to its surrounding
mechanical environment. Muscle mass may be initially retained in an engineered prosthesis by
placing it under tension at the time it is implanted. Different methods of promoting hypertrophy

or stretching of the implant are available. A mechanical stretcher can be used in the bioreactor

by attachment of the “tendons™ on either end of the implant to ring clamps to tighten or loosen



and i nproved nuscul ar performance with respect to ischemc. controls. Upon
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28the|nplant Figure 6 illustrates how the fibers will be held in place

(at desirégd Y &nEMPbns | ongi tudinally) on the inner cylinder surface of
t he bi oreactor by two end supports 30. Figures 6 also illustrates the use
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central nervous system. Preferably, the engineered implant can be transplanted into a muscle bed
adjacent to the area of interest and allowed to adapt to the in vive environment. After a period
of adaptation the autologous implant would be mobilized, perhaps with a portion of the motor
units arising from the original transplant site, and repositioned within the site requiring
reconstruction. It may also be possible to induce the ingrowth of motor neurons through the use
of growth peptides delivered by osmotic pumps, or other means, to the implant tissue. Cardiac
tissue mass is not subject to much regulation by the central nervous system. However, it is
sensiiive to changes in mechanical activity. By pre-stressing by stretching, electrical stimulation
or using pharmacological agents to promote cardiac muscle hypertrophy an implant of cardiac

muscle during or following the fabrication process, it can be better prepared for the region of the

in vivo environment.



I npl antation. The stretching can al so be used to further align the nuscle
cells. Electrical pacing or pharnmacol ogical stinulation can al so be used.
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vivo environment. WO 01/15754 PCT/ USOQ 20974 29 Exanple | (El ectrospinning
an Extr acefithatediat (Vhitmi,xip eAact encaswaenadrit obaimedyd. 32 mmadismeraridlverf-coated copper

pol y-lactic/poly-glycolyic acid (PLA PGA; 50/50 - RESOVER(r) RG 503,

Boehr i ngevird, 2@p20meds3 1 Cetainmbesy jted Bekeqn b Rirgedianehsl@ery (PoYymerRGohREL base
(Aldrich Chem cal Conpany, Inc., MIlwaukee, W) polynmers. The concentration
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Louis, MO were 0.19 g/m RESOVER(r) RG 503 and 0.077 g/
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the glass pipet at approximately 12 inches from the base with the pipet tip pointing (pipet at
approximately at 45 angle to base) toward the base. The wire was then placed in the top of the
glass pipet and inserted until reaching the pipet tip where it remained during the procedure. The
second clamp holder was placed at approximately 6 inches above the base for holding the screen
(grounded target) approximately perpendicular to the axis of the glass pipet. The distance
between the pipet tip and the grounded screen was approximately 10 cm. The positive lead from
the high voltage power supply was attached to the wire hanging out the top end of the glass pipet
while the negative lead (ground) was attached directly to the stainless steel screen. The glass
pipet was then filled with the appropriate solution and the power supply turn on and adjusted
until electrospinning was initiated (i.e. fibers shooting from the tip of the glass pipet). This
stream (splay) of solution begins as a monofilament which between the pipet tip and the
grounded target is converted to multifilaments (electric field driven phenomena). This allows

for the production of a "web-like" structure to accumulate at the target site. Upon reaching the
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This allows for the production of a "web-like" structure to accunul ate at
t he tar getledjonaniciopsah pete Abergortag honmiix 5 FhewPoFiglwed120974 30 gr ounded
target, the multifilaments collect and dry to formthe 3-D interconnected
polynmeric matrix (fabric). The apparatus described is conceptually the

sane as the set-up illustrated in Figures 2A and 213. All described
st udi es aBsgamplei{Famdcation dita thoerdimenyienad segneent dhekefetddemssclepr oduced by
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pol yneri ¢ sol utAnaiignedvallagat gl wadireparddl aflenths srethbdd df Simpsbn etead s1994 (thueedl was

not neasur ed.
of Cell Physiology) on a silastic membrane (Speciality Manufacturing). Silastic membranes were
sterilized in an autoclave and exposed to 2 minutes of electrical discharge to make the rubber
more hydrophilic. Aligned collagen was then applied over the surface of the treated silastic
rubber. In brief, 500 ul of 0.2 N HEPES was mixed with 500 ul of 10X MEM in a 50 mi
centrifuge tube and placed on ice. Under sterile conditions 3.5 mis of Type 1 collagen (3 mg/ml
in 0.012 HCL, Collagen Corporation) was layered over the top of the HEPES/10XMEM solution,
mixed by inversicn and diluted to a final volume of 10 mis with ice cold Phosphate Buffered
Saline. A sterile and treated silastic membrane (70 mm X 30 mm) was placed in a 100 mm
culture dish. One milliliter of ice cold collagen solution (final concentration 1.05 mg collagen/ml
solution) was applied to the one end of the rectangular piece of silastic membrane. The collagen

was pulled in a single continuous stroke across the long axis of the silastic membrane with a

sterile cell scraper. The dish containing the silastic membrane was then tipped and the collagen



Al t hough, the thickness of the matrix that can be produced is dependent on
the amount of polyner solution (spinning time) utilized and allowed to
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scraper. The dish containing the silastic nmenbrane was then tipped and the
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muscle cell line were placed onto the silastic membranes and cultured for 3-5 days in DMEM-
F12 (50:50 DMEM:F12 mix, supplemented with 10 % Horse serum, 5% FBS plus penstrep and
gentimysin) and allowed to form a confluent culture of uniformly arrayed cells. These cultures
served as a template layer for the further assembly of the cultures. A thin layer of silicon grease
was placed on the underside of a piece of silastic rubber containing a culture of aligned c2¢c12
cells. The silicon grease serves as a non-toxic adhesive to anchor the culture to different locations
within the culture chamber of a RCCS Bioreactor (Synthecon, Inc). In preliminary experiments
several different locations in the bioreactor culture vessel were used in attempts to fabricate a
three dimensional array of aligned muscle.

An aligned culture of c2c12 cells was placed on the back wall of the rotating bioreactor

culture vessel, cell side up and held in place by a thin layer of silicon grease. The vessel was

closed and then filled with culture media (50:50; DMEM:F12 mix, supplemented with 10 %



aligned collagen fibrils. The silastic nenbranes were then allowed to
conpletely dry for an additional 30-60 mnutes under a sterile |am nar

fl ow hood. _Conplete drying of the collagen anchors the fjbri t he
r ubber forw?ﬁﬂ%ﬁ%’r mani pul ation. Silastic nmenbranes wer ef’{i'g@édofzﬂé"?hese

experinments solely to provide a supporj, surface that could be easily
mani pul ated for the fabrication of t engi neered nuscle. A segnent of
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different locations wthin the culture chanber of a RCCS Bi oreactor
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in the bioreactor culture vessel were used in attenpts to fabricate a
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cells was placed on the back wall of the rotating bioreactor «culture

vessel , callfures wde istitatedahdpedparet for pleaes thi¢rodedplt axamiigédn. The Qiltiies prepge®ase.
The vessel was closed and then filled with culture nedia (50:50; DVEM F12

M X, SupplnehERCES réabiohwdie cm¥¥aed 3f hbifipH 1Rl 44200102005 #rayd@albly & €orm@bMMm 5%
FBS plus penstrep and gentinysin). The syringe ports were opened and |

m | 1ion cggdBerd etk ReaRdeshd@snd@ticisRahe: BebibRaGHSPROBRA kR tidWBility
bi oreact or vessel. The device was nounted on the control "axl e that
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pl aced into a C02 I ncubator (37C) and set to rotate at 3 revol utions per
mnute. Ab, g back wall of the reactor in an orientation that was perpendicular to the direction of rotation
was most effective. Other sites within the vessel also promoted the assembly of multilayered
cultures, including the outer wall, central core and outer cylindrical wall. Aligned cultures that
were oriented with the direction flow were also capable of promoting multilayer assembiy,
although not as effectively as the cultures oriented perpendicular to the direction of rotation.

In other experiments, an aligned collagen gel was prepared on a silastic membrane as
described and placed directly into the RCCS bioreactor chamber (i.e. the experiments were
designed to determine if the aligned collagen fibrils could promote multilayered assembly
without first growing a confluent template layer of cells). Templates consisting of aligned
collagen alone were about as equally effective as the templates containing confluent cell layers

at promoting the assembly of the multilayered cultures. Again, these collagen templates were

placed onto the bioreactor in different locations. They behaved identically as the confluent cell



hour intervals an additional 1 mllion c2c 12 cells were added to the
reactor chanmber. By setting the rate of rotation at a slowrate the cells
added in suspension were gradually seeded out onto the tenplate culture.
After 48 WORESBH nixing in the vessel, the tenplate cUf¢HPEO2}¥He

i sol ated and prepared for electron m ¢roscopi c exam nation. The cul tures
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deposited on the aligned collagen is shown in Figure
needle (18 gauge, length ~ 8 cm). Note: Prior to aerosol/matrix production, the mandrel was
treated with a hexane solution saturated with Vaseline to allow casy removal of the formed
construct from the mandrel. The polymeric solution used was polylactic/polyglycolyic acid
(PLA/PGA,; 50/50) at a concentration of 0.189 g/ml in methylene chloride. A fine wire was
placed into the pipette tip as far as it would go. With this tip, the wire could not pass all the way
through, thus approximately a quarter inch of the tip was cut-off at the point where the wire had
passed through and became lodged. The wire in this experiment was charged to 12,000 volts
(Spellman High Voltage Power Supply). Upon applying the electrical potential, the polymer
acrosol began at the pipette tip and was directed towards the grounded mandrel. The acrosol was
then collected around the mandrel. A total of 4 ml of the polymeric solution was used to create
an extracellular matrix that could be used to construct, for instance, a nerve guide. Step one was

to fill the reservoir/syringe with 1 ml of polymeric solution, charge the solution and allowing

aerosol production. Upon emptying the reservoir, the mandrel was rotated 90 degrecs (step 2)



Exanpl e 3 (El ectroaerosol Production of Extracellular Matrix) An
extracellular matrix in the formof a tube was nade. Like the

el ect rospiQ,BiOP,gs.,spescri bed in Exanple 1, the el ectroaer opgk RERePES

i ncl udes a polymer reservoir, spray nozzle and grounded nmandrel. (See
Figures 2A and 2B). In this experinentgsthe polynmer reservoir and spray
nozzle was a 1.0 m syringe (mnus plunger) and a sinple plastic pipette
tip (Gel hRpdiephne Thid ]géfj'eﬁglfr BebeBieh{ :“@m t}{eﬁlsxgs%rtédvgltx‘ne e aiad

mandrel was conposed of stainless stel needl e (18 gauge, length™- 8 cm.
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aer osol wauctien col | ected around the mandrel. A total of 4 mM of the
polymeric solution was used to create an extracellular matrix that could
be used to condperuearking sathidiirenhaieterial andmerdrefsiiighoulSbeptasiihat Wastechnisiug | | |
the reservoir/syringe with I m of polyneric solution, charge the solution
and al | owcergd baeble soforprseatulessi construcksoritherifrgatings drivther eseplwogeometties (nmndr el
was rotated 90 degrees (step 2) WO 01/ 15754 PCTI USOO 20974 34 and step one
was r epeaheat valteesessiapaivanesidvemdroapdadedkined, naseqeaf)or t he conpl et e
construct/nerve guide. Figures 8 to | 1 are scanning electron m crographs
of the extxampld4{CGonstroetion of a¥ ssdulae#rdyhdsits) S procedure. The pol yners
eval uated -- polylactic/polyglycolyic acids (PLA/ PGA; 50/50), give a soft,
This example focuses on the development of a small diameter vascular prosthesis from

cotlagen threads (Plain gut suture - collagen), arterial cellular components (smooth muscle cells
(SMC), fibroblast cells (FB), and endothelial cells {EC)), collagen (Type 1, 111 & 1V), and
fibronectin (All major components of arteries). Small diameter arteries such as the one described
herein are composed of cylindrical layers (3-6 layers) of smooth muscle cells which are arranged
in spirals of varying pitches. The arrangement of one example of a vascular prosthesis has the

layers presented in Figure 12.

-- Winding Apparatus

| The winding apparatus (Figure 13) will be composed of two end supports 50, thin walled
tubing 51, glass rod 52, bathing chamber 53, suture movement system 54, and a mandrel rotation
system 55. The two end supports 50 will be bored centrally to match the external diameter of

the thin walled tubing 51. The glass rod 52 will be placed through the thin walled tubing 51



sponge yet fairly rigid construct with conpleted dried. As noted, the

mechani cal properties will depend on the pol yner used, aerosol particle
dianeter,m%rall mesh (matri x packing) structure. s jgng Wi th
different material and nmandrels, it should be noted that echnl gue
could be able to formseam ess constrygts with bifurcations or ot her
conpl ex geonetries (i . heart valveS, vascul ar grafts i nt esti ne, and
cartila
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mandrel rotation system55. The two end supports 50 will be bored
central | pitehoofriayeen! erdS exaligihand wilkbrprefabrigated bieweaving thesututs hetisondghs1. The
glass rod 52 will be placed through the thin walled tubing 51 WO 01/ 15754
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and polycarbonate to allow sterilization by steam or ethylene oxide.

--Prosthetic Mandrel, Mandrel Holder, and Bioreactor

The mandrel 60 (Figure 14) will be composed of a glass rod 52, thin walled tubing 51,

and two end supports 50. The end supports 50 will be composed of 304 SS. The exact

composition (or whether it needs to be used at all) of the thin walled tubing 51 is not known at

this time. The mandrel holder 65 (Figure 15) will maintain the vascular construct when placed

within the bioreactor. It is primarily an end support system which doubles as a bathing chamber.

The mandrel holder 65 will be filled with either saline or Medium-199. The mandrel holder 65

will be composed of polycarbonate which can be sterilized by either steam or ethylene oxide.

The bioreactor (Figure 16) will be composed of tubing connectors 70, tubing 71, polycarbonate

walls 72, and a pulsatile pump (not shown).

--Methodology

The internal cylinder (lumen region) of the media will be developed by stringing (weaving)

plain gut suture (0.23 mm diameter, L = 6 m; H. Hess & Co.) between the end supports at a high



speed across the mandrel. The conbination of the thread gui dance speed and
mandrel rotation speed will allow the control of the pitch of the collagen
threads in Iai/ers 2-4 of the nmedia. The pitch of layers_1 an@gﬁ arc high
and wi || DEOSHE#hricated by weaving the suture between PHEUSHERGPel end
supports which will be designed to produce the desired pitch. The bathing
chamber will allow the mandrel to be ifaintained in a saline or coll agen

solution duying the w ndin rocedure. The enti aratus will be built
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or ethylene oxide. The bioreactor (Figure 16) will be conposed of tubing
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(not shown). --Methodolo gv The internal cylinder (lunmen region) of the
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the vessel) with a 0.2 - 0.5 nm space between each suture. After weaving

the plai nygugurSietidh §n HeBoBRA Bl M WvilPRaR!a58d ile My Ry RO BagIAN;

cont ai ni ng a suspension of human unbilical artery SMCs (UASMC). The

suspensi OﬂecYMeth é@q{z; amplitude <5% of graft outer diameter) through the thin walled tubing of the
mandrel for the first media layer. During subsequent media layerss, the thin walled tubing will
be removed to allow perfiision (nutrient delivery) to the media layers as well as direct mechanical
forces. The advantage of this pulsatile flow during the media and adventitia development is that
the cellular compenents will be exposed to circumferential {stretch-relaxation) forces. This is
hoped to contribute to significant mechanical structural properties when compared to the vascular
prostheses developed on mandrels under static conditions. After 24 hours, the second cylindrical
layer will begin by winding the plain gut suture at a low pitch (15°; essentially perpendicular to
the long axis of the vessel) with a spacing of approximately 0.2 - 0.5 mm. After the suture
winding, the protocol is exactly as described for the initial layer. Layers 3-5 also {ollow the
described protocol with suture pitches of -15°, 15°, and -75°, respectively (Figure 12). All
procedures will be performed under a laminar flow sterile workstation. The bioreactor apparatus

(pulsatile flow system) wili be housed in an incubator at 37°C, 5% CO, and constant humidity.

No complications are expected due to the use of 2 bioabsorbable suture as the scaffolding. It has



conposed of 2x 106 UASMC/ mli, collagen solution (46%type | & 54%type |11
conposition of normal vascul ar tissue; Inedex), 4X PBS, and distilled
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that bi oabsorbabl e suture (conpared to non-absorbable) exhibits little to
no anast onoiiedniima oalh s develegaddnypenetbaliall GHJER seedingsef the adwentitia-inediaand

scar tissue. It has been N
construct. Prior to EC seeding, the adventitia-media construct will be removed from the mandrel

end supports and cannulated. The first step in EC seeding, neointimal development, is to coat
the lumen surface with human fibronectin and collagen type IV. The EC seeding will be
accomplished by injecting ECs (5x10° EC/ml) suspended in M-199 (20% FBS) into the
construct’s lumen. The cannulas will then be sealed and the construct placed in a tube containing
M-199 and 20% FBS overnight to allow adherence of the ECs to the construct. The tube and
construct will be rotated at 1/8 r.p.m. during this time to allow an even distribution of the ECs
on the luminal surface. After the EC adhesion period, the complete vascular prosthesis will be
placed back in the bioreactor and exposed directly to physiologic pulsatile flow for 10 days (flow
rate: 90 ml/min; frequency 60 Hz; amplitude <5% of graft outer diameter). The vascular
construct will be bathed externally in M-199 and 10% FBS while the circulating media will be

M-199 and 20% FBS. The circulating and bathing media will be replenished every two days.



denonstrated that in vascul ar anastonoses, conplete hydrolytic
deconposition (@7 no.) of the absorbable suture was followed by al nost

conplete t generation of the vessel including th J4ve tissue
of the nedkgﬁﬂﬁﬁé?adventitia equi val ent structure will be &ﬁgged by
foll ow ng the nmedia devel opnment wth g%broblast cells (FB)(5x105FB/n1) and
collagen type | and Il (3 ng/m ). The tibroblasts to be used wll be

human dermal f waRE ASths: élhil;acanonThr@%emg@ﬁfat ghe LB R BOGnCah) @&?gﬁmw Il be

added to the media construct to build the adventitial layer. In small

di anet er %&@5&1 eEJH%mrﬁG%{ﬂ%%et r@scﬁ%eﬂ?&n“l@ﬁs ﬁﬁpeﬁ thgﬁl ind ;g}gceg{ﬁggﬁﬁfeﬁ of

t he vascul ar wal eSS|ty tiple |ayer

adventiti %h m%&%gts artl Bedefird TBndMdnkinl2d a0fLRP @‘Egraw% %&gg&hﬂu dﬁ%th%el |

(EC) seedihg of the a venfltla media  construct.” Prior see

adventiti aargggaeqfﬁ%gfdlgscy &re i) any ‘QaeyEr O\é&?@r' g-ﬁomﬁre %s ﬁ%}re e}”all :i\pg EPO ts

and cannul tep-in see eorn gede isto
coat the | urface W t ectin.an The EC
seedi ng witienend gl SCHE%% mla?ﬁnamﬁefg reihy GRomeRi Vi Esbstiad | n

M 199 (20@%FB .into the construct's |lunen. The cannulas wll then be

seal ed and"#H&EBhst r uct pl aced in a tube containing M 199 and 20% FBS
overnight to allow adherence of the ECs to the construct. The tube and
construct will be rotated at 1/8 r.p.m during this tine to allow an even
di stribution of the ECs on the lum nal surface. After the EC adhesion
period, the conplete vascular prosthesis will be placed back in the

bi oreact or and exposed directly to physiologic pulsatile flow for 10 days
(flow rate: 90 m/mn; frequency 60 Hz; anplitude <5% of graft outer

di ameter). The vascular construct wll be bathed externally in M199 and
10% FBS while the circulating nedia will be M 199 and 20% FBS. The
circulating and bathing nmedia will be repl enished every two days. WO
01115754 PCT/ US00120974 38 Wthout further elaboration, it is believed
that one skilled in the art can, using the



proceedi ng description, utilize the present invention to its fullest
extent. The preceding preferred specific enbodinents are, therefore, to be
construed as nerely illustrative, and not limting the renainder of the
di scl osuM@ 5Ty way what soever. The entire discl osur e PEF/USPG/20974
applications, patents, and publicatigns, cited above and in the figures
are hereby incorporated by reference h their entirety. WO 01/ 15754
PCT/USO?ﬁégiiﬁggﬁﬁyﬂﬁﬁﬁg IS CLAIMED IS: 1. An extracellular matrix

conpri si | ectroaerosol droplets. 2. An extracellular matrix
as described . in claim1 wherein the droplets are discharged fromone or
more el ect ri CaPPyyXEree YBHmaRISORPESHE A matrigphtlerioaeresb dtopitse to form t he
matrix. 3. An extracellular matrix as described in claim1, wherein the
matrix is treated with cross-linking agents whereby the droplets are
cross-linked. 4. An extracel|lular matrix as described in claim1, wherein
t he dropl et s2af@ exacsilulanmatrix as dascrihedfingiaimdy, whereinghe dropletsced disthargedat r i x
as described in claim1, wherein the droplets are conprised of collagen.
6. A netfreodonsfor mute tlgetriosllyraharged exificesontd agrawnded swbisirate enfornsheugatrist r eani ng
an electrically-charged polynmer solution on to a grounded target substrate
under conditions effective to deposit polyner droplets on said substrate to
forman extracellular matrix. 7. A method of claim®6, wherein the polyner
is extruded Brom extcegihildranatripapédstribeddn chimuat whekeifthe nairt® i6 srembé@ vithn t he
pol ymer droplets forma three-dinmensional matrix. 1 FIEIELE PHEVRD iliii
1111 11 ckdss-linMn@agents whereby the droplets are cross-linked.

4. An extracellular matrix as described in claim 1, wherein the droplets are less than 10

wum in diameter.

5. An extracellular matrix as described in claim 1, wherein the droplets are comprised

of collagen.

6. A method of manufacturing an extracellular matrix comprising:

streaming an electrically-charged polymer solution on to a grounded target substrate
under conditions effective to deposit polymer droplets on said substrate to form an extracellular
matrix.

7. A method of claim 6, wherein the polymer is extruded from a capillary pipette.

8. A method of claim 6, wherein the polymer droplets form a three-dimensional matrix.
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WO 01/ 15754 |" CT/USOQ 20974 40 9. A nethod of claim6, wherein the
pol ymer conprises collagen. 10. A nethod of claim®6, further conprising

deposi ting f aligned collagen fibers on said extr mat ri x.
s i3 R,

11. A nmeth rmng a vascul ar prosthesis conprising: g a
mandr el about which the prosthesis wll,.be formed, form ng an extracel |l ul ar
matrix |ayer conprising winding a polyner fiber around the nmandrel in a

hel i cal mannergap ‘ﬁetﬁde&%{a%@‘?ﬁ%ei@%wﬁ%%ﬂ?ﬁ% icclgl'ﬁna%grr.nuscl e cells onto

the extracellular matri Xx. SCr aim 11, further
conprising formng a plurality of the extracellular matrix |ayers around
the nmandrel. 13. The nethod described in claim11l, wherein the nandrel is

d. 14. The Q escr.i b i,nh claim1l, wherein t ndrel is in the
gﬁgge of a pr le(gg‘% %reﬂ%oggﬁag%%%ﬂ@gggog}msxfg%eppﬁgmgrgtgﬁloqﬂggg?rcp R0 fIRCTE ] ai m

11, wherein t.(rj\e reﬁj?t erm.ned pitch of the polynmer fiber is different for
each adj alBATY FERAEF Y'H & proost hesis. 16. The method described in claim
11, wherein the extracellular matrix conprises collagen gel. 11*11l1]
Frra~arar 1 orrer o1t L MW 01/ 15754 PCTIUSOO 20974 41 17. The et hod

described in claim1l, where in the extracellular matrix conprises
el ectrospun fi bk r A method of forming a vascular prosthesis comprising:

providing a mandrel about which the prosthesis will be formed,
forming an extracellular matrix layer comprising winding a polymer fiber around the
mandrel in a helical manner at a predetermined pitch, and

depositing muscle cells onto the extracellular matrix.

12. The method described in claim 11, further comprising forming a plurality of the

extracellular matrix layers around the mandrel.
13. The method described in claim 11, wherein the mandrel is round.

14. The method described in claim 11, wherein the mandrel is in the shape of a

predetermined blood vessel.

15. The method described in claim 11, wherein the predetermined pitch of the polymer

fiber is different for each adjacent layer in the prosthesis.

16. The method described in claim 11, wherein the extracellular matrix comprises

collagen gel.
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18. The nmet hod described in claim1l, where in the extracellular matrix
conprises electroaerosol droplets. 19. A nuscle inplant conprising: an
extracellular matrix for supporting nuscle conprising el ectrospun fibers,

a tendon WOAHIT8 ng extruded fibers, and a nuscle cell IPé?é‘lls,‘m’gﬂ?é‘? ein the
muscl e cell layer is disposed on the ? tracellular matrix. 20. The nuscle
i npl ant as described in claim19, wherein the nuscle cell |ayer is

mul til ayered. .2 Th cle. implant as described in claiml19, wherein the
el ectrospun fli7biTrh§ mef:\tlé?rypafsggb%o Icgad%lnﬁf i"&‘gfesl." tB"Z ?Xtﬂ?gﬁﬂ;ﬁfs’&f‘té‘xicﬁﬁ'lpﬁﬁ‘is as
described in claim19, wherein the electrospun fibers are cross-Iinked.
23. The EBﬂ@“%hﬁFant as described in claim19, further conprising an
oriented |l ayer of collagen deposited onto the extracellular matrix wherein
the nmuscle cells are disposed onto the oriented |ayer of collagen. 1111111
112122 0l ~trar 1 1l WO 01115754 PCT/ US00120974 42 24. The nuscl e

i mpl ant as dd$cri dbemethod|dgssribed in ¢lpfay b Whetedn figsxiracelular magixFomprRgRsn  ar e
oriented in parallel directions. 25. The nuscle inplant conprises an

ext r acel glestraperpsed @foRlefSsor supporting nuscle conprising el ectrospun fibers

and a nuscle cell layer wherein the nuscle cell layer is disposed on the
extracellular matrix. 26 The nuscle inplant as described in claim 25,
wherein the nmuscle cell layer is multilayered.

19. A muscle implant comprising:

an extracellular matrix for supporting muscle comprising elcctrospun fibers,
a tendon comprising extruded fibers, and

a muscle cell layer, wherein the muscle cell layer is disposed on the extracellular matrix.

20.  The muscle implant as described in claim 19, wherein the muscle cell layer is

multilayered.

21. The muscle implant as described in claim 19, wherein the electrospun fibers

comprise collagen fibers.

22. The musclc implant as described in claim 19, wherein the electrospun fibers are

cross-linked.

23. The muscle implant as described in claim 19, further comprising an oriented layer
of collagen deposited onto the extracellular matrix wherein the muscle cells are disposed onto

the oriented layer of collagen.
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27. The nuscle inplant as described in claim?25, wherein the el ectrospun
fibers conprise collagen fibers. 28. The nuscle inplant as described in

cl ai m 25, i.tl,the el ectrospun fibers are cross-link nmuscl e
Fies Hearheplf

i npl ant as ed in claim?25 further conprising an o ayer of
col | agen deposited onto the extracelluh?r matri x wherein the nmuscle cells
are di sposed onto the oriented | ayer of collagen. 30. An extracellular

matrix for su rt : I Sik i trospun . fibers.
T SR T RS R AR BaffP L Wheln SRR B ekt s a1,
An extraceleldhikmbd IBatd% @rcdGRcribed in claim 30, wherein the fibers are
di scharged fromone or nore electrically charged orifices onto a grounded
substrate to formthe matrix. 32. An extracellular matrix as described in

claim 30, wherein the matrix is treated with cross-Ilinking agents whereby
the fibers are2§rosﬁkji3% d. 33. An extracelluhqr natrgx as described in
claim 30, wher@i'n th& Foer CEAFL CBTBEGS A1 GAiraeHUg Mgk dpr. supgortiag muscle
extracellular.na%ﬁi as g scri bed iG CL im30, wherein the fibers are
conpr i sed B e&é‘é un Heers 04, 2npRSte o6t IayaniReIein the g gselbjayeris dispascdr

mat ri x conRrisingz stream ng an el ectrically-charged pol yner solution on to
a grounde8? hgegetcellyPitEte” under conditions effective to deposit pol ymer
fibers on said substrate to forman extracellular matrix. 36. A nethod of
claim 35, wherein the polynmer is extruded froma capillary pipette.

26  The muscle implant as described in claim 25, wherein the muscle cell layer is

multiiayered.

27. The muscle implant as described in claim 25, wherein the electrospun fibers

comprise collagen fibers.

28.  The muscle implant as described in claim 25, wherein the electrospun fibers are

cross-linked.

29.  The muscle implant as described in claim 25 further comprising an oriented layer
of collagen deposited onto the extraceliular matrix wherein the muscle cells are disposed onto

the oriented layer of collagen.

30.  An extracellular matrix for supporting muscle comprising a matrix of electrospun

fibers.
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37. A nethod of claim 35, wherein the polynmer fibers fornma
three-dinensional matrix. 38. A nethod of claim35, wherein the polyner

conprise colla en 11111121111123312232 10eer e 1t al
PCT/ USOO/™WR 87414 39. A method of claim 35, further co%ﬁ@?’ﬁé&gd‘epo& ti g
a gel of aligned collagen fibers on id extracellular matrix.

nmet hod of form ng a nuscle fascia] sheath conprising: providing an

el ect ri cal | y 51 oUdada RHBA! S as BB i Oy 36 SR e Ao B LRGRRO! Ut i 0N

wherein the reservolr ‘%as an or| Icet agen ¥fion to
| eave t r nd
stream %on['; ﬁe c\éﬁréalgg r%?\lg)uht%@ghxn get%rog o@g%@fqegglﬁésgrgﬁggz%%%g@}r%_ sheat h.
41. A nethod of forming a nuscle inplant conprising: providing a fascia]
sheat h, depositing a | ayer of collagen on the fascial sheath, lamnating a

d f | h d _.d I i .
Lendon ot o, e, s rac&&ulaﬁ%%w SE AR PR SR PRl

aligning th a of on the f sheath. 43. The net hod
descri be"d‘”isﬁ "’5;‘} ﬁ%?’lf%‘ ‘Frﬁ ¥ﬁ‘€:‘1‘b8’3ﬁfﬁ‘ir%ﬁs§5’?‘°‘ﬁam nating the tendon onto the

fascial sheath in the sane direction as the alignnment of the collagen. M
I JILITI WD 01/15754 PCTI US00/ 20974

33.  An extracellular matrix as described in claim 30, wherein the fibers are 5-500 um

in diameter.

34. An cxtracellular matrix as described in claim 30, wherein the fibers are comprised

of collagen.

35. A method of manufacturing an extracellular matrix comprising:

streaming an electrically-charged polymer solution on to a grounded target substrate
under conditions effective to deposit polymer fibers on said substrate to form an extracellular
matrix.

36. A method of claim 35, wherein the polymer is extruded from a capillary pipette.

37. A method of claim 35, wherein the polymer fibers form a three-dimensional matrix.

38. A method of claim 35, wherein the polymer comprise collagen.
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45 44. The nethod described in claim41l, wherein the fascial sheath is
formed by electrospinning collagen fibers onto a substrate. 45. The net hod

descri bed i,m 41, wherein the tendon is formed by extfuéhAghs col | agen
fibers. 48%9%ﬁg%%ethod described in claim4l, wherein the nuscle cells are

satellite nuscle <cells obtained fromg patient into which the nuscle
inplant will be placed. 47. A nmethod of |ayering nuscle cells on an

extracel | ul ar 3gatA inéihe BT 330furthdcOvibiinptepobitthg laloBICdT li dHe@ Eol BB fibers _
pl acing the extracellular matrix inside a rotating wall bi or eact or, | oadi ng

a cul t ur epedietFhdentiior lbx@ixbi or cact or wherein the nmedi um conpri ses nuscl e
cells, and running the bioreactor until nuscle cells attach to the

extracellular matri x. 48. The nmethod described in claim47, wherein the
nmuscle cells attached to the extracellular matrix formnultiple |ayers.

PETETTTTEETTEL BT o Jokdobd bt ilo%ingla muscle fascial sheath comprising:

providing an electrically grounded substrate,
providing a reservoir of collagen solution wherein the reservoir has an orifice that allows
the collagen solution to leave the reservoir,

electrically charging the collagen solution and streaming the collagen onto the substrate

to form a muscle fascial sheath.

41. A method of forming a muscle implant comprising:
providing a fascial sheath,

depositing a layer of collagen on the fascial sheath,
laminating a tendon onto the fascial sheath, and

depositing muscle cells onto the collagen.

42. The method described in claim 41, further comprising:

aligning the layer of collagen on the fascial sheath.
43. The method described in claim 42, further comprising:

laminating the tendon onto the fascial sheath in the same direction as the alignment of

the collagen.
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44. The method described in claim 41, wherein the fascial sheath is formed by

electrospinning collagen fibers onto a substrate.

45.  The method described in claim 41, wherein the tendon is formed by extruding

collagen fibers.

46. The method described in claim 41, wherein the muscle cells are satellite muscle

cells obtained from a patient into which the muscle implant will be placed.

47. A method of layering muscle cells on an extracellular matrix comprising:

providing an extracellular matrix,
placing the extracellular matrix inside a rotating wall bioreactor,

loading a culture medium into the biorcactor wherein the medium comprises muscle cells,

and

running the bioreactor until muscle cells attach to the extracellular matrix.

48. The method described in claim 47, wherein the muscle cells attached to the

extracellular matrix form multiple layers.



