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Reference To Earlier Application PCT/US00/131033:Thi s applicé i 61Y 8% s
the benefit of pending U.S. Provisional Patent Application Serial No.
60/ 165, 39 01734bg3d Novenber 12, 1999 by Janes Cho Hong GOhPE'MISWﬁ%J_b Chan.
The aforenenti oned docunent is hereby incorporated herein by reference.
Field O The Invention This invention generally relates to apparatus and
nmet hods -for the manufacture of replacenent tissue using tissue engineering
met hotls. More particularly, this invention relates to apparatus and net hods
for the manufacture of tissUdSSAMAFNGINEERED FEGAMENT t abl e for the
treatnent .of |iganent deficiencies in patients. Background O The Invention
Men and wonmen who are athletically active experience the ngjority of
| i ganment tears, particularly tearing of the anterior cruciate |iganent of
the knee. ThR&ifkence T BaplieriBAppbhcationomonly torn by forces applied
to the knee durinqrtmﬁstin , cutting, NUS-12 Rl ~~~| ~~P~~0OV A~ AONW-BV~a9
his application claims the benefit of pending

U.S. Provisional Patent Application Serial No.
60/165,331, filed November 12, 1999 by James Cho Hong
Goh and Kwan-Ho Chan. The aforementioned document is

hereby incorporated herein by reference.

Field Of The Invention

This invention generally relates to apparatus and
methods for the manufacture of replacement tissue using
tissue engineering methods. More particularly, this
invention relates to apparatus and methods for the
manufacture of tissue-engineered ligaments suitable for:

the treatment of ligament deficiencies in patienté;

Background Of The Invention

Men and women who are athletically active
experience the majority of ligament tears, particularly
tearing of the anterior cruciate ligament of the knee.
The anterior cruciate ligament is commonly torn by

forces applied to the knee during twisting, cutting,
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_Iackling. A torn anterior cruciate liganent will generally n <7 At “

*ant eri or iate . , deficient knee is often unstable during pivoting
activity“ﬁgﬁgﬁg%ed instability episodes of the knee nay | S4F/USN034003her

damage of the articular surface and'cagsg tearing in the menisci. It is
therefore desirable to stabilize the kne By.reconstruct!ng a torn anterior
cruciate liganment. Attenpts in the past to directly repair the torn

ant erf or - C1 UGleidl di HereH 6r Neyex PeRg, T Chatbyel wdealfiect Lug.  Brosthetic

i gament replacenments nade of car | bers and eX

yaung act i ve pat o L ORPERt £Y AP PREIY AN GRloF erlelege "

young active patient |eads ( el gal ! st i b of the i of nt
and ot eol ysi o hene, MTee e SFbthabRsAHI 8] e, FEFet B achmont 5. The
i Gamont by SoRe T ng ke 198 nERPEERENE by ek UbeR B nekiefecue, The
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desirable to stabilize the knee by reconstructing a
torn anterior cruciate ligament. Attempts in the past
to directly repaif the ‘torn anterior cruciate ligaments
have been relatively ineffective. Prosthetic ligament
.replacements made of carbon fibers and Gore-Tex
materials do not last a long period of time. Repeated
loading of a prosthetic ligament in a young active
patient leads to failure of the ligament. The release
of debris from a failed ligament results in chronic
inflammation of the joint, and osteolysis of bone€, in
and around the area of ligament attachments.

The current standard:practice is to:reconstruct a
torn anterior cruciate ligament by éubstituting the
torn ligament with a patient's own tissue. The middle
third of the patellar tendon or the hamstring tendons
are éommonly'used as substitution ligaments.

Alternatively, the allograft patellar: tendon, hamstring



tendon or Achilles tendon froma donor can be used for reconstzg,tﬁt L#)g t he
liganent. However, donor materials are associated™with a ri sk1 119, éti ous
di sease t‘ﬁ’%ﬁﬂ{’%ﬁ;on such as AIDS. Using a patient's own tissue is also
associ at e f rbidity at the donor site. For exanple, BCYESe/ItpiCt ure
of the patellar, quadriceps nuscle weakness and a | ong rehabilitation
period may result fromthe use of a patieht™s own tissue. Furthernore,
harvesti-ng and preparation of autogeneous tissue prolongs surgery tine.

Previdus attegBh8choo¥sSe ldd Tl £ 0 | ace_a, damaged anterior
cruci ate |iganent “have nc():?ﬂt%ggr;é sﬂuegic(gdsr}s%ﬁe&aéedéﬁ@ﬁ &RBnPBFe USE fOr L AD

Prosthetic Li gapBQ G gah e scatfold for .tissue ingrowh. The
LAD Prost hetic Esgtgﬁém&fig‘ not eblslg' aglf)er abl Zlgoyfﬁ‘é?’éf ofignofhmatexials ¢ i al

fibrous tissu h 5 . AD..Pr.osthefic Ljganment ,is not subject to
acconmodat i ngﬁfﬁcrﬁégé?%gﬁleg;aé@r& t%%e%g?g jﬁ%f%{:ﬂ‘m‘ﬁsd%ﬁﬁaﬁﬁe fi br ous
tissue to proji S re | Si oads. Furthernore, the LAD
Prosthetic Li Sggng%ﬁilggiﬁgt %glgz?loﬁtsl %&IrD rﬂ'& ¢ 3patientiésigynowth.  12t"
May 2004 ,) ... 01134065 PCTNSQO 31033 .. g Recent progress in tissue
engi neeri ng h%s%ﬁﬁelft agggsﬁglsgcggt&gr vedih ®rkidieyn at piheedonerown body
or , a donor.siI'Jeg haf?vested cells %re then grown into the desired tissues
on t hree-di mensronal = etaff8lRse o Wf&ﬁogﬁa%m @5, thedeatelbavdegr adabl e
pol ymers. The a&}géges i ncl ude b%t@ are not limted to, heart nuscles,
fat, cartil agd ®RhaCERF USRS, Meakbessoand @ Jiqrg orehakei bitigtionget her
with the scaf olg ont ai ni na he tissue, is then transplanted into the
patient -to cotFet?dM2¥éxFep Fxé EPBctheapser off ampatient | snowhhe cel |'s may
further repligcat ey reorgani ze and nature, depending on the environnent of
the host bed THI$hi cHUFhREEBPrS, WBREVESEANE and dreparaobon sofir ces of
cells that are suitable for tissue engineering.are enbryonic stemcells and
mesenchymal SRS Thisaue: BrPdeNps, surgemx fuges. t o parti cul ar

bi oactive factors,_also known as gromh factors, can be directed to
differentiate int @ﬁ?*%‘#%n@tt?ﬁﬁgsotocasb einneg tiirf iaciple i téeb| o way. For
exanpl e, nmesenchymal stemcells can be directed to differentiate into

di fferent tyg@Place adamaged anterior cruciate ligament have not

been successful. One such example is the LAD
Prosthetic Ligament, which was used as a scaffold for
tissue ingrowth. The LAD Prosthetic Ligament is not
bioabsorbable. Therefo;e, whatever initial fibrdus
tissue that forms on the LAD Prosthetic Ligament is not
subject to accommodating increasing loads and there is
no stimulus for the fibrous tissue to proliferate to
support increasing loads. Furthermore, the LAD

Prosthetic Ligament is not an optimal structure for

tissue ingrowth.



but .not limted to, skin, tendon, liganent and bone ~' under gmg*a 584
.conditions. These conditions include 12t" May 2004 WO 0l / 34668 "
PCf1US00131033 - 5 i Mesenchynmal cells are present in very small nunbers
in bone nEPOYR068Seri ost eum skin and nuscle. A small pi ecePaiuSosfosssUe
containing a small nunber of mesenchymal cells is preferably harvested from
the patient's own body. For exanple, a pidce of periosteal tissue harvested
fromthe patient or donor is exposing cells to certain gromh factors. It

is kmown that nese hrn% cells are,directed to differentiate into
fibroblast when ex%%%%‘ PIESFE kR ntigsrenengdneering dgsucads ool y

able to differenti.ate intq fibrocytes that are the mature cells of |iganent
tissue. morsePOEHPLIG P g??arl‘feﬁ ec@L1SUErRR Bi Patd end'suown duddy ques wel |

known to those Zrilled [ t3$ art, the mesenchymal cells are isolated and
the nunmber of & q“?re'xpa'lﬂtf’e \arrsted cfehy faRréethena gaomme nirsme detke ont o

scaf f ol ds. Th§§$ sc%{f | ds are preferabl&mnade of bi odegradable materials .

to make the dSSSIEEY | S Oferhree-diwensionadhscadifedsis,n,omr owi ng

ti ssue-engi negred |liganents, outside the body. First, nost cells cultured in

vitro tend tol¥AERGet SarFiRRSemads cafibibdegradabiiebpelymens.iure tissue

to a few nilligpters t hi ck, deeper |ayers of the cells may 12t" May 2004
These tissues include, but are not limited to, heart

muscles, fat, cartilage, and skin. The tissue grown
outside of the body, together with the scaffold
containing the tissue, is then transplanted into the
patient to correct an existing defect. After
transplantation, the cells may further replicate,
reorganize and mature, depending on the environment of
the host bed into which the cells were transplanted.
Two good sources of cells that are suitable for
tissue engineering are embryonic stem cells and
mesenchymal stem cells., These stem cells, when éxbosed
to particular bioactive factors, also known as growth
factors, can be directed to differentiate into
different types of cell lines in a predictable way.
For example, mesenchymal stem cells can be directed to
differentiate into different types of tissue such as,

but not limited to, skin, tendon, ligament and bone

under suitable conditions. These conditions include



WD 01/ 34065 PCT/ USCO 31033 - 6 not have sufficient. supplies g;wputrb$nts.
Secondly, it is difficult to adequately and uniformy seed tf 22%4 ol d
With cells to initiate cell expansion. It is, therefore, an object of the
present WO@R4D&n to provide tissue-engineered |iganments frer6fRNgsE" UCtion
of previously torn liganents. It is another object of the present Invention
to provide tissue-engineered. |liganents-t®» feduce the tinme it takes to
conplete the surgery and to elimnate donor site norbidity in the patient.
It is*still another object of the present invention to provide
tissue-engine%?BGSFPQaEEi#§ doogertain gronth factorsef fitsdse kabwai ned
fromthe patient, It is another object of the present invention to provide
a scaffol d fotP@hi PEFRPghIMade Gedils axalidiretted| te dbfiferenstiatee! |
expansi on for, making ti ssue-engineered |iganments. It is also another
obj ect.: of th%tﬁrggéﬁPbﬂﬁ§§nM expesed do aintefieukifior a
ti ssue-engineered |iganent with adequate channels for nutrients to reach
the cells. a Ngthermoxe,  fibyroblast We eniliscosl ©GTo USDOFEE0RBiaté ' |t
is al so another object of the present invention to provide a nmethod to
enhance the gk®%®h thOGYtgﬁntgato’anehé:He' ratnyte scebllst b€ exghmefe! | Ul ar
matri x during jncubation of the tissue-engineered |iganent. Another object
of the presentl3$N@ntion is to provide tissue-engi neered |iganments that
wil |

Mesenchymal cells are present in very small

numbers in bone marrow, periosteum, skin and muscle. A
small piece of the tissue containing a small number of
mesenchymal cells is preferably harvested from the
patient's own body. For example, a piece of periosteal
tissue harvested from the patient or donor is
morsellised into small pieces. Using tissue culture
techniques well known to those skilled in the art, the
mesenchymal cells are isolated and the number of cells
expanded. The mesenchymal cells are then seededgoﬁto
scaffolds. These scaffolds are preferably made of
biodegradable materials to make the desired tissues.
There are two major challenges in growing
tissue-engineered ligaments outside the body. First,
most cells cultured in vitro tend to grow in a
monolayer. Even if it is possible to éulture tissue to

a few millimeters thick, deeper layers of the cells may



permanently anchor to a patient's bone. Yet another object oﬁzﬁgf g@ﬁient
.invention is to provide tissue-engineered |iganents that w || Y nd
‘resi st physiological |oad across the joint. Still another object of the
present WO4Ie63N i s to provide a nethod of making tissue-RAGIHIBAIAY
i gaments. Summary OF The Invention The present invention conprises an
apparatus and nethod for the reconstruectién of a previously torn |iganment
using a-‘tissue-engineered |iganment. The tissue-engi neered |iganent includes
a sc#fffold of bioconpatible material having at |east one layer and form ng
a sheet. The RR&fhave suffigieat suprddlesurafi mtrientsr ssedondlwith
fibrocyte formng cells. The seeded scaffold is then placed in an incubator
to 12t" Mayl® difficulp Geo adesmateNwsool 3Bt rmBy seedeshe t he
nunber of cells. The seeded scaffold is then formed into a sl ender
structure suiSedfEoldrwikpl geddsi &e iMidiaftehazebl expamgian.
ti ssue-engineered |iganent includes formng a scaffold of bioconpatible
mat eri al havi ng atltehs8t therefpae,f anrioh)ectsieftthedlgpaesehe scaffol d
sheet is seeded with fibrocyte formng cells. The nethod further includes
i ncreasi ng t HNWYRMHEED otocprbyide ttissuesdodyisosdfed dl baamént 81 fgra sl ender
structure suitable for inplantation fromthe scaffold. Detailed Description
Of The Pref erregpisipodthbonso fRpreviions 1fyi t=trrt d fgaments 12, the starting
material for a tissue-engineered |iganment 10 is a sheet 15 of bioconpatible
mat eri al whi ch i s Pt eieranovherbobdlestr bdblthe Hresdreetinventionl g6 be a
porous structure. The pores of the porous structure may be partially or
fully intercaratidel ttssyge-ehgineerededd gamertes steatedide pheetsimbuct ure
essentially forns perforations when fully and directly interconnected )
across the tHitcKisdess ofotbemphete. thesisestgerfy wmeertd adkimin@ee Qbnar
bi oconpati bl e and preferably biodegradable material is an exanple of such a
site morbidity in the patient.

| It is still another object of the present
invention to provide tissue-engineered ligaments grown
from a small amount of tissue obtained from the
patient.

It is'another_object of the present invention to” -
provide a scaffold for uniform and adequate seediﬁé of
cells to initiate cell expansion for making
tissue-engineered ligaments.

It is also another object: of the present invention
to provide a scaffold for a tissue-engineered ligament
with adequate channels for nutrients to reach the

cells,.

NUS-12
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CAddi tionally, the sheet nmay contain slits 20 which extend co Ié\?aé’I%?
through sheet 15. A nethod of forming a tissue-engineered |iganent includes
pl aci ng tWOBPMESnpati bl e sheet 15 in a cul tured medi um anBCTRBIIM@IL he
sheet with fibrocyte formng cells 25 (Fig. 2). Next, the seeded sheet is

i ncubated to increase the nunber of fibrofyTe formng cells. After a
sufficient cell increase, sheet 15 is reformed into a slender structure 35,

such aas a tissue-engi r | iganent _suitable for inplantation into a
patient. In this r (raig!perlgﬁe qefs%kfg'tﬁrﬁ’%’é Gk af cbhenprespatpdewrerdsi ar
slits 20 in shee «perm t trients and the like to pass readily into the
interior of s&gng)grjo%s]tcf%cef d?egtlts‘%‘! o %ﬁ?ﬂrﬁ%nt}hglg%'@wﬂg padmiel igrinent25 to
row t hrough e 15..,Furt hernore, the presence of slits' 20 provides
gr eater fl gxi %?I :%h? ffolbﬁotﬁﬁe‘?s and cthe eep’S"S‘;'avm%bB}aFt maky ikudetiiowy nor e
i ke a natural,_L| nt. | here is sufficient porosity in. bioconpatible
sheet 15, add#‘PFB%glﬁ‘ﬁ@rfoogra{:ttqeorﬁstﬁu%'fqll%m@@r%tlb@ﬂﬂ@béssary.for
di ffusion of nutrients.to cells 25 when sheet 15 is forned into slender
structure 35. 12 %rz ject of the pwesmss hovensdon3is3to- 10 The
first enbodi nent of the invention shown in Figs. 1-4 provides rectangul ar
sheet 15 of bPEE¥IF&: tHSSUsmengineatac Tiganents |dhattwillhal slits 20
precut into the nateriil. Slits 20 start and end at a prescribed distance
from the edgePBFMABERAAYuRRChoFedo B5 Pati@mdyys Imve ng uncut mar gi ns 30
connecting the adjggggt stripsggé ngwn in Fig. 2. The whole construct is
i mrersed in cul tur angirhed] &Ft 0f theopnesent t hevestedadigi th
fibrocyte fornming cells such as nesenchymal stemcells or fibroblast cells.
Wien a suf fi cPERYiggakissiieskengibeered ligamdrts fithatdwi bhembtdbei s rol | ed
into a slender structure 35 preferably with the strips oriented
| ongi t udi nal | §ndnBeshstunbysiodggicald lomd merdws aitts pdinpe sl ender
structure. 'Slender structure 35 is then inplanted into a patient to
reconstruct a nissPhylli gnother SbgndEroftth@th%éﬁhﬁ“%h¢Ehfﬂbﬁh§§
i ncubated prior to inplantation to allow for further growth of fibrous
tissue. Altertatprevidestemdehodt ofichakeng5 taasuee drigfddfsyi n a
penultimate location in a patient's body such as the ‘peritoneal cavity,

muscl e bed orligamenter soft tissue bed. This inplantation allows further
growth of fibrous tissue prior to inplantation in a NUS-12

Summary Of The Invention

The preéent invention comprises an apparatué'énd
method for the reconstruction of a previously torn
ligament using a tissue-engineered ligament. The
tissue-engineered ligament includes a scaffold of
biocompatible material having at least one layer and
forming a sheet. The scaffold is placed in a cultured
medium for seeding with fibrocyte forming cells. The

seeded scaffold is then placed in an incubator to
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.such as the knee joint for reconstruction of the anterior cr&gi % K
‘igatent. Ot her nethods of formng slender structure 35 fromsheet 15 are
al so poWOWIR406%xanpl es include, but are not linmted to, PCrdisogsmhset 15
back and. forth in an accordion style fold 40 with a width 45 correspondi ng
to the desired width of tissue-engineere® tiganent 10 as shown in Figs.
5-8, or cutting sheet 15 into strips 50 corresponding to a desired width 55
of ti%ssue en&ineered li gament 10 and stackin% one strip 50 on top of

anot her, therBSye@Senithe fumbenphscehbsn i Bhei geeded ScaffoXd biscyt e
formng cells_can be harvested froma human donor. Preferably, fibrocyte
forming cel | $hghe fioamessdad o orslendent senucturen sddable facyt e for mi ng
cells, which include nesenchynmal stemcells or fibroblast cells, can be
derived fromBEPdantation .sofihee Mmetthed of skakingone tiwsuesr eyl pes fegt eum
The bi oconpatible material 'of sheet 15, which is preferably also a

bi oabsor babl éigamentaincdadese fayming aoscaffivdddofobiowonpatiitike of t he
foll owi ng: polyglycolic acid, polylactic acid, a m xture of PGN PLA, chitin
and col | agen®atgird adphaviing mdy ldast NUS: 1bayet2€foring?@4heet .

Next, the scaffold sheet is seeded with fibrocyte
forming cells. The method further includes increasing
the number of cells on the seeded scaffold and forming _T)

a slender structure suitable for implantation from the

scaffold.

Detailed Description Of The Preferred Embodiments

Referring first to Figs. 1-12, the starting
material for a tissue-engineered ligament 10 is a sheet
15 of biocompatible material which is preferably
bioabsorbable. The sheet 15 may also be a.porous’
structure. The pores 6f the porous structure may be
partially or fully intefconnected across the thickness
of the sheet. The pore structure essentially forms
perforations when fully and directly interconnected
across the thickness of the sheet. A sheet of woven
fabric made of a biocompatible .and preferably

biodegradable material is an example of sﬁch a



WO 011 34065 - 12 PCT/1TSOO 31033 be porous. Sheet”15 may conpmi e o4
wuniformstructure, a woven structure, a conposite structure (é. @%{ 8 sheet
W th tncorporated filanents, including aligned filanments such as for

rei nf or cAYRM34065t c. Fl at sheets 15 of autograft or al |l ogred¥USGossess may

al so be used. One exanple is fascia lata. The fascia lata tissue can be
preprocessed to reduce reaction. Several %t hods, including freeze-drying,
exi st for preprocessing fascia |lata. The bioconpatible material of sheet 15

may et so becgqeﬁ ifh c n_and other factors to pronote adhesion of
the fibrocyte (ﬁﬁ%%&ﬁbelﬁéaggio?ﬁgigkp et May ke2infstdtss can be
pronoted by t Lt 10 f ,growth factors to the bioconpatible naterial of
sheet 15 or t%ljee v@g}d#%ree}gﬁgﬁ?uﬁ?mﬁgeitﬁ c@i\mwt c&?ﬂs RAomethod
differentiate i j brobl ast, fibrohlast growth factors such as
interleukin ﬁgiq%gngggédat l?ﬁBéBPB@&R&aﬁ4§<; Naiingludescul ture
medium . . .q.F t of th | tured fibhrous tissue is made stronger
by orientati r?gla{{lgl%r%ﬁﬁag?c?magﬁﬁh{ﬁc?@fﬁﬂg ddhsiFibeed imedien| agen
fibers inth i tudinal, directjon,of the slender_ structure. The 12t"
May 2004 ..)%AW%Z%“%ﬂ%B oWathsFibrogyte fioyming ezebls 2Hduced to
orientate | on }tudkpall by i ncorporating |ongitudi nal m crochannels 201

H %t NeE

(Fig. 2A), w dt h debh® seedrd & is drgpoatied obs, on the

surface of the bioconpatible material of sheet 15. The | ongitudi nal
nicrochannel§Qﬁffq§ﬁg3§F%dE”Wﬁ%rf?5r5&9F@§Y¢G foxsiang aednis ¢ heAfter

m crochannel s an additionally, urges the fibrocyte cells to orient

t hensel ves p&r SUETdCiERY (Re Ll inerease, nsbesthadfndiss refivrmepl irtad ion of
cyclic loading to the bioconpatible materials during incubation further
enhances oriéﬁF Bn SEE U132 afacRoprFageftifisuerengdynddned oadi ng can
al so increase . the growh of the fibrous tissue. The cyclic |oading can be
applied to tHdIBMSREmSAtARL erefics | Hmpiantatipol iatocon patdldmd In
configuration, .It is to be noted that when the slenderstructure is | oaded
in | ongitudi TRLSt ERSPEFL tite Shaulsd hesapprecheteduthartd theuipteddrcede
forced out through the perforations or slits. Wen the tension is rel eased
or | essened, °€h&14tEnddr st mhstaty 6l 5 apelsmib REtniensssanghtthe langer
dianeter, thus permtting fluid to flowinto the slender structure through
the slits ortBePp8Fatrafd lysdataythe cinbedioy ofl 5lendete struwitiureonment

of circulatigg fluid providing fresh
- In addition, slits 20 permit cells 25 to grow

through sheet 15. Furthermore, the presence of slitS'“
20 provides greater flexibility to slender structure
35, whereby it may function more like a natural
ligament. If there is sufficient porosity in.
biocompatible sheet 15, additional perforations or
slits may not be necessary .for diffusion of nutrients

to cells 25 when sheet 15 is formed into slender

structure 35.



12t" May 2004 WO 01/34065 PCTIUSOO 31033 - 14 nutrient flui t{np t%bﬁ cells
within the slender structure. Additionally, the ceII§“suspen& d TN 3" .
fluid for seeding are carried by the circulating fluid into the interior of
the sl enWO0188065ct ure 35 thereby increasing the chance of roIUsH0BIg3aChi Ng
in the interior of the slender structure 35. In an alternative enbodi nent

of this invention (not shown), fibrocyTe19oTning cells 25 on the

bi oconpati ble material of sheet |5 are cultured and, when a sufficient
exparfsi on of cell | hieved, slits are then made in the sheets as
‘described above. ggég gir§§IF§g9§1WFPF 852 JatVeRkion shewnriation of
slits 20. Th&%ﬁga e,ls conaensate% for by the nore efficient cel

expansi on on ‘A mi ht erPEBYLASE; rectangular. sheat 25 af f ace during t he

i ncubation period. Iqﬂgrder to,iEcrga e the rate at which the nunber of
cel I's 25 i ncrefSE™ R LS MR FFRERLSH auldiple ionmitudinah dbits

genetically d to increagse local ,production of desired growmh factors.
This can be ?ootngl‘ﬁ“i/c‘é}f r:la‘I‘E?r gf@éf‘FSﬁg&P by LitSordfbrstiarly andsend atnes
into the matrix of the bio atible material. NUS-12 12t" May 2004 WO
01134065 Pdiaumro’?%e‘-’ géTPanRB FeBkthg gdos f rEctangulamnent 10 is
ready for traﬁ%PQat tiéﬁ:iégo ﬁ gatient after incubating cells 25 attached
to scaffol d SNE& ¢ | TSHRRY oh®aving uncut margins 30 connecting

the adjacent strips as shown in Fig. 2. The whole

construct is immersed in culture medium solution (not
shown) and then séeded with fibrocyte forming cells
such as mesenchymal stem cells or fibroblast cells.
When a.sufficient quantity of fibrous tissue has
formed, shget 15 is rolled into a slender structure 35,
preferably with the strips oriented longitudinally and
the uncut edges 30 forming the ends of the slender
structure. ' Slender structure 35 is then implanted into:
a patient to reconstruct a missing ligament. Slehder
structure 35 may be further incubated prior to
implantation to allow for further growth of fibrous
tissue. Alternatively, slender structure 35 can be
implanted in a penultimate location in a patient's body
such as the peritoneal cavity, muscle bed or ahy other
soft tissue bed. This implantation allows further

growth of fibrous tissue prior to implantation in a

NUS-12



usual |y occurs fir a period of time ranging from:ne to tmelﬁ_m$@§%ﬁﬂéo _
.all ow substantial growh and expansion of cells 25. In general, as ‘“shown in

Fig. 13, tunnel s 65 are prepared during surgery on opposite sides
of the jg'lt'%"%g&ﬁg techni ques well known in the art. The PCIAM803103H | s

then fixed in the bone tunnels 65 mﬁth_agﬁinterference screw 70 at both

ends. This is sinmlar to the fixation of "Ramstring liganents wth an

interference screw in standard arthroscopic anterior cruciate

recorfst ruct i ofunAttiehaat nwlatidd, dasK %@%ué&%ﬁ% kgghni ques wel |

known in the art may be used to secure the tissue-e neéred | i ganent 10

within. the kpgeoh@ittuctWo Y4 r%\;ﬁ%%%@%ﬁg%éa%@?#%%tsuch as the

pate:I?{nte?ﬁ?Q gL hanstring te dons, e conpl exi g &b' ityreguggfgtggr
W th the harvest i ngggkx‘a?ﬂoﬁgﬁ eﬁg@nﬁq?gs sgif%?ﬁié?\%tse%? %ﬁvjvlté? %gctgﬁgg‘f ul
o St O et S Sl Bt i 20
oot "t AR ERCCIEI A g, 0y R PR a1
o asue 15 avcsr s SAER A h y WSR rotiShodiatian 1) oo
ST Shent s 1 SHROREETEFE LRI KoM aAd Batiod U 107
T L ) I Bt
?grggtg{gsue-%ﬁb?%ﬁ%?gggﬂ?ggﬁeﬁg Po 5ﬁdﬁ§ﬁpfﬁﬁhﬁﬁﬁg£&ﬁ%ﬁqﬁﬁ%ﬁTerenCﬁ sc;eg
end 75 of 11 sudlBeetdd LENERERET T Ynd BeRAGrY RR T in Wi teomel 65
. and causes  4f angther, thereby forming stack 60 as shown in Figs.
9-12.

Ihe fibrocyte forming cells can be harvested from
a human donor. Preferably, fibrocyte forming cells are
harvested from the patient's own body. Fibrocyte
forming cellé, which include mesenchymal stem cells or
fibroblast cells, can be derived from a number of
sources such as skin, bone marrow and periosteum.

The biocompatible material of sheet 15, which is
preferably also a bioabsorbable material, can be, but
is not limited to, one or more of the following:

polyglycolic acid, polylactic acid, a mixture of

PGA/PLA, chitin and collagen. This material may also

NUS-12



threads 75 of end 80 of tissue-engineered |igament 10 to enbgq thi%ggoggne
.tunnel 65. This action further enhances fixation. A'ternatively, rigitd

‘body "(not.. shown) secured to the end of the tissue-engineered ' |iganent nmay
be provi ¥PP65an interference screwto  12t" May 2004 PODUBHOAIRSS - 17

PCTI USO0/ 31033 press against to provide fixation. The rigid body may
contain threads corresponding to the serdv. = Al ternat i vel y, the rigid body
may not -have any threads. In a preferred enbodi nent, the starting nmaterial

is afthinre Ir.She a_hi oco tible material including a

bi odegr adabl gﬁ%%#r@‘rl?c n@t’%%?a?g lﬁaxaFBPEE?n"‘% & Wniform, skraatureogr af t
or autograft La lata terial. Exanples of biodegradable polyneric
materials i nc% ?oée‘?g%ugéﬁ‘r‘%gﬁ’é?' I?n??’éagngePG&rqﬂLwr%r(&ﬁg(ture shePLA/ PGA,

etc. Exanple nat ur al feri include, but are not limted to chitin,
chi t osan, et 2’(1 %o%%%?é%%q ﬂﬁfab?'égﬁri pBglyddnomligmed both ends of

sheet 15 mayﬂ th%{gtlfer than the rest, of sheet 15. In a preferred

enbodi ment, sectT one- B85 R A eFeiviarrengatier #tan oFlate sheetand
matching . f I ttern 95 on the other. The matching nale and fenal e
patterns 90, %Bocgré{grﬂg%l?ﬁ Alipgraftctinsnesmeat alsa e alsed. up.
These inter-g*' I tations at gﬁofth ends of the sheet prevent sliding between
adj acent | ay o%anﬁ’gler § dRipiattaka ur eThe faseia datasttadsye stamder

structure 35, Also, the slightly greater
be preprocessed to ‘reduce reaction. . Several methods,

including freeze-drying, exist for preprocessing fascia
lata. |

The biocompatible material of sheet 15 may also be
coated with collagen and other factors to promote
adhesion of the fibrocyte forming cells 25. The
expansion of the number of cells can be promoted by the
addition of growth factors to the biocompatible
material of sheet 15 or the culture.medium.

To induce mesenchymal cells to differentiate'into
fibroblast, fibroblast growth.factors such as
interleukin may be addea to the biocompatible material
or the culture medium,

The strength of the cultured fibrous tissue is
made stronger by orientating the growth of the
fibrocytes and deposition of the collagen fibers in the

longitudinal direction of the slender structure. The



12t" May 2004 WO 01134065 -'18 PCT/US00/ 31033 thickness atlE“%ﬂ%%@a§
~hel ps to separate the layers to provide roomfor cellular growth between
the layers. In this configuration, a mddle thinner portion 100 of sheet 10
| eas man\WV@0MM06&% ri ps 105. These strips 105 are nade wi t h porintson/seo3s

| ongi tudinal slits pre-cut into the material. The slits start and end at a
prescri bed distance fromthe edge of thelBettangular material to |eave
uncut margins 30 connecting the adjacent strips 105. These uncut margins 30

f orm% he earl'e% nentioned thiﬁker sections preferably having interlocking
patterns. EachBFCFKEST AbesipApsedodon oriaiata donditadinabiynbys 201
These m crochannel s each haye a w dth and depth of the order of 1 to 200
mi crons. The SRESTPREFLLRIN}ARGhRULIsad Mmicrashanneds RQbI (Ehgn 2Ad,gr owt h

factors such as, TGF beta, |G-, etC. r Cell seeding may be perforned using
various met hotittRoRsVidERt apdt depkk gfeddet arndemtl e @ ematrensh net hods

w Il now be set forth b¥ way of exanple but not limtation. .., . WO
011 34065 - 19PN the surface of the biocompatible material of sheet

15. The longitudinal microchannels 201 encourage the
fibrocytes to cluster along the microchannels and,
additionally, urges the fibrocyte cells to orient
themselves parallel to the axis of the microchannels.
The application of cyclic loading to the biocompatible
materials during incubation further enhances
orientation of the cells and collagen fibers. Cyclic
loading can also increase the growth of the fibrous
tissue. The cyclic loading can be applied to the
biocompatible material in the rolled or unrolled
configuration. It is to be noted that when the slender
structure is loaded in longitudinal tension,-the’strips
105 will be taut and fluid Qill be forced out through
the perforations or slits. When the tension is
released or lessened, the slender structure tends to
assume a slightly larger diameter, thus permitting
fluid to flow into the slender strﬁcture through the
slits or perforations. Such cyclic loading will create

an environment of circulating fluid providing fresh



12t" May 2004 PCTNS00131033 Exanple | One nethod inval ves cl ggpi pget 15
.at both ends 80 of the thicker, uncut sections and i mmersing the sheet in a-
‘tulture medium 110. Sheet 15 is initially held in tension and nesenchynal

st em celW@ 04065 br obl asts are introduced into culture nmedirgoristésmssl . onto
strips 105.: Cells 25 are allowed to attach to strips 105 and proliferate.
Nutrients and growth factors are added-pk4ivdically as desired. To increase
the rate at which the nunber of cells 25 increase, the nmesenchynal stem

cell€or fib |.ast_.can b eneti cal altered tQ increase | oca
pr oduct i on oh%&&ﬁQQ§i{h?£@h€?a§#8r§9&¥ﬁi¥ hehey el enderr al
transfection qQr by incorp tin asm d _genes .into the matrix of the
bi oconpat i bl E%ﬁﬁ’[ YIg - 'ﬁﬁégﬁtégﬁgh&hl theec feddis sushendedcirdthe
differentiate,int i brobl asts and subsequently to fibrocytes.
Differentiat %&Hléigc‘{ﬁ’% ?ﬁ\%‘zi'nguiifﬁbFér(Féﬁéi biyorthes wlirasl atpog ufkutd growt h
factors. Matrix materials are then groduced by the fibrocytes. A cyclic
tensile | oad* <§hﬁx&9§?ﬁ hoEhtke $3enderyishiructunre i3%rieereatsyt o
orientate and align in the 12t" May 2004 , WO 0l /34065 - 20
PCT/ US00/ 31033 easdnNdbrihe chancenofFreldegs atiteshd igrins tdve sheet 15 over
a period of tinme and sheet 15 is then rolled up along strips 105. The ends
80 of sheet 1Btgrdod gfpddhanslendercstirpsture 35yciic | oadi ng nachi ne as
schematically depicted in Fig. 19. Further cyclic tensile load is applied
to the structure iim@sdalberrative cenbadimento ofo tviendtrereyrioidm,
organi zati on and maturation of cells 25: Tissue-engineered liganment 10 is
t hen, i npl ant 4ROENEHONYat i roppte t forsing cefflisci28nomuthe ati on. Exanpl e
Il Another nethod for cell seeding involves clanping sheet 15 at both ends{}
80 of the paPieFppatdhrlieomatperiab afidshentr 3Sngrehestl tifrdd amd,t ur e
medi um sol ution 110. Sheet 15 is initially held in tension and mesenchynal
stem cel | s o¥heppposufdiiciant jexpanisiten Ofit ceddisuliSon sl Hrhairsreat)t 0 st ri ps
105. Cells 25_are allowed to attach to strips 105 and proliferate.
Nutrients an8liEsweR Rast drhemrmadeldinl bbei sheetlsl gs Besordtease the rate
at whi ch the nunber of cells 25 increase, the nmesenchymal stemcells or
fibrobl ast cahowe.gefomecaf cell®r2% willnbeedamagedaldupiedy aticon of
12t" May 2004 '

creation of slits 20. This damage is compensated for

by the more efficient cell expansion on an
uninterrupted (i.e., slit—}ess) flat surface during the:
incubation period.

In order to increase the rate at which the number .—)
of cells 25 increase, the mesenchymal stem cells or
fibroblast can be genetically altered to increase local
production of desired growth factors. This can be done
by viral transfection or by incorporating plasmid genes

into the matrix of the biocompatible material.

NUS-12



WO 0134065 PCT/ US00131033 - 21  desired growh factors. Thiﬁgazﬂwgﬁ gone
by viral transfection or by incorporating plasmd-genes into th Pix of

t he bl‘oc%@é@ki material. Once there is evidence of cell adhesi on, sheet
15 is rol g |l ong the strips 105 to form a sl ender st rRCWUS08/38033 Ends

80 are then crinped and then clanped. As _the rolled-up slender structure 35
continues to be imersed in culture medi W T10, a cyclic tensile load is
applied to structure 35. The nesenchymal stemcells now differentiate into

Form 1 brocytes andrhaseKing & AdbeEbneche i SXGamBRtiRo am, semdon of
whi ch Forms ober CRPTR s BRI S kA bEeat eXhRpl anerbakini rd not hod
doser e “areREaR FR RN A el rpost A, Morameekieutor
Fensi on and NGEH3LY DRt o8 o) ey tab ot ine ranmimabeooaions to o
twelve weeks to allow substantial growth and expansion
of cells 25. 1In generai, as shown in Fig. 13, two bone
tunnels 65 are prepared during surgery on opposite
sides of the joint using techniques well known in the
art. The ligamenf 10 is then fixed in the bone tunnels
65 with an interference screw 70 at both ends. This is
similar to the fixation of hamstring ligaments with an
interference screw in standard arthroscopic anterior
cruciate reconstruction. Alternatively, if desired,
other surgical techniques well known in the art may be
used to secure the tissue-engineered ligament 10 within.
tﬁe knee joint. Without harvesting autologous tﬁséue,
such as the patellar tendon or hamstring tendons, the
complexity and time required for completing this
surgery is greatly reduced. Also any morbidity
associated with the harvesting of autologous tendon is
eliminated.

After successful implantation .of tissue-engineered

ligament 10, further growth of the fibroblast and



' mesenchymal stemcells are introduced into the solution and 0% Jdog
sl ender structure 35. The cells attach to strips 105 and proliferate.
‘Nutrients and growth factors are added periodically as desired. To increase
t he rat avawisigesh t he nunber of cells 25 increase, the ne;;@@mmfml‘mstem
cells or. fibroblast can be genetically altered to increase |ocal production
of desired growmh factors. This can be ddne by viral transfection or by
i ncorporating plasmd genes into the matrix of the bioconpatible material.
The rfesenchynpl stemcells are directed to differentiate into fibroblasts
and subseque%‘%”qqy'??%rw ekurthier ancharpl digementi diks,in nchedbone
exposure to gromh factors. Matrix materials are then produced by the
fibrocytes. AUWRGLT @AY Il soae irgrowthoduddsot srepeatat syeliture 35.
As the ends of the slender structure 35 nove towards and away from one
anot her, t he 19gsHadhétidlerenzounage dsypprhrophyt olfosdssudrer eby pernitting
cells and nutrients to fl ow between the strips, and thereby giving the
cel I s the opghainaening kigament ol@ he Whtler tdmeof thiee stafifsld eshddi S
| oadi ng al so stinulates cell's 25 further. The fibrocytes orientate and
align in theld widdi &e graduably absofned ¥Wd0tha4eakire?3 odRCT/ USOD 31033
tension. Over a period of time, the fibrocytes mature into fibrous tissue
whi ch forns 8¢&Pss dheerdodntumikl SEentitelly-bet carrissideng Snes-ed
ligament is ready for inplantation once |iganentous tissue has formed on
sl ender st ruéengiaegzedcliigamendnd) 80 Iofgamentt 10 fissaud-iargitienes
| i gament 10 are then inserted and secured into bone tunnels 65. Preferably,
ti ssue- engi nadfeWililgeventusd liy matnuredints hai moeef stable RS
Al ternatively, other nethods well known in the art nmay be used.
capable of resisting normal transient increases in

physiologic load.

Now looking at Figs. 14-16, fixation can be
enhanced by molding threads 75 into the ends 80 of
slender structure 35 using a moldiné device 85 before
implantation. Threaded ends 75 of tissue-engineered
ligament 10 engage the thread of interference screw 70,
as seen in Fig. 17. Advancement of interference %;rew
70 urges threaded end 75 of tissue-engineered ligament
10 against the wall of bone tunnel 65 and causes
thrgads 75 of end 80 of tissue-engineered ligament 10
to embed into bone tunnel 65. This action further
enhances fixation. Alternatively, a rigid body (not
shown) secured to the end of the tissue-engineered

ligament may be provided for an interference screw to

8
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' i'ssue- ' lJogament
Initially, the material of scaffold sheet 15 of tgssue englnqgm@% JoB#
.10 sdppoyts | oadi ng across the joint. For scaffold sheet 15 nade i

[ [ [ i mpl ant ed
bi odegr a I erial, as the scaffold nmaterial of the inp
tissug-eﬂg$ﬂ§@&g% | i gament 10 degrades over tine; the | ocadPCRUSIOMIRI! |y

' ffold sheet 15
ransferred to the newly fornmed tissue. entual ly, when sca
}s conpl etely absorbed, the entire | oad .fransferred.to the newly forned
ti ssue of | i ganent 10. The preferred enbodi nents descri bed above contain

bt on S R ERPE <oLBOUAR 28k et bt g - 2

Mnvent i on. ~as peaghoRhrYERs rorREsRPAding teddthi serewom the fol | ow ng

“cl ai s, 1%&fté@ﬂag99él¥¥)8%&3%98§d_b%%y may not have any threads.

In a preferred embbdiment, the starting material
is a thin rectangular sheet 15 of a biocompatible
material including a biodegradable polymeric material,
a natural material, and/or an allograft or autograft
fascia lata material. Examples of biodegradable
polymeric materiais include, but are not limited to,
PGA, PLA, or mixture of PLA/PGA, etc. Examples of
natural materials include, but are not limited to
chitin, chitosan, etc.
Looking at Fig. 18, prescribed sections 85 at both

ends of sheet 15 may be thicker than the rest of sheet
15, In a preferred embodiment, sections 85 have a
specific male pattern 90 on one side and matchingf'
female pattern 95 on the other. The matching male and
female patterns 90, 95 contact and inter-digitate when
sheet 15 is rolled up. These inter-digitations at both
ends of the sheet preveﬂt sliding between adjacent
layers of the rolled-up structure to maintain a stable,

slender structure 35. Also, the slightly greater



What I's Clained I's: PCTIUS00131033 1. An apparatus for recon 5“%&%&@540f a
Jpreviously torn ligament, said apparatus conprising: a scaffold o K .
bi oconpati ble material, the scaffold having at | east one |layer formng a
scaf f ol IV@R¥3406$eans for seeding the scaffold sheet with PCEUSOYBII or mi ng,
cells to form.:a seeded scaffold; neans for increasing the nunber of the
fibrocyte formng cells seeded on the sdftfold to create a

ti ssue-engi neered scaffold: and neans for formng a slender structure from

t he t4 ssue-epqi red scaf.fold, the slender structure being a

ti ssue- engi ngg}gg‘%ﬁsgsaréntb%mt%&% ﬁﬁipﬁ PafERAL&TS the gl?iéﬂ'%ntof or
reconstructign Ofd% i an%%%E 2. Thf apparatus_of claim1l wherein the
scaffol d sheRFOVd 5§%Qbr | eelkulan oxgnkhabedween: then lay@es ei n t he
scaffol d sheet iSI%PrXH§' 12~ NHE 2004 , , . .. WO 01/34065

PCT/ USOOl 31033 . 1B th srrFé”é‘pz;’p%‘Fﬁil lops @ midddetdiamen mopbious
scaffold she fornms.at | egst. one perforation. 5. The apparatus of claim1l
wherein the g@&f P &ha&tefl ARSI MRNY: tLRYEtEADSsIL0S . 6. These appnips us of
claim1l mherihg t he seeding nmeans_is a cultured nmedi um contai ning the
fibrocyte forfPngreeMagde vHdh ulbinlentengpsnddnailasdd tmtnreheutul t ur ed
medi um f or seeding with fibrocyte forningﬁcells. 7. The apparatus of claim

1 wherein t hePFPoiBeyPeteiAhy cEresslhEseabang madnend athaubation of the

scaffol d sheet. . )
prescribed distance from the edge of the rectangular

. material to leave uncut margins 30 connecting the B
adjacent strips 105. These uncut margins 30 form the k)
earlier mentioned thicker sections preferably having
interlpcking patterns. Each of thé tiny strips 105 has
longitudinal microchannels 201. These microchannels
each have a width and depth of the order of 1 to 200
nicrons. The sheet may be hydrophilised and coated
with collagen and growth factors such as TGF beta, IGF,.
etc. -

Cell seeding may be performed using various
methods consistent with the present invention. Several
such methods will now be set forth by way of example

but not limitation.



8. The apparatus of claim11 wherein the slender structure foqghqﬂgqﬁﬁ S is
. 9.7 The

xa rolled tubular structure fornmed by rolling the scaffold sheet
apparatus of claiml1l wherein the slender structure formng nmeans is an

accor di ONOMB#MESure formed by fol ding the scaffol d sheet. PCI/BSM23103312t " May

2004 WO 011 34065 PC TI1US00131033 - 27 10. The apparatus of claim1

wherein the slender structure forming Teehs~is a series of strips cut from
the scaffold sheet and the series of scaffold strips are stacked on top of
one &other. 11. The apparatus of claim45 wherein the means for attaching
Is an interference screw for fixation of the end of each |iganment at the

I npl antation site. 12. The apparatus_of claim 1 wherein threads are nol ded
into each end of the tissue-engineerEﬂéﬂE&&aﬂnt. 13. The apparatus of claim

1 wherein the scaffold sheet has an interl ocking surface along a first

section. and a seddH RetRPninKel¥ss pérmPdng sheate 115 aft hoddt iendsind t he
second secti%$ gg%erloc it h corresgonding portions of the first section

and the seco 50 GkeRe UNEHBeFestiopsurad smmenaing rthe t he
scaffold sheet. 14. The apparatus of claim 13 wherein the first
i nt er | ocki ng SH&@YG drh AhCehbuseceadipmt d1PeckShgetudsids initially

held in tension and mesenchymal stem cells or
fibroblasts are introduced into culture medium 110 and
onto strips 105., Cells 25 are allowed to attach to
strips 105 and proliferate. Nufrients and growth
factors are added periodically as desired. To increase
the rate at which the number of cells 25 increase, the
mesenchymal stem cells or fibroblast can be genetically
altered to increase local production of desired growth
factors. This can be done by viral transfection or by
incorporating plasmid génes into the matrix of the
biocompatible material. -

The mesenchymal stem cells are directed to
differentiate into fibroblasts and subsequently to
fibrocytes. Differentiation occurs under suitable
conditions such as exposure to growth factors. Matrix
materials are then produced by the fibrocytes. A
cyclic tensile load introduced through sheet 15

stimulates the fibrocytes to orientate and align in the



12t" May 2004 WO 011 34065 PCT/ US00131033 - 28 section each qgﬁ}@b@$§1nale
.pattern on one side and a fenale pattern on the opposite side. k e - .
apparatus of claiml| wherein the tissue engineered |iganment has opposed end
mar gi ns Wenead0esd by strips, the end margins having a gregicqiuddiltdsaess
than the strips, wherein the configuration of the strips acts as
scaffolding for the fibrocyte formng €e20s-to grow therein. 16. The
apparatus of claim1 further conprising neans for cyclic tensile |oading
prior*to inplgﬂtat'on. 17.,The apparatus of claim| wherein the fibrocyte
formng cells %F%chﬁgﬁne yFﬁPséPgn1c§PP§9u5.t%SSHQqurmsagpashEe$ a5 cl ai m
1 wherein the fibrocyte , formng cells are fibroblast cells. 19. The
appar at us of V&F n? 1 ﬁﬁ%?aiﬂftgémﬁiBF@C?h@eﬁo@ﬁlif(ﬁhém Yolledsiipg neans
includes inplantation {n a penultimate | ocation of a patient's body prior
to inplantaii%ib?% %t?%ﬂ%t%gﬁal Theaerds. 8QUOLL Zheelt2t1'5 Maye 260 dmpPEd
01134065 i - 29, RPCT/USQOO 31033 20. -The apparatus of claim1 wherein the
scaf fol d shedinq ntheRieSlamred  iRprecyrlife lgasdimg mantisnegasol ygl ycol i c
acid, polyactic acid, a mxture of PGA/PLA, chitin, collagen, autograft
tissue, and aFRRpaticallydepietedhinappgrallds offurthien 20yabeeei n the
tissues are fascia lata. 22. The apparatus of claim1l wherein the scaffold
sheet is coatt@nsShie koaditdsiapplbedr bovtbeadtesicturef inntefsddocyt e
form ng cells. 23. The apparatus of claim 22 wherein the coating nateri al
i s col lagen. e tyremmedinnil hdktogpronoteugrewghycorehri GaArESh: . 2881 d
met hod conprising: |

: maturation of cel}s 25. Tissue-engineered ligament 10 ﬁB

is then implanted into a patient when there is

sufficient maturation.

Example IX

Another method for cell seeding involves clamping
sheet 15 at both ends 80 of the patterned sections 90,
95 and immersing sheet 15 in culture medium solution
'110. sheet 15 is initially held in tension and '
mesenchymal stem cells or fibroblasts are introduced )
into solution 110 and_oﬁto strips '105. ' Cells 25 are “
allowed to attach to strips 105 and proliferate.
Nutrients and growth factors are added periodically.
To increase the rate at which the number of cells 25
increase, the mesenchymal stem cells or fibroblast can

be genetically altered to increase local prbduction of



formng a scaffold sheet of bioconpatible material- having atlbaga&zﬁag
Jdayer: seeding the scaffold sheet with fibrocyte formng cell's to'forma
Seeded scaffold of at |east one sheet; 12t" May 2004 WO 01l 34065

PCT/ USOOVOIHB4065 30 i ncreasing the nunber of the fibrocy®PETMUR0NBI033 cel | s
on the seeded scaffold to create a tis§u$£ngineered scaffold; and formng a
sl ender structure fromthe tissueengi neefed scaffold, the slender structure
beinq@a'tissue-engineered | i ganent suitable for inplantation into a patient
for r%®construgt] f Lgagent.. 25. net hoq of . claim 24 further

conpri si ng at@%%:ﬁ?%é gggktgng%&%olrﬁé t?ih e-%&?feé?‘&?lbba%ﬁ?lto

I npl ant ati on éites mﬁéhin a pgtiint. 26. e nethod of claim 24 wherein the
scaffold is a-sPhgFECEHRR: OroBY FRCOrPOT RlAsRiD genresi intaetheaf f ol d
is slit at Ieas{ Pnce éﬂe gLit i S gggﬁfén the direction of a first end of
the scaffol d Pd 5% eREnlPEnBisFoMRE JaFerddt 4 he slit terninates prior
to the first end d the second end., ' 28. The method of claim 24 wherein
seedi ng the sca?$%?8 Bher L5 §¥3HenCs fithFedd 1adhemianiessheati A NUS- 12

12t" May 2004, WO 01f 34065 PCT/US00131033 ' - 31 the scaffold into a
cul tured meditfn toht 8P RPRgaLABYE thEoSFrdPRolfiShFadiamn a slender

structure 35. Ends 80 are then crimped and then

clamped. As the rolled-up slender structure 35
continues to be immersed in culture medium 110, a
cyclic tensile load is applied to structure 35. The
mesenchymal stem cells now differentiate into
fibroblasts and secretion of matrix materials takes
place. The fibroblasts form fibrocytes and these
fibrocytes become aligned in the direction of tension.
Over a period of time, the fibrocytes mature into
fibrous tissue which forms over rolled-up slender

structure 35.

Example III

A third method involves forming a slender
structure 35 by any of the methods previously
described. Both ends 80 are crimpéd and clamped, and
immersed in culture medium solution 110. The slender

structure 35.is initially held in slight tension and

NUS-12



~ 29. .The nethod of claim24 wherein increasing the number of fibbnpgyiggscells
-Jncludes incubating the scaffold sheet after seeding. 30. The nethod of- “

clain125xwgﬁ%ﬁh%.increasing t he nunber of fibrocyte cells further includes
i ncubati ng € Ll ssue-engineered |iganment after form ng t hRCHUSONN033

structure. 31. The nethod of claim 24 mhféein I ncreasi ng the nunber of
fibrocyte cells includes incubating the sSue- engi neered |iganent after
form ng the slender structure. 32. The nethod of .claim29 wherein formng

Tubut o b e nyREd gean AL 13000 SAIBICe BN o Bt Boucion a3

The net hod of ' eLel rm.n sl e r structure includes folding

the scaffold asrﬁie?{ﬁ%%%%\?n%g%ﬂgégoﬁgfﬁﬁ%ﬁ' e.The®) cehlsnathaghotoc! ai m

24 wherein f 14 e r._st ture includes cutting a series of strips

fromthe scaﬁﬂcglggssﬁleg% %ﬁ@ Bf%ﬁ%ﬁﬁagﬁe sditdients iangdsavawtbp of one

another to f s]lender, ,structyure. 35. The nethod of claim?25 wherein
ﬁggééyéﬁé ?ﬁé

attaching ea 14 A9ded pariedicallyn@a idesigeds Wrohincrepsti ent

i nvol ves usi an interference screw for fixation. 36. The nethod of claim
24 further cgﬁ¥ﬁi b HoWhich « Fheapumbaroofaceldimd 28 imerease, the
tissue-engineered Liganent for inplantation. 37. The method of claim 24

further conpfi-giShf FERPiGe $0eki figbsoblasds aam the genéf DEdl sheet

for | ocking %g sc%{fold sheet into the 12t" May 2004 Y WO 011 34065
PCT/ US00/ 310%" Eé‘ée % JnEERATR el egal | pradnctioen afhalawt hod gieptRf

formng a sl%nd%r structure is acconplished.
| ‘ - tactors. This can be done by viral transfection or by

incorporating plasmid genes into the matrix of the
biocompatible material.

| The mesenchymal stem cells are directed to
differentiate into fibroblasts and subsequently to
fibrocytes under suitable conditions, including
exposure to growth factors. Matrix materials are then
produced by the fibrocytes. A cyclic tensile load is
introduced to slender structure 35. As the ends Bf the
slender structure 35 move towards and away from one
another, the space between strips 105 opens and closes,
thereby permitting cells and nutrients to flow between
the strips, and thereby giving the cells the
opportunity to attach to the interior of the structure.
This loading also stimulates cells 25 further., The

fibrocytes orientate and align in the direction of



38." The nethod of claim29 further conprising applying cycligyt iJoBa
.Loadi'ng of the seeded scaffold prior to inplantatizon to increase the
strength of the scaffold. 39. The method of claim 24 further conprising
appl yi ng WQ8IB4968 ensi | e | oadi ng of the slender structure pPETUSHOBI0Z
inplantation to strengthen the tissue-engi neered scaffold. 40. The net hod
of claim24 further conprising forning'sgéces within the slender structure
to allow the fibrocyte formng cells to grow therein. 41. The method of

cl ai 24 wher gin J:NCr easy t he nunber of fibrocyte formng cells further
conpri ses i rrpf%gﬁtsil%g"t he%‘gég‘—ecﬁaé’esr?ﬁcfcﬂﬁ t?{f“%' pehfl fikFosvies imatwre a
patient's bodé Bi to imlantatiqn in a functional |ocation. 12t" May
2004 WO 011 34085°pETREAYS fiFsue hich fomms Ryasdsdendexi mtznatharein

i ncreasi ng thgsnunber of fibrocyte formng cells further conprises ,

i npl anting thé~sl ender structure in a penultinmate |location of a patient's
body prior to inplgﬁ%ation.in a functional |location. 43. The net hod of

claim 24 further cOffr & V3 T atilfsuarensineered shbgamenthis meaehyi al to
pronot e adhesi.on of éhe fiQrocyte formng cells. 44. The nethod of claim 24
further conprFSFndMRdABEAtAON, oMCee Ailgpmeartiaits t bissnei hgscEbirmeld amcr ease
producti on of figrocyte cells. 95. The apparatus of claim1l wherein the
appar at us fur PhERAEEStryeduree3Ss f Grimped ends c@@hoEnd of the
ti ssue-engineered,liganment to inplantation sites within a patient. 46. The
appar at us of tPaVifIOwkissre-enginsexest Jsdamdriterl@oapei sRen  12t" My
2004 WO 0l /34065 PCTJUS00131033 ~ ' - 35
_ inserted and secgred into bone tunnels 65. Preferably,
tissue-engineered ligament 10 is secured with
interference screws 70. Alternatively, other methods

well known in the art may be used.

Initially, the material of scaffold sheet 15 of
tissue-engineered ligament 10 supports loading across
the joint. For scaffold sheet 15 made of biodegradable
material, as the scaffold material of the implanted
tissue-enginéered ligament 10 degrades over time, the
load is gradually transferred to the newly formed
tissue. Eventually, when scaffold sheet 15 is
completely absorbed, the entire load is transferred to
the newly formed tissue of ligament 10.

The preferred embodiments described above contain
many examples which are not limitations on the scope of

the invention but illustrations of alternate



means for formng mcrochannels in the scaffold sheet. 47. Tq?thr,(%vtﬁg‘}of
.claim 24 further conprisi-ng form ng mcrochannels in the scaffold’ sheet"
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1. An apparatus for reconstruction of a

previously torn ligament, said apparatus comprising:

a scaffold of biocompatible material, the scaffold

having at least one layer forming a scaffold sheet;

means for seeding the: scaffold sheet with

fibrocyte forming cells to form a seeded scaffold;

means for increasing the number of the

fibrocyte

forming cells seeded on the scaffold to create a

tissue-engineered scaffold; and

means for forming a slender structure from the

tissue-engineered scaffold, the slender structure being

a tissue-engineered ligament suitable for implantation

into a patient for reconstruction of a ligament.

2. The apparatus of claim 1 wherein the scaffold

sheet is bioabsorbable.

3. The apparatus of claim 1 wherein the scaffold

sheet is porous.



T00E ()1 ot 100 ceZaS;}&@EEL; ok ()1 Teede 10 10 12 May 2004 .

%& ()-! Hf &10% () - y10%&! () -sz '
186‘183 %%:)(3/ 3+109 ()-,) 310% () -, #10% () - J>2[ QYNG $10%) & (O)-M6
109 () - Sy He' ()-1 | #109%! ()-F10% ()- 13 | b
109%n& () - Y>1 WXOYNCO: 6+100& () -~ &3$109% 2%(1"$.10°/& () 1S10% ()-
| $10%n8 () - $10%n& ()-*_-\ =$L0%& ()- 1% 1109 ()-y10% ()-G 10%, & ()-m
10 10 10S8510%&! 0 *XdE~\ ~GL0%' ()- 10%& () - 10%&' ()-10% ()- 10%& ()-

109%&: H A =Smipph . D the.
ufloi/qg:-(})&loz(/&' ()- Ae ()- 10()5??{“%?09&15161’“ 3 (Z)g‘ez‘;eoa/”k H‘zlgg;??)s_

U< &' §E@f’ﬂ£’f
ﬁ"f&#$V§$$a(B)~\§: 1y 1008 % sﬁé% {‘GFE%O%% %’5 % %«’é"}’?) f 10%& ()- !4

3f #10UR<R<&’ () - $EEEEE&&! * WU3! 2#10%30& ()-y!
z#10%008 () - y! F10%008 () - s10%08 () - 101010 S

040%& ()-s!"] ((7+§F+G+fﬂélgbﬁal£§¥289(y&ﬁm 1'%Rere3n the scaffold

1002310%0&' () - 10%
sheet contains at least one slit.

6. The apparatus of claim 1 wherein the seeding
means is a cultured medium containing the fibrocyte i
forming cells, thé scaffold sheet being placed into the i)
cultured medium for seeding with fibrocyte forming

cells.

7. The apparatus of claim 1 wherein the
fibrocyte forming cells increasing means is incubation

of the scaffold sheet.

8. The apparatus of claim 1 wherein the slender
structure forming means is a rolled tubular structure

formed by rolling the scaffold sheet.

9. The apparatus of claim 1 wherein the slender
structure forming means is an accordion structure

formed by folding the scaffold sheet.

NUS-12
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are stacked on top of one another.

11. The apparatus of claim 45 wherein the means
for attaching is an interference screw for fixation of

the end of each ligament at the implantatioﬁ site.

12. The apparatus of claim 1 wherein threads are

molded into each'end of the tissue-engineered ligament.

13. The apparatus of claim 1 wherein the scaffold
sheet has an interlocking surface along a first section.
and a second.section whereby portions of the first
section and the second section interlock with
corresponding portions of the first section and the
second section when the slender structure is formed

from the scaffold sheet.

14. The apparatus of claim 13 wherein the first

interlocking section and the second interlocking

NUS-12
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15. The apparatus of claim 1 wherein the tissue-

engineered ligament has opposed end margins connected

by strips, the end margins having a greater thickness

than the strips, wherein the configuration of the

strips acts as scaffolding for the fibrocyte forming

| cells to grow therein.

16. The apparatus of claim 1 further comprising

means for cyclic tensile loading prior to implantation.

17. The.apparatus of claim.1 wherein the
fibrocyte forming cells are mesenchymal stem cells.
o

.18. The apparatus of claim 1 wherein the

fibrocyte forming cells.are-fibroblast'cells.

19. The apparatus of claim 1 wherein the
fibrocyte forming cells increasing means includes
implantation in a penultimate location of a patient's

body prior to implantation in a functional location.
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20. The apparatus of claim 1 wherein the scaffold
sheet includes one or more of the group comprising
polyglycolic acid, polyactic acid, a mixture of
PGA/PLA, chitin, collagen, autograft tissue, and

allograft tissue.

21. The apparatus of claim 20 wherein the tissues

are fascia lata.

22. The apparatus of claim 1 wherein the scaffold
sheet is coated with a material to promote adhesion of

the fibrocyte forming cells.

23. The apparatus of claim 22 wherein the coating .

material is collagen.

24. A method of making a tissue-engineered
ligament, said method comprising:

forming a scaffold sheet of biocompatible material
having at least one layer;

seeding the scaffold sheet with fibrocyte forming

cells to form a seeded scaffold of at least 6ne.sheet;
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increasing the number of the fibrocyte forming
cells on the seeded scaffold to create a tissue-
engineered scaffold; and

forming a slender structure from the tissue-
engineered scaffold, the slender structure being a
tissue-engineered ligament suitable for implantation

into a patient for recohstruction of a ligament.

25. The method of claim 24 further comprising
attaching each end of the tissue-engineered ligament to

implantation sites within a patient.

26. The method of claim 24 wherein thé scaffold

is a single sheet.

27. The method of claim 24 wherein the scaffold
is slit at least once, the slit is made in the )
direction of a first end of the scaffold to a second
end of the scaffold, and the slit terminates prior to

the first end and the second end.

28. The method of claim 24 wherein seeding the

scaffold with fibrocyte forming cells includes placing

NUS-12
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29. The method of claim 24 wherein increasing the
number of fibrocyte cells includes incubating the

scaffold sheet after seeding.

30. The method of claim 25 wherein increasing the
number of fibrocyte cells further includes incubating
the tissue-engineered ligament after forming the

slender structure.

31. The method of claim 24 wherein increasing the
number of fibrocyte cells includes incubating the

tissue-engineered ligament after forming the slender

structure.

32. The method of claim 24 wherein forming a
slender structure includes rolling the scaffold sheet

to form a rolled tubular structure.
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slender structure includes folding the scaffold sheet

to form an accordion structure.

34. The method of claim 24 wherein forming a
slender structure includes cutting a series of strips
from the scaffold sheet and stacking the series of

strips on top of one another to form the slender

structure. ' Q)

35. The method of claim 25 wherein attaching each
end of the ligament to implantation sites within a

patient involves using an interference screw for

fixation.

36. The method of claim 24 further comprising
molding threads into each end of the tissue-engineered .
ligament for implantation. - -
37. The method of claim 24 further comprising
providing interlocking surfaces on the scaffold sheet

for locking the scaffold sheet into the
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38. The method of claim 24 further comprising
applying cyclic tensile loading of the seeded scaffold
prior to implantation to increase the strength of the
scaffold.

39. The method of claim 24 further comprising
applying cyclic tensile loading of the slender
structure prior to implantation to strengthen the

tissue-engineered scaffold.

40. The method of claim 24 further comprising
forming spaces within the slender structure to allow

the fibrocyte forming cells to grow therein. -

41. The method of claim 24 wherein increasing the
number of fibrocyte forming cells further comprises
implanting the seeded ‘scaffold in a penultimate section
of a patient's body prior to implantation in a

functional location.
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42. The method of claim 24 wherein increasing the
number of fibrocyte forming cells further comprises
implanting the slender Structure in a penultimate
location of a patient's body prior to implantation in a

functional location.

43. The method of claim 24 further comprising
coating the scaffold sheet with a material to promote

adhesion of the fibrocyte forming cells.

44. The method of claim 24 further comprising
genetically altering fibrocyte forming cells to

increase production of fibrocyte cells.

45. The apparatus of claim 1 wherein the
apparatus further comprises:

means for attaching each end of the
‘tissue-engineered ligament to implantation sites within

a patient.

46. The apparatus of claim 1 wherein the

apparatus further comprises:
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forming microchannels in the scaffold sheet.
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