11 December 2006 1 "A Polymer and Nerve Guide Conduits Formed Thereof* THE PRESENT
INVENTION relates to a poly(phosphoester) polymer and to nerve guide conduits made from
poly(phosphoester) polymers. The present invention also relates to methods of use of such nerve
guide conduits and methods of manufacturing polymers. It is known in the art that nerves with severed
axons, but intact somas, may retain the capability of regrowing from the proxjnisl SIHBE: t9gGgonnect
distally. Current treatments for these defect nerves typically rely on donor tissues obtained from the
patient (US-A-4662884). For example, a transected peripheral nerve is rectified clinically by

employing an a“"tﬂ"ifiﬂyﬁl@?ré(ﬁ(ﬂﬁ&ka%ﬁiﬁ%%}ﬁmmm&rﬂ‘ﬁmnd operative site of the

patient and sutured tothe two ends of the severed nerve. This has raised the issues of function loss
at the donor sites, formation of potentially painful neuromas, structural differences between donor and

recipient nerve t far ia] for extensive repajr. The closest ajternative to an
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without obstruction by the degenerating fascicles of the distal stump and preventing the invasion of

fibrous scar tissueddowevasothelases ofoveneihodstevialugraftd fouckentatndagondds assbointenthdvith

similar limitations a tlae nﬁrve r@ft, includi% a limited supply of the graft and limits to control over
the nerve guide™fitH8H8iShE? SEERSR Yo TS-

It is known in the art that nerves with severed axons, but intact somas, may
retain the capability of regrowing from the proximal stump to reconnect
distally. Current treatments for these defect nerves typically rely on donor
tissues obtained from the patient (US-A-4662884). For example, a transected
peripheral nerve is rectified clinically by employing an autologous nerve graft,
1.e. a segment obtained from a second operative site of the patient and sutured
to the two ends of the severed nerve. This has raised the issues of function loss
at the donor sites, formation of potentially painful neuromas, structural
differences between donor and recipient nerves and shortage of graft material

for extensive repair.

The closest alternative to an autologous nerve graft would be an autologous
vein or arterial graft [2,3]. The hollow blood vessel acts as a conduit for the
regeneration of nerve across the defect, allowing the axons to migrate without
obstruction by the degenerating fascicles of the distal stump and preventing the
invasion of fibrous scar tissue. However, the use of vein or arterial grafts for
'entubulation’ 1s associated with similar limitations as the nerve graft, including
a limited supply of the graft and limits to control over the nerve guide

dimensions.



2 To circumvent these problems, synthetic nerve guide conduits (NGCs) have been developed to
bridge the nerve gaps by inserting the severed nerve stumps into the two ends of the conduit. The
purpose of such nerve guide conduits is to encourage the processes of neuronal growth and
regeneration of nerve function. To be effective, these NGCs must be made from materials that meet a
wide range of biological and physicochemical prerequisites. The material mUsiRg AMLL%IGH6
non-carcinogenic, non-antigenic, and must demonstratg favorable mechanical properties such as
flexibility, suturability, and amenability to custom fabrication. One example of NGC materials that have
been used in cdmbimeionvigith e eprabidicensynibbbc ascraggbuisle FCODthﬂgﬂbmﬂi havg,
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bioresorbable, polyglactin mesh tubing was reported by Molander et al. in Vol. 5, Muscle & Nerve. pp.

54-58 (1982). Thecgseagegbropeosesyiie adopviyenet gm@élilﬁﬁéﬂ@ﬁé@éﬁ@at@mﬂﬁ@dis@%@d by

Uzman et al. in Yol 9 al of Neur nce Research 325- 33861‘ Sﬁ)ll |ore orbable nerve
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Barrows in 1985. After accomplishing their function, these guides are supposed to gradually
disappear fromnhethsist, TeasedsidtiegratiabiOibas grue, tr@édvm@@wugmgf@f@mbme

NGCs in dlspensm Wlth second surge to re implante s. Such,a secon eration is
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custom fabrication. One example of NGC materials that have been used in
combination with sutures is silicone rubber as taught by R. D. Midgley and F.
M. Woolhouse, Silicone Rubber Sheathing as an Adjunct to Neural
Anastomosis, Surgical Clinic of North America 48, 1149 (1968). Silicone has
the disadvantages of being impermeable and non-degradable. The use of
biodegradable polymers to fabricate NGCs has been the focus for many years.
The use of bioresorbable, polyglactin mesh tubing was reported by Molander et
al. in Vol. 5, Muscle & Nerve. pp. 54-58 (1982). The use of porous acrylic
copolymer tubes in nerve regeneration was disclosed by Uzman et al. in Vol. 9,
Journal of Neuroscience Research. pp. 325-338 (1983). Bioresorbable nerve
guidance channels of polyesters and other polymers have been reported by
Nyilas et al. in Vol. 29, Transactions Am. Soc. Artif. Internal Organs. pp. 307-
313 (1983) and in US-A-4,534,349 issued to Barrows in 1985. After
accomplishing their function, these guides are supposed to gradually disappear
from the host. These biodegradable tubes have the advantage over using
biodurable NGCs in dispensing with a second surgery to remove implanted
tubes. Such a second operation is often necessary after biodurable NGCs are
implanted in order to eliminate the potential problems, such as chronic tissue
response and nerve compression, caused by the long-term presence of a rigid
tube in the body. In contrast, after a biodegradable tube has accomplished its

function, the guide gradually disappears from the host.



implanted in order to eliminate the potential problems, such as chronic tissue response and nerve
compression, caused by the long-term presence of a rigid tube in the body. In contrast, after a
biodegradable tube has accomplished its function, the guide gradually disappears from the host. 11
December 2006 3 Biodegradable polymers differ from non-biodegradable polymers in that they are
consumed or biodegraded during therapy. This usually involves breakdown gf h& Qolyopenigeits
monomeric subunits, which should be biocompatible \A@th the surrounding tissue. The life of a
biodegradable polymer in vivo depends on its molecular weight and degree of cross-linking; the
greater the molecular weight and degree of crosslinking, the longer the life. The most highly
investigated biodegradable polymers are polylactic acid (PLA), polyglycolic acid (PGA), copolymers of
PLA and PGA, phlydegitidabéngchpotysndifferf fvotyanuinds edeppalybkiaps] Ahérssombtimdsyeferred
to as polylactide, undergoes hydrolytic de-esterification to lactic .acid, a hormal product of muscle
metabolism. PGHRIECRETREN T Deiees Bt rﬁ%rﬁ%swgéﬁ AB¥BhEb R g M sutures,
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due to its low solubility in “"common solvents and subsequent difficulty in fabrication of devices.
Collagen has bdbea smecmiiagnostysrobiisihdendtertalsdiegradabteuptibmef NGO dieptmits on

biocompatibility and favourable property of supporting cell attachment and function (US-A-5019087).
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and reproducible properties. The versatility of the synthetic system also
investigated biodegradable polymers are polylactic acid (PLA), polyglycolic
acid (PGA), copolymers of PLA and PGA, polyamides, and copolymers of
polyamides and polyesters. PLA, sometimes referred to as polylactide,
undergoes hydrolytic de-esterification to lactic acid, a normal product of muscle
metabolism. PGA is chemically related to PLA and is commonly used for
absorbable surgical sutures, as is PLA/PGA copolymer. However, the use of

PGA in sustained-release implants has been limited due to its low solubility in

common solvents and subsequent difficulty in fabrication of devices.

Collagen has been one of the most promising materials for construction of
NGCs due to its biocompatibility and favourable property of supporting cell
attachment and function (US-A-5019087). However, one of the major
disadvantages inherent with collagenous materials is their potential antigenicity.
Synthetic polymeric biomaterials are potentially advantageous in their unlimited
supply and reproducible properties. The versatility of the synthetic system also
allows for the fine-tuning of the biodegradation rate, permeability and
mechanical properties of the NGC to facilitate peripheral nerve regeneration.
Two related patents, US-A-4,033,938 and US-A-3,960,152, disclose
bioabsorbable polymers of unsymmetrically substituted 1,4-dioxane-2,5-diones
which are broadly stated to be useful as tubes or sheets for surgical repair such

as nerve and tendon splicing. A similar disclosure in US-A-4,074,366, col. 6,



allows for the fine-tuning of the biodegradation rate, permeability and mechanical properties of the
NGC to facilitate peripheral nerve regeneration. Two related patents, US-A-4,033,938 and
US-A-3,960,152, disclose bioabsorbable polymers of unsymmetrically substituted
1,4-dioxane-2,5-diones which are broadly stated to be useful as tubes or sheets for surgical repair
such as nerve and tendon splicing. A similar disclosure in US-A-4,074,366, cop8edihieeogmyer 2006
4 lines 13-16 and 43-57, relates to poly(N-acetyl-D-glugosamine), i.e. chitin. However, there is no
enabling disclosure in the specifications or in their Examples as to how such tubes are to be prepared,
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polyglactin suture mesh shaped as a tube around a nerve defect to serve as a framework for
proliferating cell@gndadh@isancibpdreddiiie- Muscle and Nerve 5, 54-57 (1982). However, less than
satisfactory results were achieved in that some of the regenerating axons gained access to the
meshes of the polyglactin tube causing the formation of minifascicles. A nerve cuff in the form of a
smooth, rigid tube has also been fabricated from a copolymer of lactic and glycolic acids [The Hand
10, (3) 259 (1978)hdv Didce 4Bl A93 gishlasas afbjenererhakiietgelytetter ieypelyimenhaitaigmincludes
an alpha-hydroxy carboxylic acid in conjunction with Krebs cycle dicarboxylic acids and aliphatic

diols. These pol)¥EREFSH AT AFNARTIBREE AGhSRROGURRLN & dhsnpidlaslxdepxy carboxylic

acids, glycolic acid and lactic acid. These materials undergo hydrolytic scission
to form metabolites normal to the body, which are therefore amenable to
resorption. A biodegradable polyglactin suture mesh shaped as a tube around a
nerve defect to serve as a framework for proliferating cells has been reported in
Muscle and Nerve 5, 54-57 (1982). However, less than satisfactory results were
achieved in that some of the regenerating axons gained access to the meshes of
the polyglactin tube causing the formation of minifascicles. A nerve cuff in the
form of a smooth, rigid tube has also been fabricated from a copolymer of lactic
and glycolic acids [The Hand 10, (3) 259 (1978)]. US-A-4,481,353 discloses a
bioresorbable polyester terpolymer that also includes an alpha-hydroxy
carboxylic acid in conjunction with Krebs cycle dicarboxylic acids and aliphatic
diols. These polyesters are useful in fabricating nerve guidance channels as well
as other surgical articles such as sutures and ligatures. Regenerated nerves have
also been successfully obtained with nerve guides prepared from the
homopolymer poly(DL-lactic acid), as measured by myelinated axon counts, for
example, in US-A-5358475. Synthetic biodegradable polymers, including
polyester urethane [4] and e-caprolactone-lactide copolymer [5 -11], have been

examined for promoting peripheral nerve regeneration.

One critical issue in regulating nerve regeneration across a gap is the

permeability of guide conduits. Permselective conduits with a molecular weight



as other surgical articles such as sutures and ligatures. Regenerated nerves have also been
successfully obtained with nerve guides prepared from the homopolymer poly(DL-lactic acid), as
measured by myelinated axon counts, for example, in US-A-5358475. Synthetic biodegradable
polymers, including polyester urethane [4] and E-caprolactone-lactide copolymer [5 -11], have been
examined for promoting peripheral nerve regeneration. One critical issue in [goBlatingHe Y606
regeneration across a gap is the permeability of guidecconduits. Permselective conduits with a
molecular weight 11 December 2006 5 cut-off of 50,000 daltons allowed regeneration of nerves in a
mouse sciatic rativefinoded OTHrsgdioaramlipnead s gener dharactenzedhyitire BsinetiIsaratiand high

bers of myelinated bisch , The Use Of A Semi- P. ble Tube.As A Guid
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with the required permselectivity because other attributes of the polymer, such as viscosity, are also
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significant shortcomings in'suc ex some of the materia ove

have lead to inflag¥BAtom sRSUPNpIdHIENESEanIMAkeand havedaigd taayalddenssay tissue
formation within the channels. The total number of axons, the number of myelinated axons, the
thickness of thecopidieisiLyvandehadastied | rcongalsicatl diasersss pslaeinavatdiorhint cBisduits are
all typically Iessﬁp)?yr}ner, such as viscosity, are also affected by methods known in the art for

varying permselectivity.

Despite the identification of various materials which can serve as nerve guide
conduits, the results of research to date have revealed significant shortcomings
in such prostheses. For example, some of the materials identified above have
lead to inflammatory reactions in the test animals and have failed to exclude
scar tissue formation within the channels. The total number of axons, the
number of myelinated axons, the thickness of the epineurium, and the fascicular
organization of nerves regenerated within conduits are all typically less than
satisfactory and compare poorly with the original nerve structure of the test
animals. Moreover, the loss of sensory or motor function is still the most
common outcome of such laboratory experiments. In addition, if the gap
distance separating the nerve stumps is too great, regeneration will not occur.
There is still demand for developing new biodegradable material with distinct
characteristics for nerve guide conduits. It is hypothesized herein that important
parameters such as surface properties that affect cell-substrate interaction,
porosity and biodegradation that maintains communication with the external
environment of the conduits, and delivery of neurotrophic factors that can

accelerate axon outgrowth have yet to be optimized.



satisfactory and compare poorly with the original nerve structure of the test animals. Moreover, the
loss of sensory or motor function is still the most common outcome of such laboratory experiments. In
addition, if the gap distance separating the nerve stumps is too great, regeneration will not occur.
There is still demand for developing new biodegradable material with distinct characteristics for nerve
guide conduits. It is hypothesized herein that important parameters such as|suasgpsepeirs that
affect cell-substrate interaction, porosity and biodegragation that maintains communication with the
external environment of the conduits, and delivery of neurotrophic factors that can accelerate axon

outgrowth have e tolass aptihiizdepradabée palyencare 0e1@vrhascRey Ghisispleepsidab i@ BBl avers
K ly(ghosphoester) (PPE) are_known. int in US-A:5256765 and
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According to one aspect of the present invention, there is provided a polymer comprising the subunit
0001101111 0O-R"OC- 0 -C-O-R'O- P ~ x R wherein R'is ethyl or butyl, R" is (CH2)p wherein p is

between 1 and 42, aRekR.1if i3 GAARS HRK A HHEH ARDAL MCHERLIANELABES Il @hents or a side
chain. Preferably, R'is O(CH2)"CH3 and n is between 1 and 12.

According to one aspect of the present invention, there is provided a polymer

comprising the subunit

O O O
J Il 1]
X

R

wherein R' is ethyl or butyl, R" is (CH,), wherein p is between 1 and 12 and R
is a cross link comprising one or more organic cross linking agents or a side
chain.

Preferably, R is O(CH,),CHj; and n is between 1 and 12.

Conveniently, R is OCH,CH3.

Advantageously, R' is CH,CH,.

Conveniently, wherein R" is (CH,),, wherein p is between 1 and 12.

Advantageously, R" is CH,CH,.

Preferably, R is a functional group and a bioactive component that is

conjugated via the functional group.



Conveniently, R is OCH2CH3. Advantageously, R' is CHzCHz. Conveniently, wherein R" is (CH2)p
wherein p is between 1 and 12. Advantageously, R" is CHzCHz. Preferably, R is a functional group
and a bioactive component that is conjugated via the functional group. 11 December 2006 7
Advantageously, the bioactive component comprises a neuroactive protein or peptide. Preferably, the
bioactive component comprises a neurotrophic factor. Conveniently, the neyjrephicfarior6ogpPrises
NGF, BDNF, CNTF or FGF. Advantageously, the bioagtive component comprises a cell adhesive
peptide. Preferably, the cell adhesive peptide comprises the amino acids: Arg Gly Asp; Tyr lle Gly
Ser Arg; or lle Ljslvantags ol yC dhe driegatiy eRderansroestliprsprinssing aneastivo ierateiial éons.
Advantageously, the prganic cross linking agent comprises 1,3,5- trihydroxybenzene or (CH20OH)4C.
Conveniently, t eeB%ff?mer further comprises the subunit O O O O 110111l I [OCH2CH20C- ~- C-Y
Preferably, x is between 5 and 100 and y is between 5 and 100. 11 December 2006 8

Preferably, the bioactive component comprises a neurotrophic factor.
Conveniently, the neutrophic factor comprises NGF, BDNF, CNTF or FGF.
Advantageously, the bioactive component comprises a cell adhesive peptide.

Preferably, the cell adhesive peptide comprises the amino acids: Arg Gly Asp;
Tyr Ile Gly Ser Arg; or Ile Lys Val Ala Val.

Conveniently, R is a cross link comprising one or more metal ions.

Advantageously, the organic cross linking agent comprises 1,3,5-

trihydroxybenzene or (CH,OH),C.

Conveniently, the polymer further comprises the subunit

O O O O

J I ] I
0-CH,CH,0C- @C-O-CHzcmo-c-@ _C-- }
y

Preferably, x is between 5 and 100 and y is between 5 and 100.



Advantageously, the ratio of x to y is 80:20. Conveniently, the polymer further comprises the subunit
O O O -CH2CH20C- ,01 C1-O-CH2CH20-P | z OCH3 Preferably, the polymer further comprises the
subunit O O O -CH2CH20C- ,01 C1-O-CH2CH20-P | z 10 Advantageously, x is between 5 and 100,
y is between 5 and 100 and z is between 5 and 100. In relation to the above statements of the
invention, it is to be appreciated that the polymer subunits described do notjnesgssai¥coangrise
single blocks in the polymer backbone. The notations ¥, y and z indicate the relative number of the
respective subunits in the polymer backbone but the units may be included in any order in the
backbone, includifiyaa tagedos! idibatioro e tondingthZ4hother aspect of the present invention there
is provided a nerve guide conduit comprising a poly(phosphoester) polymer. According to another
aspect of the present invention there is provided a nerve guide conduit comprising a polymer as

described above;o’lﬁlvg}ﬁ@ﬁngbqh@%@rg&qaﬁg@myy@h@e@(@m%ﬁﬁﬁ an average molecular weight of
between 10,000 and 25,000.
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Preferably, the polymer further comprises the subunit

0 0 0
I I I
-CH2CH20C-©C-O-CH2CHZO—P }—
| Z

o

Advantageously, x is between 5 and 100, y is between 5 and 100 and z is

between 5 and 100.

In relation to the above statements of the invention, it is to be appreciated that
the polymer subunits described do not necessarily comprise single blocks in the
polymer backbone. The notations x, y and z indicate the relative number of the
respective subunits in the polymer backbone but the units may be included in

any order in the backbone, including a random distribution.

According to another aspect of the present invention there is provided a nerve

guide conduit comprising a poly(phosphoester) polymer.

According to another aspect of the present invention there is provided a nerve

guide conduit comprising a polymer as described above.



Preferably, the polymer has an average molecular weight of between 14,900 and 18,900.
Advantageously, the polymer has an average molecular weight of between 15,000 and 17,000.
Conveniently, the conduit has a surface porosity of between 2 and 58%. Preferably, the conduit has a
surface porosity of 35%. Advantageously, the conduit has a surface porosity of 8%. Conveniently, the
conduit has a diameter of between 1 and 2 mm. Preferably, the conduit has| g giameigELbdds mm.
Advantageously, the conduit has a wall thickness of bQ}ween 150 and 250m. Conveniently, the wall
thickness is 170 or 240 m. Preferably, the conduit comprises a plurality of layers. Advantageously, the
conduit compriseoBviiers]y. iiBepelyber 2aoan1avongeamielety] aavieighepishesnsean 0080d 30 pm
thick. Preferablg §?csh1d§§er is 25 pm thick. Advantageously, the outer surface of the conduit has
greater micropo 8 ity than " the luminal surface of the conduit. Conveniently, the conduit comprises a
gene delivery system. Preferably, the gene delivery system comprises a complex of DNA and a
cationic polymer or lipid loaded into the conduit. Advantageously, the complexes are particles of 20nm

in diameter. Cofxedalehtly, the pafipmierpadpnier aydigigecomsisdarpoisiahiylehbivecqoll4 L00sine or
chitosan. Advan&ggel%é% the cationic polymer or lipid comprises 1,2 - dioleoyl

Advantageously, the polymer has an average molecular weight of between

15,000 and 17,000.

Conveniently, the conduit has a surface porosity of between 2 and 58%.
Preferably, the conduit has a surface porosity of 35%.

Advantageously, the conduit has a surface porosity of 8%.

Conveniently, the conduit has a diameter of between 1 and 2 mm.

Preferably, the conduit has a diameter of 1.5 mm.

Advantageously, the conduit has a wall thickness of between 150 and 250pum.
Conveniently, the wall thickness is 170 or 240 um.

Preferably, the conduit comprises a plurality of layers.

Advantageously, the conduit comprises 3 layers.



phosphatidylethanolamine. Conveniently, the cationic polymer or lipid comprises Transfast or
GenePORTER. Preferably, the gene encodes a neurotrophic protein or a neuro-active neural fibre
growth eliciting molecule. Advantageously, the gene comprises NGF, BDNF or Bcl-2. 11 December
2006 11 Conveniently, the conduit comprises a sustained protein delivery system. Preferably, the
sustained protein delivery system comprises one or more microspheres, logdegdpio s opjeguit and
containing a protein such that the protein is released {igm the microspheres progressively.
Advantageously, the microspheres are made from a poly(phosphoester) polymer. Conveniently, the
microspheres afeomeciadndly, & pdlymer as kitsien 20end. 3Preferdindk. the microspheres are made
from poly(lacticco-glycolic acid) or poly(lactide-co-glycolide). Advantageously, the average diameter of
the microspheres is between 5 and 20 m. Preferably, the average diameter of the microspheres is 10

m. Convenientlypgg@%qu%@ﬁrﬁ éﬂ@@@ﬂﬂ?tﬂf%‘?in over a period of at least three months.

Advantageously, at least'100 pg of protein is loaded per 10 mm of conduit. Conveniently, the protein
comprises NGF, BDNF, CNTF, epidermal growth factor or fibroblast growth factor. 11 December 2006

Advantageously, the outer surface of the conduit has greater microporosity than
the luminal surface of the conduit.

Conveniently, the conduit comprises a gene delivery system.

Preferably, the gene delivery system comprises a complex of DNA and a

cationic polymer or lipid loaded into the conduit.
Advantageously, the complexes are particles of 20nm in diameter.

Conveniently, the cationic polymer or lipid comprises polyethylenimine, poly-

L-lysine or chitosan.

Advantageously, the cationic polymer or lipid comprises 1,2 - dioleoyl

phosphatidylethanolamine.

Conveniently, the cationic polymer or lipid comprises Transfast or

GenePORTER.

Preferably, the gene encodes a neurotrophic protein or a neuro-active neural

fibre growth eliciting molecule.

Advantageously, the gene comprises NGF, BDNF or Bcl-2.



12 Preferably, the conduit is loaded with a bioatrtificial nerve graft comprising Schwann cells.
Advantageously, the conduit is for use in a method of regenerating a severed nerve comprising the
step of: inserting each of the respective nerve stumps into the respective first and second ends of the
conduit. According to a further aspect of the present invention there is provided a method of
regenerating a severed nerve comprising the steps of: providing a nerve gujdersQngyii-a9 degcribed
above, the conduit having first and second ends; and jpserting each of the respective nerve stumps
into the respective first and second ends of the conduit. Conveniently, the nerve is in the hand and the
conduit is provideenagicatlytibe tepiadinis efnierisand. sastondihgrotemolntivagpeystenthe invention,
there is provided a method of fabricating a polymer comprising the steps of: providing a solution of the
polymer and a solvent; and adding first and second non-solvents to the solution. Preferably, the

solvent has a sqibilhT| raRiek thanrAQ MaTliCaRIRRIBNty diversahianinas asilubiliviekgreater

than 100 mg/ml. Advantageously, either or both of the non-solvents has a solubility of less than 10

mg/ml. PreferabWiceippliiasebothadethamortiploendsiiagng sulobiinyngs keggatein Guchnigyanthiel

December 2006 1% Conveni entIH one aﬁthe soIvth and either or thh non-solvents has at least
V8

0.5% solubility iR the Oth RIS nd eithér 6 Hoth won3oivents.

Advantageously, the microspheres are made from a poly(phosphoester)

polymer.
Conveniently, the microspheres are made from a polymer as detailed above.

Preferably, the microspheres are made from poly(lacticco-glycolic acid) or

poly(lactide-co-glycolide).

Advantageously, the average diameter of the microspheres is between 5 and 20

pwm.
Preferably, the average diameter of the microspheres is 10 pm.

Conveniently, the microspheres release the protein over a period of at least

three months.
Advantageously, at least 100 pg of protein is loaded per 10 mm of conduit.

Conveniently, the protein comprises NGF, BDNF, CNTF, epidermal growth

factor or fibroblast growth factor.



Preferably, the method comprises the step of, after adding the first and second non-solvents,
increasing the concentration of the second non-solvent. Advantageously, the second non-solvent is
added to the solution at a concentration of between 0 and 60% (v/v) and is increased to a
concentration of between 65 and 75 % (v/v). Conveniently, the concentration of the second
non-solvent is increased to 70% (v/v). Preferably, the method obtains a polymeycaating hawkng a
predetermined porosity and further comprises the steps of: before adding the first and second
solvents, determining the relative concentrations of the first and second solvents required to achieve
the predeterminBtefoeddity: thadcatding ikelfindedintliBecohaossliiaeisl inenecremattedoropdshigations.
Advantageously, t&e step of determining the required concentrations of the first and second solvents
comprises deteﬁﬁl %Ebnfﬁ(é émixing boundary and gelation point of a mixture of the polymer, the
solvent and the first and second non- solvents. Conveniently, the step of determining the demixing
boundary comprises titrating pure non-solvent into the homogenous polymer solution and detecting
the concentratioh®fanstgsonsit thguiraultatprodieice ssermananthabiefitycigenwratogtiorc vargecember

2006 14 Preferably, the step of determining the gelation point comprises.providin solution of the
oo i the SR RS R IS LD S e G TR SO Lt BN SRS HER: the
solution. Advaniageesisbie SAlvant GemmiEesRNIefowBnduit.

According to a further aspect of the present invention there is provided a
method of regenerating a severed nerve comprising the steps of: providing a
nerve guide conduit as described above, the conduit having first and second
ends; and inserting each of the respective nerve stumps into the respective first

and second ends of the conduit.

Conveniently, the nerve is in the hand and the conduit is provided adjacent the

tendons of the hand.

According to another aspect of the invention, there is provided a method of
fabricating a polymer comprising the steps of: providing a solution of the
polymer and a solvent; and adding first and second non-solvents to the solution.
Preferably, the solvent has a solubility of greater than 10 mg/ml.

Conveniently, the solvent has a solubility of greater than 100 mg/ml.

Advantageously, either or both of the non-solvents has a solubility of less than

10 mg/ml.

Preferably, either or both of the non-solvents has a solubility of less than 0.1

mg/ml.



Conveniently, the first non-solvent comprises water. Preferably, the second non-solvent comprises
methanol. Advantageously, the polymer is a poly(phosphoester). Conveniently, the polymer is a
poly(phosphoester) as described above. Preferably, the method comprises the steps of: dipping a
mandrel into the solution; removing the mandrel from the solution and then drying the polymer
solution on the mandrel. Advantageously, the method comprises the steps qof; giRingi:aiggel into a
solution of the polymer and a solvent; removing the mg@drel from the solution and then drying the
polymer solution on the mandrel, preferably wherein the solubility of the solvent is greater than 10
mg/ml, more préferaisiyignéhteptsant 1b0 radyient Godverthentyr thetinatosoiyients basnpritessthe step

of, after removi ?e ndrel from the solution, immersing,the mandyel jn a non-solvent, preferably
aving a solubily of ST 0 e oh T, SRTAH LS BOEE B PRS0 BelBmber 2006 15
Preferably, the steps of dipping the mandrel into the solution, removing the mandrel and immersing it
in a non solvent are repeated one or more times to produce multiple polymer coatings.

AdvantageoushyPripisetehs Hre omiled sontiprisesiihsssiCpmfenidatinddirng therersirgehecasadrel in

the non-solventhtg}?_ mﬁ,n%rel 5% géggﬁld i tg tta% S%'Pt‘%% 01;) ?‘H{e”ég&?r? ore r}_hse0 porﬁ-solvent is
completely remov&a from E?re Mararer Preferabn ,]f%e sl{ep of drymg compnsegefré‘eze drying.
Advantageously, the step of drying comprises vacuum drying.

Advantageously, the second non-solvent is added to the solution at a
concentration of between 0 and 60% (v/v) and is increased to a concentration of

between 65 and 75 % (v/v).

Conveniently, the concentration of the second non-solvent is increased to 70%

(v/v).

Preferably, the method obtains a polymer coating having a predetermined
porosity and further comprises the steps of: before adding the first and second
solvents, determining the relative concentrations of the first and second
solvents required to achieve the predetermined porosity; and adding the first

and second solvents in the required concentrations.

Advantageously, the step of determining the required concentrations of the first
and second solvents comprises determining the demixing boundary and gelation
point of a mixture of the polymer, the solvent and the first and second non-

solvents.

Conveniently, the step of determining the demixing boundary comprises
titrating pure non-solvent into the homogenous polymer solution and detecting
the concentration of non-solvent required to produce permanent turbidity in the

solution.



Conveniently, the method further comprises the step of, after removing the mandrel from the solution,
rotating the mandrel horizontally such that variations in the thickness of the coating are reduced.
Preferably, the method further comprises the steps of: casting the polymer in a mould, evaporating the
solvent and peeling off the polymer coating from the mould. Advantageously, the method comprises
the steps of: casting a solution of the polymer and a solvent in a mould, evaporsting,ihs: sejugnt to
form a polymer coating and peeling off the polymer cqgting from the mould. Conveniently, the method
further comprises the steps of, after peeling the polymer coating from the mould, rolling the polymer
around a manditefathdgalihg @mosa‘ﬁglgiqﬁgi@ingetbgagﬁigtiortomim cmmumsga pren@ﬂibgraeoors 16
Preferably, the si

f
e me A e e e NS SO & 0 seTYe e T hassriegin with

solution or slurrynefiiie BPbKRRESRITaESIERL eindhdadigating the conduit from the mixture.
Conveniently, the solution or slurry is aqueous. In order that the invention may be more readily

understood and so that further features thereof may be appreciated, embodiments thereof will now be
described, by w Yi of ex: ref rence to the ac ing drawings. Figure 1 shows the
chemical structu?r&e ozf ]ﬁgl Foee%?g‘r/s hgggl Pgrsr?ér?/c%fngﬁggme conduit fabrication according to
embodiments of the mventron as follows: (a) P(BHET-EOP/TC); (b) P(BHET-EOP-MOP/TC); and (c)

P(BHET-
Conveniently, the first non-solvent comprises water.

Preferably, the second non-solvent comprises methanol.
Advantageously, the polymer is a poly(phosphoester).
Conveniently, the polymer is a poly(phosphoester) as described above.

Preferably, the method comprises the steps of: dipping a mandrel into the
solution; removing the mandrel from the solution and then drying the polymer

solution on the mandrel.

Advantageously, the method comprises the steps of: dipping a mandrel into a
solution of the polymer and a solvent; removing the mandrel from the solution
and then drying the polymer solution on the mandrel, preferably wherein the
solubility of the solvent is greater than 10 mg/ml, more preferably greater than

100 mg/ml.

Conveniently, the method further comprises the step of, after removing the
mandrel from the solution, immersing the mandrel in a non-solvent, preferably

having a solubility of less than 10 mg/ml, more preferably less than 0.1 mg/ml.



EOP-OPJTC). Figure 2 shows schematic ternary phase diagrams for P(BHET- EOP)/CHC13/H20
system for: (a) a higher molecular weight polymer; (b) a lower molecular weight polymer. Figure 3
shows schematic ternary phase diagrams representing the phase changes that occur during the
process of immersion precipitation of: (a) P(BHET-EOP)/CHC13/MeOH system; and (b)
P(BHET-EOP)/CHC13/H20 system. The cloud point data is assumed to repressstdhe, &ingstiy
demixing boundary, considering the relatively long '[Iﬂ’l% scale required for the demixing 11 December
2006 17 process to occur in this system. The gelation point for the polymer- CHC13 system was
estimated at 69%s¢iennblyvhifetieepelatichitpingdty meederhanie theesalatishaseaiaygragngepresent

the two extreme C&Slg? mersmnll(g% (F‘ |tat|on in tJDI'e met anol o @UI’G water baths respectlvely

In the case of Water-h rﬁgﬁ%néﬁnr%l & dei%in 35?yr%38§ {8 18'sHI o |ﬂ}%?rﬁedlate

coordinates. Tht&(ﬂﬂé@%ﬁﬁﬁ@%@ﬁ v gl of time required for the phase separation process to
occur, if at all. Figure 4 shows a SEM (Scannlng Electron Micrograph) of typical appearance of a

polymer surface of a vacuum-dried specimen, according to embodiments of the present invention,
precipitated in: (),water e Qjanol and (c) 50:5 hanol/ water mixture. Figure 5 shows a SEM
of typical appea%élce g%%‘% %P eslsjtr Be&" (éfc)él ee(fz) rTEde%rille s?pecm’len according to embodiments of
the present invention, preC|p|tated in: (a) water; (b) methanol; and (c) 50:50 methanol/ water mixture.

Figure 6 shows a SEM of a poly(phosphoester) nerve guide conduit in
Conveniently, after immersing the mandrel in the non-solvent, the mandrel is

dipped into the solution of polymer before the non-solvent is completely

removed from the mandrel.
Preferably, the step of drying comprises freeze drying.
Advantageously, the step of drying comprises vacuum drying.

Conveniently, the method further comprises the step of, after removing the
mandrel from the solution, rotating the mandrel horizontally such that

variations in the thickness of the coating are reduced.

Preferably, the method further comprises the steps of: casting the polymer in a
mould, evaporating the solvent and peeling off the polymer coating from the

mould.

Advantageously, the method comprises the steps of: casting a solution of the
polymer and a solvent in a mould, evaporating the solvent to form a polymer

coating and peeling off the polymer coating from the mould.

Conveniently, the method further comprises the steps of, after peeling the
polymer coating from the mould, rolling the polymer around a mandrel and

sealing opposing sides of the coating to form a conduit.



accordance with an embodiment of the invention. Figure 7 shows a SEM of vacuum-dried polymer
surface for specimens, in accordance with embodiments of the present invention, precipitated in
immersion baths in which the concentration of methanol in water was incrementally increased from 0
to 70% (v/v) (gradient precipitation). Initial bath methanol concentration (v/v): (a) 0%; (b) 10%; (c)
20%; (d) 30%; (e) 40%; (f) 50%; (g) 60%. Figure 8 shows the biocompatibility p§REBINeT A/ TC) as
a NGC material. (A): Rat DRG (Dorsal Root Ganglion) seurons are not affected after treatment 11
December 2006 18 with extracts from P(BHET-EOP/TC) conduits extracted for 3 days. NF68
immunostaining in control and treated cell cultures. (B): In vivo Tissue Response to PPE NGC. The

tissue capsule tfxe %(ier surface.of a NGC ai maonths after implanta ?:lon The tube WO E&Iocated
at the lower left hand corme gf tﬁél?%lc% % %a%l‘f"gﬁ?oy d Gu VG&OC&%ISQ ylin and
Eosin staining. Eﬁﬁ)ﬁ;@ﬁﬁldpg%@%qq@ﬁﬁﬁﬁh@@_d (B) was x200 and x400, respectlvely. Figure 9
shows the results of experiments measuring the swelling and wall thickness changes of nerve guide

conduits in accordance with embodiments of the present invention over time. In vitro swelling of

P(BHET-EOP/T conduits ) eight.increase. N nd8|nT [l condwts e data
is present as me%ln . |g%ril\1|/ é%a&nﬁ ﬁ‘ecr%rrlll ee\;vl}aee%t ypelé‘nd%ﬁg?h o]i)'n%)uets pé-{g 05. (B)

Increase in wallthiskness.oN s:ILﬁﬂjﬂ SRak:tyRe P heRPHYES EigUsR d Pt nBatetdtriafexpaiiments
into weight loss :ﬁnd decrease of
the mixture.

Conveniently, the solution or slurry is aqueous.

In order that the invention may be more readily understood and so that further
features thereof may be appreciated, embodiments thereof will now be

described, by way of example, with reference to the accompanying drawings.

Figure 1 shows the chemical structure of poly(phosphoesters) used for nerve
guidance conduit fabrication according to embodiments of the invention as
follows: (a) PABBHET-EOP/TC); (b) PBBHET-EOP-MOP/TC); and (c) P(BHET-
EOP-OP/TC).

Figure 2 shows schematic ternary phase diagrams for P(BHET-
EOP)/CHCI3/H,0 system for: (a) a higher molecular weight polymer; (b) a

lower molecular weight polymer.

Figure 3 shows schematic ternary phase diagrams representing the phase
changes that occur during the process of immersion precipitation of: (a)
P(BHET-EOP)/CHCI3/MeOH system; and (b) P(BHET-EOP)/CHCIl3/H,O
system. The cloud point data is assumed to represent the binodal demixing

boundary, considering the relatively long time scale required for the demixing



weight-average molecular weight of PPE NGCs, in accordance with an embodiment of the invention,
in a time-dependent manner under physiological conditions. Thus the experiments show the in vitro
degradation of P(BHET- EOP/TC) conduits. (a) Percentage weight loss. N = 7 in Type | and 8 in Type
Il conduits. (b) Percentage decreases in weight-average molecular weight. At least three conduits
were used for sample preparation for a GPC analysis at each point. Figure Ll SReXSHRAMNR)6
degradation of P(BHET-EOP/TC) conduits, in accordgrce with embodiments of the present invention.
SEM images (A) and (D) are from Type | and Il NGCs, respectively, before implantation. SEM image
(B) displays the@wdase shaegerinmype | wmnsmwgel@memmo‘évemhbepczbmerigqﬁl@hntation

and (E), (F) show changes in T s at 3 S. is. the cro |cal earance of a
oo 1 comiit SYSSD AR ST LRI A TBIR O a o SR s R o o
the proximal stqrRe Wit a]:])Ré@@ |Hﬁ'§ﬁlﬁﬁn%ﬁré§eﬁ@cﬁﬁ€a% V‘éﬂh@ﬁl@”’ﬁ%@@ﬁ“@ﬂt infihespsasent
invention, pre-filled with saline at the time of implantation. (B) A macroscopic picture of the matrix

cable across 10pieeiRjspian3dayyenmactipwlioppEreowaisr, haths cssimete elith lanteenddsdirabnt of the
present invention. Cl) M# f\ph .of a longi d al section of th§ acellular flbrlp %wttrlx fl% rpd at 3
days. The ongma?magnl on was %50 gE regenegatedun e 3 mSHINS Shter surge

conduit, in accofippa Wik aermRAENENhRS o1 REEREBhaRYeNtP thanchithromtimtorabjenadh, was
used to bridge a 10-mm gap. Figure 13 shows NF68 immunoreactive axons in Type Il PPE conduits, in

accordance witH@rlgriduginienasiting presest inveasionifahmhths after

Figure 4 shows a SEM (Scanning Electron Micrograph) of typical appearance
of a polymer surface of a vacuum-dried specimen, according to embodiments of
the present invention, precipitated in: (a) water; (b) methanol; and (c) 50:50

methanol/ water mixture.

Figure 5 shows a SEM of typical appearance of a polymer surface of a freeze-
dried specimen, according to embodiments of the present invention,

precipitated in: (a) water; (b) methanol; and (c) 50:50 methanol/ water mixture.

Figure 6 shows a SEM of a poly(phosphoester) nerve guide conduit in

accordance with an embodiment of the invention.

Figure 7 shows a SEM of vacuum-dried polymer surface for specimens, in
accordance with embodiments of the present invention, precipitated in
immersion baths in which the concentration of methanol in water was
incrementally increased from 0 to 70% (v/v) (gradient precipitation). Initial
bath methanol concentration (v/v): (a) 0%; (b) 10%; (c) 20%; (d) 30%; (e)
40%; () 50%; (2) 60%.

Figure 8 shows the biocompatibility of P(BHET-EOP/TC) as a NGC material.

(A): Rat DRG (Dorsal Root Ganglion) neurons are not affected after treatment



implantation. (A) At the proximal stump; (B) At the distal stump; (C) Comparison of the NF68
immunoreactivity expressed in arbitrary units. Figure 14 shows PEI-mediated Gene Expression in the
Rat DRG after Gene Delivery in Nerve Guide Conduits (PEUpcDNA3 lacZ, 4 g) in accordance with
an embodiment of the present invention. 20 1)1 of PEUpcDNAS3IlacZ complexes were loaded into a
NGC conduit after suturing the conduit with the transected rat sciatic nerve.| ThsdefspLrogjgganglions
were collected and sectioned for b-Gal staining.(A) depgo; (B) day 1; and (C) day 2. Figure 15(C)
shows PEI-mediated Gene Expression in the spinal cord 2 days after gene delivery in NGC

(PEUpcDNA3 lagth4extrags) ren ABPEINR@BI Oonmiduds wattaiadetbint daysANIdmluit, in
accordance 11 December 2006 20 Withtarl em%o?ime%n%of tlﬁe resent in g .tiC}n, after suturing the
conduit with a. (PARRMBRIFIBPEE e FRRVEO TR SFeA e 51 U o B Ko ciBRed RVE: Gai
staining. Figure A8(A shows PRINGCaFINg BN Elp ifk s 1EE oM RAGONSl hasiog 9nly
DNA. Figure 16(B) shows regenerated cables collected one month after PEUpcDNA/BDNF

complexes (4 paniengospifteverampaniadioio Bhrcaecovild, e desotdd ridethgtiaarce tdbdiansht of the
present invention, after suturing the conduit with a transected.rat sciatic nerve, Figure 16(A) shows a
Control The rest ISk Ha e PR SN L S eH T e i DR i b Figure
17(B) shows theplisiolagiaah examinatiemef regeneieiadcafies ) calecry was xonthadteu00,
PEUpcDNA/BDNF complexes (4 pg in 20 ) were loaded into a NGC conduit, in accordance with an

embodiment of te8psesbealy-

Figure 9 shows the results of experiments measuring the swelling and wall
thickness changes of nerve guide conduits in accordance with embodiments of
the present invention over time. In vitro swelling of P(BHET-EOP/TC)
conduits. (A) Weight increase. N = 7 in Type I and 8 in Type II conduits. The
data is present as mean + SEM. *: significant difference between Type I and
Type II conduits, p< 0.05. (B) Increase in wall thickness. N = 6 in each type of

conduit.

Figure 10 shows the results of experiments into weight loss and decrease of
weight-average molecular weight of PPE NGCs, in accordance with an
embodiment of the invention, in a time-dependent manner under physiological
conditions. Thus the experiments show the in vitro degradation of P(BHET-
EOP/TC) conduits. (a) Percentage weight loss. N =7 in Type I and 8 in Type 11
conduits. (b) Percentage decreases in weight-average molecular weight. At least
three conduits were used for sample preparation for a GPC analysis at each

point.

Figure 11 shows in vivo degradation of P(BHET-EOP/TC) conduits, in
accordance with embodiments of the present invention. SEM images (A) and
(D) are from Type 1 and II NGCs, respectively, before implantation. SEM

image (B) displays the surface change in Type I conduits 6 weeks after



invention, after suturing the conduit with a transected rat sciatic nerve. Figure 17 (A) is a control.
Micrographs of semi-thin sections show myelinated axons. The higher fiber density in BDNF loaded
NGC is to be noted. Toluidine blue staining. The original magnification x1000. The figures show that
PEI- mediated BDNF expression promotes nerve regeneration. Figure 18 shows western blot analysis
of human Bcl-2 expression to compare gene transfer efficiency of different PNALankigks- Ritde
brainstem samples were collected 2 days after tongu%njection. Lane 1 and 10: size marker; lane 2:
positive control, Bcl-2 transfected NT2 cells; lane 3: injected with chitosan/Bcl- 2 complex (0.05%

chitosan in HAGMRIABtatiinjendd Wit Bothawyehaagslin Typepléx¢ndorg/al sfrrenths IMEM); lane
5: injected with PEI/Bcl-2 comcfle[x 11 Decembeg 2?06 il‘l N/P =1 %}@I)ar%g 6: injected with PEI
solution alone; | r?en}a:‘%?ggf)éj AtAPREREY Bt apayé?ﬁi 5 ;ullgu’?l MY IPrransfast complex; lane
9: Bcl- 2/GenePORTER complex. Molecular weights of protein standards are stated on the left site of

the blot. Tissue extracts with 20 pg of total proteins per lane were electrophoretically separated in
12.5% SDS-PAER U etiety tomaifreemiglose kheatt, 4Ad ienstiarsasrscmvitpalmdriicibaal

antibody against human BCL-2. F{ ure.19 icts microspheres fabricated with 1% PVA. Figure
ik TS BT Sasio s

19(B) depicts nhESUHABFEIPRL M &t VRS ShaWSthab enigh® 6ridBREGHBR"S PVA is

required to fabri@ﬂtﬁ@}i%@éﬂ‘ﬂf@ﬂﬂﬁ,fpﬁfrﬂﬂeﬂi%ﬁt@éliﬁ&ﬂf eheQishowsimisrasahere dstrpution
within a regenerated tissue cable after loaded into a NGC, in accordance with an embodiment of the
present inventiomacroscopic picture of the matrix cable across 10-mm gap at 3 days in a Type

IT PPE conduit, in accordance with an embodiment of the present invention. (C)

Micrograph of a longitudinal section of the acellular fibrin matrix found at 3

days. The original magnification was x200. (D) A regenerated nerve 3 months

after surgery. A conduit, in accordance with an embodiment of the present

invention, and 14 mm in total length, was used to bridge a 10-mm gap.

Figure 13 shows NF68 immunoreactive axons in Type II PPE conduits, in
accordance with an embodiment of the present invention, 3 months after
implantation. (A) At the proximal stump; (B) At the distal stump; (C)

Comparison of the NF68 immunoreactivity expressed in arbitrary units.

Figure 14 shows PEI-mediated Gene Expression in the Rat DRG after Gene
Delivery in Nerve Guide Conduits (PEI/pcDNA3 lacZ, 4 pug) in accordance
with an embodiment of the present invention. 20 vl of PEI/pcDNA3lacZ
complexes were loaded into a NGC conduit after suturing the conduit with the

transected rat sciatic nerve. The dorsal root ganglions were collected and

sectioned for b-Gal staining.(A) day 0; (B) day 1; and (C) day 2.

Figure 15(C) shows PEI-mediated Gene Expression in the spinal cord 2 days
after gene delivery in NGC (PEI/pcDNA3 lacZ, 4 pg). 20 vl of

PEI/pcDNA3lacZ complexes were loaded into a NGC conduit, in accordance



FITC-BSA was used to prepare microspheres. The regenerated tissue cable was collected one week
after tube implantation and microsphere loading. The distribution was examined after sectioning of the
tissue cable. Figure 21 shows the results of experiments into the level of entrapment of protein within
microspheres. The percentage of protein encapsulated in each of the polymeric microspheres is
shown. The amount of protein was recovered after dissolving microspheresjip ghlrefiosroand
extracting the protein in water. Figure 22 shows releagg profile of BSA protein from biodegradable
polymeric microspheres. The cumulative protein release profile was normalized to the initial amount
encapsulated. Mlﬂeaérﬂmnﬂﬁzt@@rETQSBQhmnél@aséfmbﬁl@mmmﬁrmmrwﬁh@res

O NGF oncapsUIAIHRITL 4oL Vorsd RIS, SR SUSHUAS GAdes MBS =™

microspheres. %ﬁmmuﬁﬁﬁga ’FE@J% GﬁsBﬂ)nmw‘ﬂaaneahﬁmtmﬂvﬁlgpgﬁlycmurp@r@ymweton
marker, 2 weeks after implantation of the NGC, in accordance with an embodiment of the present

invention, that vwae filketicontral b@ﬂmgrﬁ)@bﬂpﬁfh’ncrospheres containing 40 ng of nerve growth factor
(NGF). B: control. PPE microspheres without NGF. Definitions BDNF brain derived neurotrophic
factor BHET bis(hydroxyethyl)-terephthalate Bioactive Component a neutrotrophic factor or cell
adhesive peptide CNTF ciliary neurotrophic factor

Figure 16(B) shows regenerated cables collected one month after
PEI/pcDNA/BDNF complexes (4 pug in 20 pl ) were loaded into a NGC
conduit, in accordance with an embodiment of the present invention, after
suturing the conduit with a transected rat sciatic nerve. Figure 16(A) shows a
control. The results show that PEI-mediated BDNF expression promotes nerve

regeneration.

Figure 17(B) shows the histological examination of regenerated cables
collected one month after PEI/pcDNA/BDNF complexes (4 g in 20 pl ) were
loaded into a NGC conduit, in accordance with an embodiment of the present
invention, after suturing the conduit with a transected rat sciatic nerve. Figure
17 (A) is a control. Micrographs of semi-thin sections show myelinated axons.
The higher fiber density in BDNF loaded NGC is to be noted. Toluidine blue
staining. The original magnification x1000. The figures show that PEI-

mediated BDNF expression promotes nerve regeneration.

Figure 18 shows western blot analysis of human Bcl-2 expression to compare
gene transfer efficiency of different DNA carriers. Rat brainstem samples were
collected 2 days after tongue injection. Lane 1 and 10: size marker; lane 2:
positive control, Bcl-2 transfected NT2 cells; lane 3: injected with chitosan/Bcl-
2 complex (0.05% chitosan in HAC); lane 4: injected with Poly-L-lysine/Bcl-2
complex (100ng/ul of PLL in DMEM); lane 5: injected with PEI/Bcl-2 complex



EOP ethyl phosphorodichloridate FGF fibroblast growth factor GenePORTER cationic lipid
comprising 1,2 - dioleoyl phosphatidylethanolamine MOP methyl phosphorodichloridate NGC nerve
guide conduit NGF nerve growth factor PI polydispersity index 11 December 2006 23
Poly(phosphoester) a polymer having a subunit of the formula 10 11 O-I-O-R'R PPE
poly(phosphoester) TC terephthaloyl chloride Transfast N,N[bis(2-hydroxygthyhsNsmsthyloye2,3-
di(tetradecanoyloxy)propyl] ammonium iodide/1,2 - diglgoyl phosphatidylethanolamine. Embodiments
of the invention provide biodegradable tubular devices useful as guide conduits for severed

regenerating neMEB. Sukdl b cdatiuid canjedakeavito FEDaiphdion akdectslancthi fagecerduippér and
sensation and T8 THTr T e e Bben v SHAE R leb THETERe LhB ot the
tubes, the condgjis¢énapPOIRYIER disafiierRahgvidanse siBRIY®PPoteMtBtandards are stated on
the left site of the blot. Tissue extracts with 20 ug of total proteins per lane
were electrophoretically separated in 12.5% SDS-PAGE, transferred to a
nitrocellulose sheet, and immunoreacted with a monoclonal antibody against

human BCL-2.

Figure 19(A) depicts microspheres fabricated with 1% PVA. Figure 19(B)
depicts microspheres fabricated with 10% PVA. This shows that a high
concentration of PVA is required to fabricate microspheres with a small

diameter.

Figure 20 shows microsphere distribution within a regenerated tissue cable after
loaded into a NGC, in accordance with an embodiment of the present invention.
FITC-BSA was used to prepare microspheres. The regenerated tissue cable was
collected one week after tube implantation and microsphere loading. The

distribution was examined after sectioning of the tissue cable.

Figure 21 shows the results of experiments into the level of entrapment of
protein within microspheres. The percentage of protein encapsulated in each of
the polymeric microspheres is shown. The amount of protein was recovered

after dissolving microspheres in chloroform and extracting the protein in water.

Figure 22 shows release profile of BSA protein from biodegradable polymeric
microspheres. The cumulative protein release profile was normalized to the

initial amount encapsulated.



prevent invasion of scar tissue, maintain endogenous trophic or growth factors, and repel external
factors that are inhibitory to nerve outgrowth. The advantages of such conduits instead of using donor
tissues from patients for treatments of nerve defects include: preserving function at the potential donor
sites, eliminating the risk of formation of painful neuromas at the donor sites and reducing the number
of surgical procedure involved. The devices are formed using a biodegradahyl¢ pRISRIRSIIMRSter)
matrix. With this polymer, it is feasible to produce a dgyice having a surface porosity ranging 11
December 2006 24 from 2 to 58% and a molecular weight cut-off of up to 12000 kD. The device,
through its trandiegiie Q&@bmm@@apcoméﬁ@méﬂé@ﬁ/éram thacpehsresomadgefiothoP e

sufficient to proma te nerv nd essentiall s host toxicit adatl n, In some
cmbodments, (S SBHED MEbr i ted it LSRN RAL el P T AP clodls & Hame and
gene delivery sysieans shNOFQviekpdgakanced promotion of severed nerve regeneration.
Embodiments of the invention include a class of poly(phosphoester) polymers that eliminate or
substantially reduce many of the problems and disadvantages associated With the prior art attempts at
fabricating nerv?%wde Eand it deV|ces Inlgartlcular by ust noveldo ce aneth are
effective in contr ng poros ) ndile gu &5 ona Thade T e lﬁlo?y(p%osp 0es er) exhibits
good performanggdrbRpaereting NeRtiLLRARHRHE N KIDeRMiRA I Ritivh@piesiable bipdegiadability,
negligible swelling, no crystallization after implantation and the potential of coupling neuroactive
biomolecules. neuronal cytoskeleton marker, 2 weeks after implantation of the NGC, in

accordance with an embodiment of the present invention, that was filled with a

solution of PPE microspheres containing 40 ng of nerve growth factor (NGF).

B: control. PPE microspheres without NGF.

Definitions
BDNF brain derived neurotrophic factor
BHET bis(hydroxyethyl)-terephthalate

Bioactive Component

a neutrotrophic factor or cell adhesive peptide

CNTF ciliary neurotrophic factor

EOP ethyl phosphorodichloridate

FGF fibroblast growth factor

GenePORTER cationic lipid comprising 1,2 - dioleoyl
phosphatidylethanolamine

MOP methyl phosphorodichloridate

NGC nerve guide conduit

NGF nerve growth factor

PI polydispersity index



The poly(phosphoester) class of biodegradable polymers has structural versatility and attractive
physico-chemical properties. The versatility of this class of polymers comes from the versatility of the
phosphorus atom, which is known for its multiplicity of reactions. The potential of conjugating bioactive
components such as neurotrophic factors or ligands to a poly(phosphoester) to enhance nerve
regeneration provides a distinct advantage in the application of this polymef f$2 REH¥R IR,
material. Modification of the surface chemistry within Ehje lumen of a NGC in this way may help to
direct nerve regeneration and/or to support nerve fiber maturation. Furthermore, the
P(BHET-EOP/TBY)lyiphespmbeieP006 25 &pelyhpsijphogphedsiei) pbssessamebacellent film-forming
properties and processability. The phosphoester bond in the PPE backbone can be cleaved by water
under physiological conditions. The rate of biodegradation of the poly(phosphoester) compositions of
the invention may also be controlled by varying the |hydtpphobicjty of the polymer as described in
US-A-5,256,765. When the composition of the p &)_15. BSR long term delivery of a therapeutic
agent a relatively hydrophobic backbone matrix, forl example, cgntaining bisphenol A, is preferred. It
is possible to enhance the degradation rate of the poly(ghosphoester) or shorten the functional life of
the device, by introducing hydrophilic or polar groups, into the backbone matrix. Further, the
introduction of methylene groups into the backbone matrix will usually increase the flexibility of the
backbone and decrease the crystallinity of the polymer. Conversely, to obtain a more rigid backbone

matrix, for exampbg; when used orthopedi HRpatie structure, such as a diphenyl group, can
m PO BRAIBEES

TC terephthaloyl chloride

Transfast + N,N[bis(2-hydroxyethyl)-N-methyl-N-[2,3-
di(tetradecanoyloxy)propyl] ammonium iodide/1,2 -

dioleoyl phosphatidylethanolamine.

Embodiments of the invention provide biodegradable tubular devices useful as
guide conduits for severed regenerating nerves. Such a conduit can be used to
repair nerve defects on the face or upper and lower extremities caused by
injury, operation or other factors that result in permanent loss of sensation and
motor functions. With the severed nerve stumps inserted into the two ends of
the tubes, the conduits may provide directional guidance for nerve outgrowth,
prevent invasion of scar tissue, maintain endogenous trophic or growth factors,
and repel external factors that are inhibitory to nerve outgrowth. The
advantages of such conduits instead of using donor tissues from patients for
treatments of nerve defects include: preserving function at the potential donor
sites, eliminating the risk of formation of painful neuromas at the donor sites

and reducing the number of surgical procedure involved.

The devices are formed using a biodegradable poly(phosphoester) matrix. With

this polymer, it is feasible to produce a device having a surface porosity ranging



incorporated into the matrix. Also, the poly(phosphoesters) can be crosslinked, for example, using
1,3,5-trihydroxybenzene or (CH20H)4 C, to enhance the modulus of the polymer. Similar
considerations hold for the structure of the side chain (R) of Figure 1. The ultimate hydrolytic
breakdown products of the polymers are phosphate, alcohol and diol. By rational design of the
building blocks, PPE polymers are biocompatible. In view of their intended fungfignr a4 & thengpeutic
agent-bearing implant or prosthesis to be introduced K){o a subject in vivo, it is desirable that these
compositions be essentially non-inflammatory, and non-immunogenic. 11 December 2006 26 An

advantage of PEPpoR/ined8 16 thl sy ailelsiinjast wenghibaal-sitfecdropge WalOA Alidwl e dhaesical
linkage of therapeutic nis to the polymers. For example, drugs with.carboxyl groups can be
coupled to the PHESHRBSUL ATRITUTL 44 SREFASE:, RCHS AUkFolso bk hD ARty pielPeutc
agent release wjilptesle drRendentRnthe prsiRiWinsioavageRi iR ROMIRaanRHliciagent
conjugate. This pendant delivery system has the advantage of attaining a high drug loading level.

Therapeutic agdist wHishceyistupahe liggiddatiencadnalsorbe acotradiowared. Mleermietivedy, is

therapeutic agents containing two hydroxy| groups can be directly incqrporated. into the pbackbone of
the polymere. PO HIBALET S oot LR e Tl oS S st 1o

form the polymele/Ribgr thpsanayticRaenrGadialso ehdarvatized it sicoaporatiendatotfite
backbone. For instance, a drug with two amino groups can be reacted with the carboxyl group of a
hydroxyl carboxsgeaelidlmRe hydroxyl groups can then be used to form the poly(phosphate ester). A
sustained delivery is then effected by hydrolysis of the polymeric prodrug.

Embodiments of the invention include a class of poly(phosphoester) polymers
that eliminate or substantially reduce many of the problems and disadvantages
associated with the prior art attempts at fabricating nerve guide conduit devices.
In particular, by using novel processing methods that are effective in
controlling porosity, a nerve guide conduit made from the poly(phosphoester)
exhibits good performance in promoting nerve regeneration, high
biocompatibility, adjustable biodegradability, negligible swelling, no
crystallization after implantation and the potential of coupling neuroactive

biomolecules.

The poly(phosphoester) class of biodegradable polymers has structural
versatility and attractive physico-chemical properties. The versatility of this
class of polymers comes from the versatility of the phosphorus atom, which is
known for its multiplicity of reactions. The potential of conjugating bioactive
components such as neurotrophic factors or ligands to a poly(phosphoester) to
enhance nerve regeneration provides a distinct advantage in the application of
this polymer as a nerve guide material. Modification of the surface chemistry
within the lumen of a NGC in this way may help to direct nerve regeneration

and/or to support nerve fiber maturation. Furthermore, the P(BHET-EOP/TC)



The combination of dip-coating and immersion precipitation technology has been employed in
embodiments of the present invention for the fabrication of the nerve guide conduit devices from
poly(phosphoester) with an ethylene terephthalate backbone, P(BHET-EOP/TC). Two routes have
been established for the generation of porosity, that is immersion precipitation in water followed by
freeze-drying, or the use of a non-solvent pair to effect demixing and gelatiqn [§spsgiive!yoagd the
effects of these parameters have been rationalized b&gmploying ternary phase diagrams. The latter
approach can be seen as a new concept for the formation of porosity in this system, i.e. the use of a
combination of twpenoh-guidphggmeasterirsiossesed ‘beardliguididerfoxering prvpeveashasd
separation and the seco i a good 'gelator’ to capture the phase 11 December 2006 27 separated
structure. Altern%li?\?&%%ﬁl itﬁ—éfsulting porosities can also be considered to be due to a shift in the
coordinates of the demixing boundary. As such, the porosity of P(BHET-EOP/TC) coatings can be
controlled by employing different initial bath compositions with respect to methanol-water ratio, and
then gradually increasing the concentration of methanol to achieve gelation. The availability of

processing metHds Rphagsier Juul oo dBryPREnBarkhtie creler shesxsdiky impisitaiéeh the
fabrication of n%ﬁ&ﬁgg%‘?ﬁ’lﬂ AYEGIgRe G0 T'iﬁoﬁ’%@{%ﬁﬁ&@%@’ﬁQ@fgﬁ@@%{wain a

prime attribute es their interaction with the bio environme rmselective conduits
may support regemepatittiony atibwihg inmantjpassagy aflpotrisntsanggdiowtbor traphiefadiers from
the external host environment, while preventing the inward migration of scar-forming cells. Cells
participating hydrophobicity of the polymer as described in US-A-5,256,765. When the
composition of the polymer is used for long term delivery of a therapeutic agent
a relatively hydrophobic backbone matrix, for example, containing bisphenol A,
is preferred. It is possible to enhance the degradation rate of the
poly(phosphoester) or shorten the functional life of the device, by introducing
hydrophilic or polar groups, into the backbone matrix. Further, the introduction
of methylene groups into the backbone matrix will usually increase the
flexibility of the backbone and decrease the crystallinity of the polymer.
Conversely, to obtain a more rigid backbone matrix, for example, when used
orthopedically, an aromatic structure, such as a diphenyl group, can be
incorporated into the matrix. Also, the poly(phosphoesters) can be crosslinked,
for example, using 1,3,5-trihydroxybenzene or (CH,OH)4 C, to enhance the

modulus of the polymer. Similar considerations hold for the structure of the

side chain (R) of Figure 1.

The ultimate hydrolytic breakdown products of the polymers are phosphate,
alcohol and diol. By rational design of the building blocks, PPE polymers are
biocompatible. In view of their intended function as a therapeutic agent-bearing
implant or prosthesis to be introduced into a subject in vivo, it is desirable that

these compositions be essentially non-inflammatory, and non-immunogenic.



in the wound healing phenomena are known to release various peptide growth factors. Several of
these factors have molecular weights in the range 10-40,000 daltons. For example, activated
macrophages secrete numerous growth factors, including NGF, bFGF, and apolipoprotein E.
Schwann cells distal to the nerve injury express low affinity NGF receptors, as well as apolipoprotein
B and E receptors. Binding of apolipoprotein E to these receptors may enhgncgdipig,giptakggvhich
can eventually be used in remyelination. (Aebischer e§§ Brain Research, 454, pp. 179-87 (1988)).
Appropriate choice of the molecular weight cut-off for the permselective conduits will allow retention of

laminin (a high Amedumtawighﬁ @9@0@‘60@WQYWiihimh¢leih@ﬂ\a@1@@jdaﬁc@nh@ﬂn@l Siailgryrpblood
vessels located i | Xim e stu ;I) h mo ecula{ wei ht se um molecules such
as fibronectin or'( glyc %paiig?é)}’n rg B%](&é&"% FgHFvﬁ%? Rd %eu?tg ? )Yt%lﬁg?m?c M vitro
(Aebischer et alexhinpRCeIARES &@L@ﬁca%%&( Rﬁﬁ%aéﬁh ¥S4onplel’ R PIRBPhHrerrrdiaaly.

embodiments of the present invention prowde an effective way to control porosity during fabrication
of nerve guide coAdUItSSEHAMgE @thléh/iﬁdlﬁdfcbfﬁéblarérbbtm@ibﬂlmé%mgﬁgmﬁdﬁé@%ated
with a solution of. P onb in ckgor?f nklnt ?J tlmmerS| bath? foll 0 ed bé/ freeze or
vacuum-drying. “Y]he porosfy datrRa s Wht HCrea sle meﬁc\fﬁﬁﬁer mofieé3 é’r V\‘?élg %r%l?ylng time

before precipitatigarnd PSRN HOh Ry el walitigRtdNe e Fhidanemeanduita ienialricated by
the application of multiple coating layers. Conduits made from the polymer of Mw 14900 (Surface

porosity of 35%dsseugdeadmgldevitdr WesghpuiioEIsMsevidelh 2o iandia 2opadsidedean

FITC-dextran, agﬂ(}h%g eggce(?r%?ﬁ]o %Pesclan}klternatively, therapeutic agents containing two

hydroxyl groups can be directly incorporated into the backbone of the polymers.
For instance, steroids such as estradiol can be reacted with dichlorophosphates
to form the polymer. Other therapeutic agents can also be derivatized for
incorporation into the backbone. For instance, a drug with two amino groups
can be reacted with the carboxyl group of a hydroxyl carboxylic acid. The
hydroxyl groups can then be used to form the poly(phosphate ester). A

sustained delivery is then effected by hydrolysis of the polymeric prodrug.

The combination of dip-coating and immersion precipitation technology has
been employed in embodiments of the present invention for the fabrication of
the nerve guide conduit devices from poly(phosphoester) with an ethylene
terephthalate backbone, P(BHET-EOP/TC). Two routes have been established
for the generation of porosity, that is immersion precipitation in water followed
by freeze-drying, or the use of a non-solvent pair to effect demixing and
gelation respectively, and the effects of these parameters have been rationalized
by employing ternary phase diagrams. The latter approach can be seen as a new
concept for the formation of porosity in this system, i.e. the use of a
combination of two non-solvent types; the first, a good 'liquid-liquid demixer'

to achieve phase separation and the second, a good 'gelator' to capture the phase



towards FITC-dextran of Mw 4400 was 2.8 x 10-9 cm2 s 1. To afford improved porosity control, a new
system was developed which employs the contrasting phase separation behaviour of
P(BHET-EOP/TC)/ CHC13 solution in methanol and water. Mixtures of these two non-solvents allow
the demixing boundary to be shifted accordingly to achieve surface porosities ranging between 2% to
58%. The conduits made with the above methods were non-toxic to all six tyjpep ef-plls testrd.
including primary neurones and neuronally differentiateel PC12 cells, and produced a negligible
inflammatory response in the surrounding tissue after in situ implantation in the sciatic nerve of the
rat. In the rat scieparaier/e ynodaingith/AlEOnatvgay, thiecretrsdiagonisirpeitisheraimenles wos

observed, with a high.nu téer of linated.axons close to normal yalyes.. The conduits were
degradable in v ALGthERBESES bR LR FooRtlal SR ds B R R e iace and a
mass decrease in a time-dependant manner. The MW (molecular weight) of the polymers dropped 33
% within 3 months. 11 December 2006 29 Furthermore, the conduits showed negligible swelling and

no crystallisatiodsaftgeimphmtaaorsi EmpoiBREIoEQR/IR(endontialgs isvlude Icadinglled barve

guide conduits with.polyethylenimine/DNA complexes which improves the regeneration quality of
Severed nerves HIRC AT A SR A R ESRSE TR Y i e

spinal cord after-hedintetmalizadalneverarsmoalhc GOReENRIESHAIVT imegigsals astearty as 24

hours after loading and lasts for at least 2 weeks. Several other cationic polymers or lipids, such as
poly-L-lysine, clgtdsanTrHsfasedadiene PORPERsMayethadsgedvelhitiggd good porosity

control will be of ever increasing importance in the fabrication of new
generation nerve guidance conduits, where permeability characteristics remain
a prime attribute which defines their interaction with the biological

environment.

Permselective conduits may support regeneration by allowing inward passage
of nutrients and growth or trophic factors from the external host environment,
while preventing the inward migration of scar-forming cells. Cells participating
in the wound healing phenomena are known to release various peptide growth
factors. Several of these factors have molecular weights in the range 10-40,000
daltons. For example, activated macrophages secrete numerous growth factors,
including NGF, bFGF, and apolipoprotein E. Schwann cells distal to the nerve
injury express low affinity NGF receptors, as well as apolipoprotein B and E
receptors. Binding of apolipoprotein E to these receptors may enhance lipid
uptake which can eventually be used in remyelination. (Aebischer et al., Brain
Research, 454, pp. 179-87 (1988)). Appropriate choice of the molecular weight
cut-off for the permselective conduits will allow retention of laminin (a high
molecular weight glycoprotein) within the nerve guidance channel. Similarly,
blood vessels located in the proximal nerve stump may supply high molecular
weight serum molecules such as fibronectin or glycoproteins that have

supported neuronal survival and neurite extension in vitro (Aebischer et al.,



the same way. The gene delivery method of embodiments of the invention bypasses the blood-brain
barrier and provides a practical therapeutic strategy that is non-invasive to the spinal cord. Using
microspheres containing neuron trophic factors aside from polyethylenimine/DNA complexes within
the conduits improves the regeneration quality of severed nerves as well. The microspheres are
composed of biodegradable poly(phosphoester) polymers and are loaded wifhriagdpgikue rgsyvth
factor (NGF). A sustained release of NGF proteins fro%the microspheres for at lease three months
was observed as the polymer degrades under a physiological condition. A more detailed description

of the preferred Brabodiersarsiaf dhixtinpentiol?-folldu838onduictadiieglio remhwgrineaty cdndituent of
the nerve guidance conduit is a olgépho phoesteé) wijth an ethylene terephthalate t%ack one, namely
poly (bis(hydroGEsl LT MM SO0 30 tesdbftHAlate BihyortiBRbshRe fr S5t kI
chloride), P(BHEJbrfe@idh GF o elddodiiadhis ratio of BHET-EOP (x) to TC (y) groups in the

backbone can be varied to fine-tune the physical properties of the polymer. In another embodiment of
the invention, the poly(phosphester) has the structural formula shown in Figure Ib, which can be

demethylated before or after NGC fabrication to yield the poly(phosphoester) shown in Eigure Ic.
These two. POy L B e Pip RS Sy i B e U e e PRy
P(BHET-EOP-QPddfalitgsrgctivelyomigee MOFhIeRiRs@ntsnite iy Adhe-mhpsaitzicoand 0R

represents the free phosphate group. Again, the ratios of the
followed by freeze or vacuum-drying. The porosity decreases with an increase

in polymer molecular weight, drying time before precipitation and
concentration of polymer solution. Nerve guidance conduits are fabricated by
the application of multiple coating layers. Conduits made from the polymer of
M,, 14900 (Surface porosity of 35%) possesses a molecular weight cut-off of
between 4400 and 12000 towards FITC-dextran, and the permeation constant
towards FITC-dextran of M,, 4400 was 2.8 x 10 cm®s™. To afford improved
porosity control, a new system was developed which employs the contrasting
phase separation behaviour of P(BHET-EOP/TC)/ CHCl; solution in methanol
and water. Mixtures of these two non-solvents allow the demixing boundary to
be shifted accordingly to achieve surface porosities ranging between 2% to

58%.

The conduits made with the above methods were non-toxic to all six types of
cells tested, including primary neurones and neuronally differentiated PC12
cells, and produced a negligible inflammatory response in the surrounding
tissue after in situ implantation in the sciatic nerve of the rat. In the rat sciatic
nerve model with a 10mm gap, the regeneration of peripheral nerves was
observed, with a high number of myelinated axons close to normal values. The
conduits were degradable in vivo, as evidenced by fragmentation, increased
roughness on the tube surface and a mass decrease in a time-dependant manner.

The MW (molecular weight) of the polymers dropped 33 % within 3 months.



X, y and z components can be varied to achieve the desired properties for the NGC. In preparing the
NGC of the present invention, the above-mentioned polyphosphoesters were first synthesized by a
reported method. (H-Q Mao et al., 1999) When a polymer coating comes into contact with a
non-solvent (in this case, water), influx of the non-solvent results in a process of phase separation,
whereby the polymer solution separates into a polymer-rich and polymer-lean paasg,pMhenoie
coating is allowed to stand in water for some time, gelggon of the polymer rich phase occurs, and this
results in 'freezing' of the 2 phase structure. The process of freeze-drying allows removal of water

from the polymEridagrphase hitheendighsifidarw ehrirgeligDecawrllingnantene suly s lioious

poly(phosphoest rg coating. In contrast, vacuum-drying of the coating results in shrinkage and
collapse of the 6?%%%?@% t?ltllé) Rurface tension of the evaporating liquid. This results in a dense,
non-porous coating. While two extremes of surface porosity can be achieved by using either
freeze-drying or vacuum drying, a finer control of the porosity can be achieved by a process of
'gradient precipitatibadintsiats iolotecaspeatisidsrasshtdaviertivng theDeesmgldeoo®BiiThe path

of the immerse pregipitated coating ca chematjcally illustrated in_the terpary phase djagrams of
Figures 2a and THTHE R EE GPATTIS SO Kot dholehRS o e S AeBe op

poly(phosphoesigrlfign & sexplainesebyeiergmee toffigessla e The gelagerndeungdatyifor the

polymer with the higher molecular weight is expected to be lower than that of the lower molecular
weight polymer UrRsBeHetpoNionset eRjh&ogistetultie wright aoydd Feegubeingldnsernsdiged by

concentration mn%{rg/grtg%fancrpa{%\./e(}ene expression is detectable as early as 24 hours after loading

and lasts for at least 2 weeks. Several other cationic polymers or lipids, such as
poly-L-lysine, chitosan, Transfast or GenePORTER, may deliver genes through
the same way. The gene delivery method of embodiments of the invention
bypasses the blood-brain barrier and provides a practical therapeutic strategy

that is non-invasive to the spinal cord.

Using microspheres containing neuron trophic factors aside from
polyethylenimine/DNA  complexes within the conduits improves the
regeneration quality of severed nerves as well. The microspheres are composed
of biodegradable poly(phosphoester) polymers and are loaded with the nerve
growth factor (NGF). A sustained release of NGF proteins from the
microspheres for at lease three months was observed as the polymer degrades

under a physiological condition.

A more detailed description of the preferred embodiments of the invention

follows.

Conduit fabrication
The primary constituent of the nerve guidance conduit is a poly(phosphoester)

with an ethylene terephthalate backbone, namely poly (bis(thydroxyethyl)



gelation. Taking the same concentration of polymer (c I) for both systems, it can be seen that the path
of the system through the phase separated region is shorter for the higher molecular polymer (c1-A)
whereas it is longer for the lower molecular weight polymer (ci-A"). This means that a shorter time is
available for the higher molecular weight polymer to undergo solution demixing before gelation
occurs, resulting in smaller pores and a lower pore density. Experimentally,jthgsgdsgraignifsgnt
difference in porosity for polymer coatings processedgﬁ the same way for polymers of different
molecular weight. Taking the case of the higher molecular weight polymer at two different

concentrations (@F@lﬁl@ﬂml)&(gee etlayire oethat hergdathat Adespbthvdaykntehiionder, poRMBEREbiution

(c2) i t d th the hi h
Camenraton GO e RS, B o P R e PR Wb o
an experiment W&%'Bﬁﬂ%'ﬂﬁﬁ%ﬂ%%ﬂ@%ﬂ@&ﬁ@' H?ﬁ@ﬂ%ﬁ%}i&@ii@@ SN Berpsiymevhare

surfaces of coatings obtained from higher concentrations of polymer were less porous. The effect of

drying time of tmpmym@mb@dummr@prmgmmh theheohdiphespheastdrathds thesttipheraue to the
effect of conce atlo At longel he evaporati on o chlaro from th co naturally
}‘Pfrﬁe 86 thr lgr fl gh 1‘1) % ate qpa ore %}E‘t%

leads to higher, m al eit UNKAOWH cORcEn ra oS 0 yme e coatng,

resulting in lowem igrpsliesoT islis dleplsly (PhbsHRBERER) DQ{@WHG&OH@@&OW@GT HORLINGS
obtained at different drying times. However, porosity is not the only consideration when selecting the

optimal concenbelioRess paly heressrssatetb he thsetbhoe ettt BEPbA bR OP-MOP/TC) and
P(BHET-EOP-OP/TC) respectively, where MOP represents methyl ortho-

phosphate and OP" represents the free phosphate group. Again, the ratios of the
X, y and z components can be varied to achieve the desired properties for the
NGC. In preparing the NGC of the present invention, the above-mentioned

polyphosphoesters were first synthesized by a reported method. (H-Q Mao et
al., 1999)

When a polymer coating comes into contact with a non-solvent (in this case,
water), influx of the non-solvent results in a process of phase separation,
whereby the polymer solution separates into a polymer-rich and polymer-lean
phase. When the coating is allowed to stand in water for some time, gelation of
the polymer rich phase occurs, and this results in 'freezing' of the 2 phase
structure. The process of freeze-drying allows removal of water from the
polymer-lean phase without significant shrinkage occurring, and the result is a
porous poly(phosphoester) coating. In contrast, vacuum-drying of the coating
results in shrinkage and collapse of the pores due to the surface tension of the
evaporating liquid. This results in a dense, non-porous coating. While two
extremes of surface porosity can be achieved by using either freeze-drying or
vacuum drying, a finer control of the porosity can be achieved by a process of

'gradient precipitation', which is one aspect of the present invention.



Concentration exerts a profound effect on solution viscosity and this in turn affects the quality of the
coating in several ways. Firstly, viscosity affects the leveling phenomenon of coatings. During the
application of coatings, imperfections such as waves and furrows appear on the surface. To obtain
good coating quality, these imperfections must disappear before the wet coating solidifies. Surface
tension is the main driving force of the leveling process, while viscosity is the| mRiR{aRe tigjgesists it.
Therefore, to facilitate leveling, it is desirable to emplgy coatings of low viscosity. Low viscosity
coatings however, cannot always be used as sufficiently thick coatings would then be difficult to
deposit. Furtherfdsr@aifheh theiovagg iprgeutited epating tabe sefacmitisdH xnd witaiad in

dip-coating), a high viscosity is required to prevent sagging, i.e.~downward.flow of t ting, fluid
ndor e uchie BF PR0ig) e RO et ERrERe g 2ol B TR S cen
solution concenraligpnvenie diayaiohkepampiyRE it PBIRILAN éﬁ%%ﬁ&@ﬁ@@%e@%ﬁ?ﬂ be

preliminary experiments, it was discovered that the poly(phosphoester) solution exhibited a

thixotrophic prop&plaimefs meanketeacehdasdigisn dingegsesdergslitiviscbovpdariorter ishgplied:

but as shear forces are reduced, viscosity increases at a lesser rate tg produce a hysterisis lgop. This
thixatrophi proBORy 7 e Co Tt SO BLkDUT e SRS SMaet Ao LSS RN Bteation.

Due to the high geniacicngisietdng solIERD polyine TERN andrsbBHace (i iechep miaENRGIr

application of a force to the 11 December 2006 33 liquid was necessary to enable it to spread and wet
the mandrel sufficiegitly. WitiklwzesjabBiey eld Bt rsalifitpthecannsateraon oftherdip-conthsdisoletion at a

high rate. The sheatfore 4ene e LAY IS RIGREHS ASSIFHET A JASPHMR systems. it can
be seen that the path of the system through the phase separated region is shorter
for the higher molecular polymer (c;-A) whereas it is longer for the lower
molecular weight polymer (c;-A'). This means that a shorter time is available
for the higher molecular weight polymer to undergo solution demixing before
gelation occurs, resulting in smaller pores and a lower pore density.
Experimentally, there is a significant difference in porosity for polymer

coatings processed in the same way for polymers of different molecular weight.

Taking the case of the higher molecular weight polymer at two different
concentrations (cl and c2) (see Figure 2a), it is clear that a lower concentration
of polymer solution (c2) is expected to undergo a larger degree of phase
separation, compared with the higher concentration (c1) and this leads to a
higher porosity for the former. This is reflected in the results of an experiment
investigating the influence of polymer solution concentration on porosity,
where surfaces of coatings obtained from higher concentrations of polymer

were less porous.

The effect of drying time of the polymer coating before precipitation in the non-
solvent bath is in principle due to the effect of concentration. At longer drying

times, the evaporation of chloroform from the coating naturally leads to higher,



viscosity of the coating, enabling leveling to proceed efficiently. In this way, a substantially thick, yet
uniform first coating could be applied onto the mandrel surface. The solution's thixotrophic property
also meant that it would develop a viscous and gradually gel-like state if allowed to stand over several
days. This could be alleviated by continuous overnight agitation of the solution in a shaker, before
use on the following day. In order to obtain a polymer tube with the requisite|iptegpity,fad sppghanical
properties for application, multiple coating steps (>_3)-are required. To ensure that the porous
structure of a coating is not disrupted by application of the subsequent coating, it is essential that the

non-solvent (waaéhpis hokeowplerlgensraooas @i xhehanzbwstalahjing p@@u&@@gaélwd@@vﬂr
successive coatings. Usmqﬁn nﬁfeg roceglureLl ultiple la ered c? u its h ave been made from
both Batch 1 a a%tﬁeﬁ yinbid ¢ %Clﬁwplgln § the ?r? a ?5 te r?vgg Pélg% pe Oraﬁ]ﬁlgtsal nerve
regeneration. 24k \yascholifréhahtiaesmeandeits served the functlon of entubulation, and facilitated
nerve regeneration. Control of porosity The permeability of nerve conduits is an important issue, as

demonstrated by previous studies. It determines the inclusion or exclusion of factors that affect nerve
regeneration. At the morphological level, both the extent of permeability (molecular weight cut-off) and

:)agreoglft;) earlgnoea ect?t%{gf}gsc%)gmhty ofé&%ﬁ%ﬁ;ﬁ&%@ﬁ&%ﬁgﬁ%ﬁa@S iN VIVO S il11|ng g{;g{gpore

degradation. Patymesmratenulasfveighintee diylmgdimecof tee petdndiocoaivngiefofgbrication.
Concentration exerts a profound effect on solution viscosity and this in turn
affects the quality of the coating in several ways. Firstly, viscosity affects the
leveling phenomenon of coatings. During the application of coatings,
imperfections such as waves and furrows appear on the surface. To obtain good
coating quality, these imperfections must disappear before the wet coating
solidifies. Surface tension is the main driving force of the leveling process,
while viscosity is the main force that resists it. Therefore, to facilitate leveling,
it is desirable to employ coatings of low viscosity. Low viscosity coatings
however, cannot always be used as sufficiently thick coatings would then be
difficult to deposit. Furthermore, when the coating is deposited on a vertical
surface (as in the case of dip-coating), a high viscosity is required to prevent
sagging, i.e. downward flow of the coating fluid under the influence of gravity.
Based on these considerations, an optimal viscosity from a chosen solution

concentration would have to be employed to obtain an acceptable coating.

During preliminary experiments, it was discovered that the poly(phosphoester)
solution exhibited a thixotrophic property. This means that the solution
undergoes a drop in viscosity as force is applied; but as shear forces are
reduced, viscosity increases at a lesser rate to produce a hysterisis loop. This
thixotrophic property of the solution could be put to good use during the
process of conduit fabrication. Due to the high contact angle of the solution on

the PTFE mandrel surface (i.e. poor wetting), application of a force to the



precipitation and concentration of the coating solution are parameters that influence the porosity of the
polymer tubes. However, there are drawbacks in employing these parameters for the purpose of
porosity control. Firstly, it would not be feasible to use a different molecular weight of polymer every
time a new degree of porosity were required. Secondly, using drying time as a method of porosity
control suffers from the fact that rapid vaporization of chloroform from the coating [gshlis Ip@slation of
the surface within several minutes of drying. This leads, to minimal variation in porosity whether the
coating is air- dried for 5 minutes or 30 minutes. In addition, uneven drying leads to a heterogenous
surface. Concenieatidrvoiscoatiessaoluoanstetia gbéﬁfpadam)éiewﬁotharyrm(bglo‘slﬁicmtbl as

concentration affects not o but .viscpsity of the pol solution swell A uniform and
acoquately thiod SO LN i B TS T8 SRR h R P RS O i ated by
considerations gfj SRaHRY mmﬁnﬁo%%éﬁeﬁ@éﬁnﬁy |ﬁﬁ§'bﬁ&@ﬂﬁr§§%%r%@i@‘%@e@%@w an
improved method for microporosity control, one approach can be considered based on the ternary

phase diagram. \(Fs@ﬂiém%@@dmg%cﬂnh@mHQVﬁﬂlﬂlget@WﬁQﬁaﬁlﬁﬁgl@lW}{hlﬁ fihésligaid-Aquid

demixing reglon efor ters the.gelation oun(ea éj affect result The
ngth of the ot RN AL LB oL By A e S R R SR S ey,
This can be achigygp@dy using a mixture of non-solvents in the immersion bath. Methanol was chosen
as the other non 11 December 2006 35 solvent in addition to water as the two non-solvents are
completely miscible in all proportions.

The solution's thixotrophic property also meant that it would develop a viscous

and gradually gel-like state if allowed to stand over several days. This could be

alleviated by continuous overnight agitation of the solution in a shaker, before

use on the following day.

In order to obtain a polymer tube with the requisite integrity and mechanical
properties for application, multiple coating steps (=3) are required. To ensure
that the porous structure of a coating is not disrupted by application of the
subsequent coating, it is essential that the non-solvent (water) is not completely
removed during the horizontal drying process between successive coatings.
Using an optimized procedure, multiple layered conduits have been made from
both Batch 1 and Batch 2 polymers and implanted them in a rat model to
investigate peripheral nerve regeneration.24 It was shown that these conduits

served the function of entubulation, and facilitated nerve regeneration.

Control of porosity

The permeability of nerve conduits is an important issue, as demonstrated by
previous studies. It determines the inclusion or exclusion of factors that affect
nerve regeneration. At the morphological level, both the extent of permeability

(molecular weight cut-off) and rate of permeation is reflected by the porosity of



Observations made during immersion of the dip-coated mandrel into immersion baths containing
different volume fractions of methanol and water indicate the phase changes that occur during the
process. Upon immersion in precipitation baths containing less than 50% by volume of methanol, the
coating became immediately white and opaque, indicating the process of phase separation. In
contrast, for immersion in precipitation baths containing more than 50% by yelgype.pfyBettpep!, the
coating gelled to give a transparent gel. The rate of ggh';\tion was proportional to the concentration of
methanol in the immersion bath. When the immersion bath contained equal volumes of methanol and

water (50:50 MB®HIROjathefsuthptgbecameroptyuelemlyagreciaals ovescepebiddy obiOthtinutes.
Part of this opacity was retained f}er the, 10 minute period of air-drying. In contrast, coatings
immersed in thel SNBIHBALSH DA BISAE L SEThaR LS53Rl gRer air-drying. When > 50%
methanol volume fraction was employed in the immersion bath, gelation of the coating was observed,
yielding a transparent gel. This can be explained by the relatively large quantity of methanol required

to effect liquid- liguid demixing, methanol being a rather poor non-solvent for P(BHET- EOP/TC). This
can be represertety BSHHREHHE - ErhEInRE iSEHBEANSh e RfiaBPINMALSERRERSN BSHRfe 3a. As

determined by cloud REILMEARYrE MRS S PANHRIYISRIFSCOING; UFuidligud,demixing i some
distance away fc}gom lt%e poﬁxy‘/mer-soxﬂ\?;en%FE[Fgl BHET-EOP/%@C%CI’?%&eJ]ge of(t]#é Etﬁgngﬁé. In other
words, a relativéhflacsgeepeiegriagetof ofietizapol ymest by et évihe thysteane idrardesidhseffect the
demixing phenomenon, This, coupled with the miscibility of methanol with chloroform which results in

rapid efflux of sGRANEYIB Hise PABEHRBRIs (B PygPOse of porosity control. Firstly, it would

not be feasible to use a different molecular weight of polymer every time a new
degree of porosity were required. Secondly, using drying time as a method of
porosity control suffers from the fact that rapid vaporization of chloroform
from the coating results in gelation of the surface within several minutes of
drying. This leads to minimal variation in porosity whether the coating is air-
dried for 5 minutes or 30 minutes. In addition, uneven drying leads to a
heterogenous surface. Concentration of coating solution is not a good parameter
to vary for porosity control as concentration affects not only porosity, but
viscosity of the polymer solution as well. A uniform and adequately thick
polymer coating can only be achieved within a narrow range of viscosity,

dictated by considerations of coating phenomena such as wetting, levelling and

sagging.

In order to achieve an improved method for microporosity control, one
approach can be considered based on the ternary phase diagram. (Figure 3) As
discussed, the path that the system traverses within the liquid-liquid demixing
region before it encounters the gelation boundary would affect the resulting
porosity. The length of the latter path may be adjustable by changing the
coordinates of the demixing boundary. This can be achieved by using a mixture

of non-solvents in the immersion bath. Methanol was chosen as the other non-



coating, brings the system into the gel region of the phase diagram. The path assumed by the system
can be represented by the arrow OA. Once the gelation boundary is crossed, the polymer gels into a
one-phase solid. Correspondingly, SEM analysis reveals a dense microstructure for the polymer
surface. (Figure 4a) A totally different scenario presents when a low methanol volume fraction
(<50%) is used as the immersion bath. Water, being only partially miscible withpghlgrgfarapmenetrates
the coating solution very slowly and only to a limited exent. Similarly, solvent efflux is slow and as a
result, the process of gelation takes place very slowly. This 'delay’ in gelation presents ample time for
the process of kqiNgiguididimping to decws diedvidemnerdoly ehéschiarepaiplaiphearaatdofthe
coating from transparent to opaque upon immersion. As water is essentially a non-solvent for the
polyphosphoest% ,%ngrél%%l quantity of water added to the polymer solution (0.045% by wt) had
resulted in turbidity. Hence, the den-fixing boundary for the PPE-CHC13-water system could not be
determined. Nevertheless, it can be perceived that this boundary is located close to the
polymer-solvent edge of the phase diagram, as shown schematically in Figure 3b. In the 10-minute

period of immerSIBiFEAHOYRMRITEYSHBEdHURSI HiN S fiee Rt matdradniR impIfgion
liquid-liquid regi h i d-ligLy gﬁmi ' t jop, .This is
represented in tﬁgﬁ%h%gs%gﬁgégn yrthe pgm%ﬁlﬁ%%eﬁ%%ve%%@(%%ﬁg%%% y?%ir- gﬁ%éo%g coating
immerse-precipjiatad ichaiae tvaterchathlatiioklyhke ptocasshdigeninrtheeesmin nfimecguaqiom back to
transparent. As the phase-separated structure had not been frozen in place by gelation, removal of

liquid from the JR5HferBEHBRESE By EtioRtioRrasitignePloahiiel psetnsr A tste
surprisingly, gr%ﬁrﬁ@&ﬁ%@%ﬂﬁg%ﬂlﬁdo%&?Q%%aﬁng the process of phase separation. In

contrast, for immersion in precipitation baths containing more than 50% by
volume of methanol, the coating gelled to give a transparent gel. The rate of
gelation was proportional to the concentration of methanol in the immersion
bath. When the immersion bath contained equal volumes of methanol and water
(50:50 MeOH/H,0), the coating became opaque only gradually, over a period
of 10 minutes. Part of this opacity was retained after the 10 minute period of
air-drying. In contrast, coatings immersed in the other immersion baths became

essentially transparent after air-drying.

When > 50% methanol volume fraction was employed in the immersion bath,
gelation of the coating was observed, yielding a transparent gel. This can be
explained by the relatively large quantity of methanol required to effect liquid-
liquid demixing, methanol being a rather poor non-solvent for P(BHET-
EOP/TC). This can be represented using the three-component, isothermal phase
diagram illustrated in Figure 3a. As determined by cloud point measurements,
the boundary representing liquid-liquid demixing is some distance away from
the polymer-solvent (P(BHET-EOP/TC)-CHCIl;) edge of the triangle. In other
words, a relatively large percentage of methanol must be present in the system
in order to effect the demixing phenomenon. This, coupled with the miscibility

of methanol with chloroform which results in rapid efflux of solvent from the



11 December 2006 37 precipitated using < 50% methanol volume fractions followed by vacuum
drying exhibited dense microstructures. However, a coating precipitated in water and allowed to stand
in water for several hours eventually gelled. A low degree of porosity is achievable by this method, as
revealed by SEM of the polymer surface. (Figure 4b) A 50:50 MeOH/H20 immersion bath enabled the
system to achieve both liquid- liquid demixing and gelation within a period of 3¢yxipWhesig coating
was immersed into the 50:50 MeOH/H20 bath, it becaggpe immediately translucent upon immersion
and proceeded to opaque after 5 minutes. The process of liquid-liquid demixing appeared to be

slower compareebalithginmiagiohensysiemwater thedisatieg ipatah éhdephisiagdbegnadant hadaHifted
away from the polymer:solvent edge of the ternary phase diagram. Howeyer .due ip the  presence of
methano, the sy STUHARA o DIt A, 28 MIRLIED T THASC SATRC O e hecsing
of the 2-phase pisidse,Li e QRIEIRE pEIAHRD. IBR PRRCHONEDRALCHTI T AFGYEH Sy,
air-drying. The surface of the vacuum-dried samples revealed the presence of circular pores of a
closed cell morpEdbgpdbisisrecaenlnpdenss suitaestaminrdéoadhieradbyamsteiatag thigpttymer
coatings in Watir ollowed by freeze-drying (Figure 5a). In contrast, when coatings were immerse
precipitated in méthanol and subsequently freeze-dried, a dense microstructure was obtained for the
polymer surface (Figure 5b). Evidently, substantial inclusion of water in the coating could not occur
after it had gelated in methanol. When a 50:50 methanol-water mixture was used as the immersion
bath, the freeze-dried specimen was porous and exhibited an almost reticulated, )
totally different scenario presents when a low methanol volume fraction

(<50%) is used as the immersion bath. Water, being only partially miscible with

chloroform, penetrates the coating solution very slowly and only to a limited

extent. Similarly, solvent efflux is slow and as a result, the process of gelation

takes place very slowly. This 'delay' in gelation presents ample time for the

process of liquid-liquid demixing to occur, as evidenced by the change in

appearance of the coating from transparent to opaque upon immersion. As

water is essentially a non-solvent for the polyphosphoester, just a small quantity

of water added to the polymer solution (0.045% by wt) had resulted in turbidity.

Hence, the demixing boundary for the PPE-CHCI;-water system could not be

determined. Nevertheless, it can be perceived that this boundary is located close

to the polymer-solvent edge of the phase diagram, as shown schematically in

Figure 3b. In the 10-minute period of immersion employed in the procedure, the

system goes only as far as the 2-phase liquid-liquid region where liquid-liquid

demixing takes place but does not proceed to gelation. This is represented in the

phase diagram by the path of the arrow OB.

Experimentally, air-drying of a coating immerse-precipitated in a pure water
bath quickly led to a change in the coating from opaque back to transparent. As
the phase-separated structure had not been frozen in place by gelation, removal
of liquid from the polymer lean phase by evaporation rapidly led to a single

phase material. Not surprisingly, gross observation revealed that coatings



continuous morphology. (Figure 5c) This seemingly better porosity may be 11 December 2006 38
because methanol, being mutually soluble in chloroform and water, improves the penetration of water
(a good liquid-liquid demixer) into the coating. The use of a combination of non-solvents to effect
liquid-liquid demixing and gelation respectively may be highly useful for the generation of porous
membranes by immersion of a supported polymer coating. Water, which is qnlyhspatipglyrgpjgble in
chloroform, can be employed to effect liquid-liquid demxing. The second non-solvent, methanol, is
used to accelerate the process of gelation that freezes the phase separated structure. This completes
the sequence difghipicacdhaniges thaxlfecurstbariny wyorndtiatiiona potsygedndmbrageuBiological

performance of PPE conduits Biodegradable palymers withh lower molecular weights can facilitate a
Fast clogradatiol Y5t ESHLBH uin T HTSR GF EhacH 6 S e R by o
impeding nerve ye@enghatigNANHALIRRAHTNGY WAk o059k H1ehnrasne@iathngryeRdLAldRsower
mechanical stability and an early disintegration of a tube. PPE polymers used for NGCs of one

embodiment hadegraeleturarasighis aghisiriabiomyl theooeshisloee, srotsdetl tiyeSEWe ! riliecular

weights for polym(ir%l%sesdgpz{CN lfal%rii% ion. Successful nerve regeneration has been observed
within the cond & hAde TohT th s@%cﬁym rs. When a fresh-cut nerve is repaired with such PPE
conduits prefilled with PBS (Phosphate Buffer Solution), a solid structure that bridged the two nerve
stumps formed within 3 days. This is much faster than that in a prior art PBS-prefilled silicone
chamber, which takes 5 to 7 days before sufficient material ) o
A 50:50 MeOH/H,0O immersion bath enabled the system to achieve both liquid-
liquid demixing and gelation within a period of 30 min. When the coating was
immersed into the 50:50 MeOH/H,0 bath, it became immediately translucent
upon immersion and proceeded to opaque after 5 minutes. The process of
liquid-liquid demixing appeared to be slower compared with immersion in pure
water, indicating that the demixing boundary had shifted away from the
polymer-solvent edge of the ternary phase diagram. However, due to the
presence of methanol, the system managed to gelate after 20 minutes in the
immersion bath. Due to the 'freezing' of the 2-phase structure by the onset of
gelation, the opacity was not completely removed by air-drying. The surface of

the vacuum-dried samples revealed the presence of circular pores of a closed

cell morphology (Figure 4c).

A porous surface could be achieved by immersing the polymer coatings in
water followed by freeze-drying (Figure S5a). In contrast, when coatings were
immerse precipitated in methanol and subsequently freeze-dried, a dense
microstructure was obtained for the polymer surface (Figure 5b). Evidently,
substantial inclusion of water in the coating could not occur after it had gelated
in methanol. When a 50:50 methanol-water mixture was used as the immersion
bath, the freeze-dried specimen was porous and exhibited an almost reticulated,

continuous morphology. (Figure 5c) This seemingly better porosity may be



accumulates to form a continuous bridge across a 10mm gap [Williams et al., Neurochem Res. 1987,
851-860]. It is possible that the improved performance of the PPE conduits was caused by tube
porosity and increased permeability 11 December 2006 39 due to tube cracks which allowed the influx
of nutrients and growth factors from the surrounding environment and enhanced the constitution of the
matrix. Degradation of PPE conduits PPE polymers degrade in the presencgqhpeicligenhilgsesuch as
the hydroxyl ion. Their phosphoester bond is cleavedﬁy hydrolysis at random sites along the polymer
chains. Two types of hydrolysis, surface verse bulk, have been described in the art. Surface
hydrolysis is ché&eseestzsactiaadindwinearanualls sahsdeogechdoroiiprintanditeigactaygeves

molecular weight while typical bulk erosion shows a rapid.decrease in molecular weight before any
Sioniicant maca s BE R Ha ol eV G N A Bt A gty o
observed in the present invention suggests that both surface and bulk hydrolysis occur in PPE NGCs.
Continuous decrease in conduit mass by leaching out of degradation products will reduce the strength

and toughness dihg fagse ofitraareBinredaning roa-ieds oltstelliest iHaydyianisl cdiingded the

pressure of surroulrglgiglgl) strlsjcétcj 1evs.llf this o%%urﬁitqﬁ ear%fbief?r% aEﬁissugnc% tslghe igfformr%d over the
conduit and a rAStHX CAbIE R stroﬁg}fy Tdcnsa t8bth gtumups, e MRS oF egeneratigﬁ would be a

most likely CO”%@H%@%QBW%H@@@PWW&D@W&& dnavenvdesiravigchitierdhg nerve
has satisfactorily regenerated, to obviate the painful complications arising from nerve compression by

a rigid conduit. Agagngiscleebtbleriin cAINGOmMadedrohe BRETYED ROT Cffiscdeljrmtddiguithe

demixing. The second non-solvent, methanol, is used to accelerate the process
of gelation that freezes the phase separated structure. This completes the
sequence of physical changes that occurs during the formation of a porous

membrane.

Biological performance of PPE conduits

Biodegradable polymers with lower molecular weights can facilitate a fast
degradation. One concern with using this kind of material to fabricate NGCs is
the possibility of impeding nerve regeneration and/or impairing maturation of
the regenerated nerves due to a lower mechanical stability and an early
disintegration of a tube. PPE polymers used for NGCs of one embodiment have
molecular weights ranging from 14,900 to 18,900, probably the lowest
molecular weights for polymers used for NGC fabrication. Successful nerve
regeneration has been observed within the conduits made from these polymers.
When a fresh-cut nerve is repaired with such PPE conduits prefilled with PBS
(Phosphate Buffer Solution), a solid structure that bridged the two nerve stumps
formed within 3 days. This is much faster than that in a prior art PBS-prefilled
silicone chamber, which takes 5 to 7 days before sufficient material
accumulates to form a continuous bridge across a 10mm gap [Williams et al.,
Neurochem Res. 1987, 851-860]. It is possible that the improved performance

of the PPE conduits was caused by tube porosity and increased permeability



difference in degradation rate between Type | and Il conduits in the in vitro study described below can
be explained based on the polydispersity indexes or the molecular weight distribution of polymers
used. The polymer for fabrication of Type | conduits possessed a higher low molecular weight fraction
compared to the one for Type Il NGCs. This fact, in addition to its higher porosity, results 11
December 2006 40 in a higher degree of swelling for the Type | conduits. AgispghetiBefYaRyzable
linkages in the polymer become more accessible to bggttacked by water molecules, leading to a
higher degradation rate. A slower degradation rate of PPE NGCs in the body, in comparison with that

in vitro, is probathiy daetubet s apled weh idimadlivoredt Adibirdlisxtisdueustpsiieaacbgnavite fiegiiast. This
may result in decreased accessihility of the polymer's ester linkages to water molecules and hence, a
ower abservet TPy E AR AV L e SR REEIER Sr s LA BE T iocuiar
weights and SEM pictures, that degradation of the NGC implants did occur in the body. The

degradation rate of a P(BHET-EOP/TC) polymer is related to the phosphate content in its backbone.
The higher the phosphate content, the faster the degradation rate of the polymer [Mao et al.,

Evaluation of poéyéJhros I?at’?% Wéagfl%%t&ogphonates as degradable biomaterials. J Biomed Mater
Res, 1991;25:1 i-gé]?]. Is'feature has 6rovided a simple way to control the time frame of

degradation of P{BpEJ AP deeiaRNevithinpiedstc dTenBEHEIpHERE, RachduitBePRMIRSEYNthesis
may provide more phosphate content, therefore speeding up degradation. It is also possible to reduce

this part to slowidbwiheisgraethneseteopdlysrdesvedrbydisidtehses st sendaresiweglipgsheequired.

The time required foreirughaiak Iigogper AFarsi9iadaRiB tace verse bulk, have been

described in the art. Surface hydrolysis is characterized by a linear decrease in
mass together with little initial decrease in molecular weight while typical bulk
erosion shows a rapid decrease in molecular weight before any significant mass
loss. The parallel reduction in conduit mass and in Mw (molecular weight) as
observed in the present invention suggests that both surface and bulk hydrolysis

occur in PPE NGCs.

Continuous decrease in conduit mass by leaching out of degradation products
will reduce the strength and toughness of a tube, ultimately resulting in a loss of
structural integrity of a conduit under the pressure of surrounding structures. If
this occurs too early, before a tissue capsule is formed over the conduit and a
matrix cable is strongly attached to both stumps, the failure of regeneration
would be a most likely consequence. Complete breakdown of the conduit is,
however, desirable after the nerve has satisfactorily regenerated, to obviate the
painful complications arising from nerve compression by a rigid conduit. As is
disclosed herein, a NGC made from P(BHET-EOP/TC) is degradable. The
difference in degradation rate between Type I and II conduits in the in vitro
study described below can be explained based on the polydispersity indexes or
the molecular weight distribution of polymers used. The polymer for fabrication
of Type I conduits possessed a higher low molecular weight fraction compared

to the one for Type II NGCs. This fact, in addition to its higher porosity, results



NGC is decided by the time needed for nerve regeneration, which is variable with defect length, nerve
location, and patient age [12]. P(BHEP-EOP/TC) copolymers with different ratios could be a choice to
meet different requirements in obtaining optimal degradation rates of NGCs. Tube swelling Tube
swelling is often observed with biodegradable nerve guide conduits. In those tubes with a porous wall,
the initial swelling may result from water uptake into the pores, which explaings the Lglgtivelygyaher
swelling experienced 11 December 2006 41 by the Type | NGCs disclosed herein. As tube
degradation starts, lower molecular weight degradation products absorb water and enhance swelling.
This may causeiprobldighevhelegiecswéllisgabiagfitientths diEipe the copduitimefrs Ssietha de¢ormation

may thalegressiting mh . . |
Constrictod of AR AN Goetori ot LA S eSABs G o8 M R B B
biodegradabiltyanddisioNiancyas.abaeves ilpHiadaoiEaRIo PAMRSIEY d4hes: Shaninabal the

more biodegradable a tube, the more likely it was to incur distortion and regeneration failure [23].
Ways to relieve e pfddidaNfm€lade therleadingnisompamstiattetbabid wétuocinhgrvlahlalidiickness

of the tube. These may, hpwever, result in.growth of fibrous tissue, into the Jumen or . affect the
echanical sl R UADAOHLRE Sl e S LA by B NG hifSsec
practical flexibikhyinehnicahapplifatien. AeRLIIHt0 SNthePBARFHBER! SftErgiikverian atagnorphous
polymer P(BHET-EPO/TC) is used to fabricate guides. Neither tubes with a wall thickness of 170 pm
nor those with andfiqhlexaagshence, a lower observed rate of degradation. Nevertheless, it was
observed, in view of changes in molecular weights and SEM pictures, that

degradation of the NGC implants did occur in the body.

The degradation rate of a P(BHET-EOP/TC) polymer is related to the
phosphate content in its backbone. The higher the phosphate content, the faster
the degradation rate of the polymer [Mao et al., Evaluation of polyphosphates
and polyphosphonates as degradable biomaterials. J Biomed Mater Res,
1991;25:1151-67]. This feature has provided a simple way to control the time
frame of degradation of a P(BHET-EOP/TC) conduit. Increase in the BHET-
EOP part during polymer synthesis may provide more phosphate content,
therefore speeding up degradation. It is also possible to reduce this part to slow
down degradation of the polymer when persistence of structural integrity is
required. The time required for structural disintegration of a biodegradable
NGC is decided by the time needed for nerve regeneration, which is variable
with defect length, nerve location, and patient age [12]. P(BHEP-EOP/TC)
copolymers with different ratios could be a choice to meet different

requirements in obtaining optimal degradation rates of NGCs.

Tube swelling
Tube swelling is often observed with biodegradable nerve guide conduits. In
those tubes with a porous wall, the initial swelling may result from water

uptake into the pores, which explains the relatively higher swelling experienced



of 240 pm showed any significant swelling. These data are consistent with those obtained from NGCs
made from DegraPol, a biodegradable polyester urethane with a low degree of swelling [4]. Thus, the
material used can influence the extent of swelling of a biodegradable synthetic tube. In the case of
the P(BHET-EOP/TC) series of PPE polymers, changing the relative hydrophobicity by substituting
ethylene glycol with other diols may affect swelling [15]. Crystallinity Crystalliniiy hagiheemngiyen
attention among the various properties of degradable golymers suitable for NGC fabrication [4,11].
Mixing a 11 December 2006 42 crystallizable polymer with an amorphous one may improve the

mechanical properties dfypeue Matallshisdasgdheriig.ddxingubtldagitdatian Siace, clywetlinity
decreases the solupility of polymers, this,mixing may slow,down tube degradation, which, may in turn

aroats forei L 1B e B SR A Ve SRS ane S
a gradual Crys@ﬂi@ﬁﬁﬁ]ﬁbﬁ%@@ﬁﬁ%ﬂ)@l{ﬁt%eﬁ??tﬁ@i%%Hl%g%@%ﬁﬂ%ﬁ@iﬂ%imswh tHE@ulig4]- In the
P(BHET-EOP/TC) series of PPE polymers, according to one embodiment of the present invention,

those with a BHETMEO PPRchcHargikigrmaaiaonigresutiesh 50/50caye aeaorprrosswitAntb mmepeagdoint.

Only when the ratio is reduced to 50/50, a crystalline phase begins to form in the polymer (Tm =201
) 151, Consist eI TS, BTN S R e SR LGB Rt 1L BB ST o

crystallinity. Thiggienerrallews fRiceompleie bipesaradadon[of a PABHEIRRRGHC) eebdbin
Biocompatibility of PPE conduits
biodegradability and distortion was observed with biodegradable polyester
tubes, showing that the more biodegradable a tube, the more likely it was to
incur distortion and regeneration failure [23]. Ways to relieve the problem
include increasing the internal diameter and reducing the wall thickness of the

tube. These may, however, result in growth of fibrous tissue into the lumen or

affect the mechanical strength of the tube.

A nerve guide that is less affected by swelling may have increased practical
flexibility in clinical application. According to one embodiment of the
invention an amorphous polymer P(BHET-EPO/TC) is used to fabricate guides.
Neither tubes with a wall thickness of 170 um nor those with a wall thickness
of 240 wm showed any significant swelling. These data are consistent with
those obtained from NGCs made from DegraPol, a biodegradable polyester
urethane with a low degree of swelling [4]. Thus, the material used can
influence the extent of swelling of a biodegradable synthetic tube. In the case of
the P(BHET-EOP/TC) series of PPE polymers, changing the relative
hydrophobicity by substituting ethylene glycol with other diols may affect
swelling [15].

Crystallinity
Crystallinity has been given attention among the various properties of

degradable polymers suitable for NGC fabrication [4,11]. Mixing a



Low inflammatory responses have been reported for PPE polymers, characterized with minor
encapsulation and slight or no lymphocyte, giant cell, or macrophage activity [13,15]. The cytotoxicity
test of P(BHET-EOP/TC) showed no effects on morphology and proliferation of human embryonic
kidney cells and no mutagenicity in the Ames test [15]. Studies were carried out in relation to
embodiments of the present invention. These studies concentrated on the ngrys.systien} Wijhseveral
in vitro assessments of cytotoxicity and showed no toxic effects of P(BHET-EOP/TC) polymers and
conduits on primary neurons and neuronal cell lines tested. The studies also included a sensitive
immunostainingemystabizakiagratyibetise tigam s BBRD wagrafiRmienprorstditefaneidtariig
neuronal degeneration. No differences between experimental and.control cultures in the NF68
Staining s Showh TR Sty HOTeci, AT S i, Do G Rerop B S
breakdown 11 RegarAai0f& #3sB50aCDRIBIRYIBN Dol R ARt HAXiEE 9hd Riededtagable

NGC is a factor that should be considered together with in situ degradation rates and local tissue
clearances. Théubgadsigeistionirdiighissas iasponsageriviplarfiers RBREY-FORIPA) Sendeits has

shown a low inflammatory reaction, comparable to previous reports.. This low reaction is _clinically
desirable in it ST A SOALS ar Ao e it SR g eyl

tendons of an injgyedlhznsbdmrroyschNRIvHELABRErFHOM B NHPrpR3HARIOE IRARIEIVE Y BlStems
Targeting CNS neurons by endocytosis at nerve termini and retrograde axonal transport following

peripheral injectibheof 24drdpabechyBrtE TsEOR/IR(asigeies of PPE polymers, according to one
embodiment of the present invention, those with a BHET-EOP/TC charging

ratio higher than 50/50 are amorphous with no melting point. Only when the
ratio is reduced to 50/50, a crystalline phase begins to form in the polymer (Tm
= 201 °C) [15]. Consistent with this, PPE polymers in which the BHET-
EOP/TC ratio is 80/20 showed no crystallinity. This property allows for
complete biodegradation of a P(BHET-EOP/TC) conduit.

Biocompatibility of PPE conduits

Low inflammatory responses have been reported for PPE polymers,
characterized with minor encapsulation and slight or no lymphocyte, giant cell,
or macrophage activity [13,15]. The cytotoxicity test of P(BHET-EOP/TC)
showed no effects on morphology and proliferation of human embryonic kidney
cells and no mutagenicity in the Ames test [15]. Studies were carried out in
relation to embodiments of the present invention. These studies concentrated on
the nerve system with several in vitro assessments of cytotoxicity and showed
no toxic effects of P(BHET-EOP/TC) polymers and conduits on primary
neurons and neuronal cell lines tested. The studies also included a sensitive
immunostaining method using antibodies against the 68kD neurofilament
protein for detecting neuronal degeneration. No differences between
experimental and control cultures in the NF68 staining is shown in this study,

indicating that there are no adverse effects of P(BHET-EOP/TC) breakdown



the CNS regions. Many viruses, metals, proteins and large pariculate agents, including polymer
particles like dextran and latex, are capable of reaching CNS neuronal cell bodies through this route.
Polyethylenimine (PEI)/DNA complexes have been loaded into nerve guide conduits and proximal
nerve stumps were allowed to take up the complexes. Gene expression was detected in dorsal root
ganglion neurons and spinal cord neurons. When genes whose products argtigpfic.i-pegis
outgrowth were used, better regeneration of severed Jgrves was observed. DNA complexes may be
prepared from some other cationic polymers, for example, poly-L-lysine or chitosan. Cationic lipid
may also be us@dddnENAncIHpNeL-preparation. Improved nerve regeneration by incorporation of
sustained protein delivery systems 11 December 2006 44 Various active factors may aid in
stimulating and enhancing nerve regeneration. Preferable nerve growth enhancers are growth factors,

such as nerve growth factor (NGF), brain derived neuro-trophig factor (BDNF), and cjliar
neurotrophic factof (BRIFESIAIEEIEILY, pB&ﬁ‘t Sipds: Bpiﬁeﬁggq’réan‘ér\?e%aﬁ@’f)o(ﬁﬂf F—‘i/ﬂelgl‘?ed
substrates can pigyifl derlianakauidanss Brihe Jeatrih AXeDS RN sReGficRIRas Riffusion

gradients of NGF can promote directed neurite extension in two-dimensional cell culture. NGF is
thought to medidiecchzamtaxipreqiired $tustssessfospesastaidisimmpaned fBIORAHERIIC)

connections. To achieve a prolonged release.of NGF, it is encapsulated in microspheres composed of

PP polymerSNUS T STRAD b GOt cLRABIA AR B BroCORBAER SR RS a7

example, poly(lagheeR-ohiQlie ACicliBa is clinically desirable in minimizing adhesions of an
implanted conduit to surrounding tissues, especially to tendons of an injured

hand.

Improved nerve regeneration by incorporation of gene delivery systems

Targeting CNS neurons by endocytosis at nerve termini and retrograde axonal
transport following peripheral injection of therapeutic genes is non-invasive to
the CNS regions. Many viruses, metals, proteins and large pariculate agents,
including polymer particles like dextran and latex, are capable of reaching CNS
neuronal cell bodies through this route. Polyethylenimine (PEI)/DNA
complexes have been loaded into nerve guide conduits and proximal nerve
stumps were allowed to take up the complexes. Gene expression was detected
in dorsal root ganglion neurons and spinal cord neurons. When genes whose
products are trophic to neurite outgrowth were used, better regeneration of
severed nerves was observed. DNA complexes may be prepared from some
other cationic polymers, for example, poly-L-lysine or chitosan. Cationic lipid

may also be used for DNA complex preparation.

Improved nerve regeneration by incorporation of sustained protein delivery

systems



diameters of microspheres of this embodiment of the invention range from 5 to 20 micrometers. These
small diameters are necessary in suspending the microspheres within regenerated tissue cables,
therefore providing a relatively even distribution of released NGF. Controlled release of bioactive NGF
from these microspheres lasted for at least 3 months. These microspheres were loaded into the
nerve guide conduits to allow a sustained action of NGF on regenerating nqrygs. /e aHeiexgd
embodiment, at least 100 microgram of NGF is loadeg jnto a 10 mm conduit. Examples Example
[-Conduit Fabrication I-1: Dip-coating/immersion precipitation method To obtain a porous type guide
(Type |, surface YarogisyactdBoAacroB4oRnW) isslimotaonR BHETIRORIEOFOR/IDer80R0) in
chloroform Wasrﬁregpar%? 11 December, 20‘(})? 45 bsy ma netict stgrireg. A Teflon mandrel of dit meter
1.5 mm was verticafty* dippad S tRE BolyMAPESitts ) SHELHS S Tk AR ed it #'SPEdt of 8.3
mm/s and allowgghgrTeNTFN the:saluteR Tea3tsuihesnndrakeas WIsTIKawN afd miRds,and

immediately immersed into the non-solvent bath where it was allowed to stand for 10 mins. The

mandrel was subgeiemiyicrdiaged hErXdital YN osminpelstd rdaudetoariafiomsniothensere

thickness along the axis, o f\ﬂ? e and at the same time, to facilitate the process of aif- drying. The
coated mandreR e BT R Aol BN BT B 98 UL RGeSl

using a Moduly@dgiierverdiyingsUtialras PEpesitie ohds Tamifaisabreashansweek. Noallyche

polymer coatings were removed from the mandrel and characterized, or used for the implantation
promote directed neurite extension in two-dimensional cell culture. NGF is
thought to mediate chemotaxis required for successful reestablishment of

functional synaptic connections.

To achieve a prolonged release of NGF, it is encapsulated in microspheres
composed of a PPE polymers. Microspheres may be fabricated from any other
biocompatible polymers, for example, poly(lacticco-glycolic acid). The
diameters of microspheres of this embodiment of the invention range from 5 to
20 micrometers. These small diameters are necessary in suspending the
microspheres within regenerated tissue cables, therefore providing a relatively
even distribution of released NGF. Controlled release of bioactive NGF from
these microspheres lasted for at least 3 months. These microspheres were
loaded into the nerve guide conduits to allow a sustained action of NGF on
regenerating nerves. In a preferred embodiment, at least 100 microgram of

NGF is loaded into a 10 mm conduit.

Examples

Example [—Conduit Fabrication

I-1: Dip-coating/immersion precipitation method
To obtain a porous type guide (Type I, surface porosity = 35%), A 34% (w/w)
solution of P(BHET-EOP/TC) (EOP/TC = 80:20) in chloroform was prepared



experiments. To obtain a dense type guide (Type Il, surface porosity = 8%), a similar procedure as
described above was applied, with the exception that the prepared sample was not frozen before
being subjected to the process of vacuum drying. A typical P(BHET-EOP/TC) nerve conduit is shown
in Figure 6, possessing a diameter of 1.5 mm and wall thickness of approximately 100 gm. In the
cross section of a nerve conduit (3 dip-coating steps) at higher magnificatiopn; {38, Q94 hayered
structure of the conduit wall is apparent, each layer mggsuring approximately 25 gm. Another
structural feature, i.e. finger-like cavities is observed as well at different regions of the conduit

cross-section. Thiesaagndties strangetd ghomvaahdredtebidiarstieradstenonpemneegitiedlacules
through the conduit wall. The nerye conduit js asymmetrig in terms of pqrosity. Its oute fgce is
cloarly more G BRSH L RS MU BB dyEe & A b aepor b B
apparent. An explgnatigndfos1ibisenayolieamiiithen Mmethediati@brieaticn. Threyghptiibe praegss of
immersion precipitation, the luminal side is always in contact with the PTFE mandrel, whose surface

11 December 200&hdr8vritepbicld pooHy witd dnenagdietaly prarerstdha e thixatbsotalientThithow

porosity of the luminal surface thus cqmes as no surprise,.knowing that if is sublimed ice that gives
et to 1o froe Ve HuhAs ALESEdUstanc B o maaATR 6 A SERTBI ARy
P(BHET'EOP/T@)E@@WJJ&@%@OMB thler@iiey waschIRRA(EH Ryonagnate SHHINehiERASIYS of this
solution was cast into a mold with a base measurement of 10 x 7.5 cm, and the solvent was allowed

to evaporate oftifng ftaarisoef ficatpesicadrs Geysnmpdipily nckafittasutbe process of air-

drying. The coated mandrels were equilibrated in water overnight, frozen at —
20° C and subsequently freeze-dried using a Modulyo Freeze-drying Unit at a
pressure of 0.1 Torr for at least one week. Finally, the polymer coatings were
removed from the mandrel and characterized, or used for the implantation

experiments.

To obtain a dense type guide (Type II, surface porosity = 8%), a similar
procedure as described above was applied, with the exception that the prepared

sample was not frozen before being subjected to the process of vacuum drying.

A typical P(BHET-EOP/TC) nerve conduit is shown in Figure 6, possessing a
diameter of 1.5 mm and wall thickness of approximately 100 um. In the cross
section of a nerve conduit (3 dip-coating steps) at higher magnification, the
porous, layered structure of the conduit wall is apparent, each layer measuring
approximately 25 um. Another structural feature, i.e. finger-like cavities is
observed as well at different regions of the conduit cross-section. These cavities
are likely to improve the rate of mass transfer of permeant molecules through
the conduit wall. The nerve conduit is asymmetric in terms of porosity. Its outer
surface is clearly more microporous as compared to the luminal surface, where
only scattered pores are apparent. An explanation for this may lie with the
method of fabrication. Throughout the process of immersion precipitation, the

luminal side is always in contact with the PTFE mandrel, whose surface



then be peeled off the mold and cut into strips measuring 2 x 1.6 cm. These strips were rolled around
mandrels of the desired NGC dimensions and sealed by means of chloroform or dimethyl-formamide.
The sealed tubes were vacuum-dried for at least 24 hours before use. Example lI-Control of porosity
The approach used in this invention to control porosity of NGCs was based on the ternary phase
diagram (Fig. 3). To determine demixing boundary and gelation point for tefapydiggrmnooisyid point
data for the determination of the demixing boundary W@s obtained by titration. Pure non-solvent was
slowly added to different concentrations of the homogenous polymer solution at a constant
temperature of 2B@agsil peephanerhtihsidigueassdplestedolighalldemiardwsnd utiven tbheiidirwize the
evaporation of CHC13 duri thf rocedure. The gelation point for a P(BH T-EOP/T% gh oroform
solution was A1y Ted iYL AT S StlSh THRATEy P28 T, lSasuring
weight loss of thesRIHEQN@UHAS SOy Of b eMaFREatINANE dRQHING-SOMT@RMeIght versus time. At
the point of gelation, a drastic decrease in the rate of evaporation (represented by weight loss) occurs
due to a slower rate of solvent mass transfer to the surface of the film. 11 December 2006 47 The
porosity of the [:10 Mef surfﬁlces obEﬁin d via the various procedures was estimated by generating a
random array o codNdiRates Hgfngo microprocessor, upon which the respective SEM micrographs
(at 1500x magnifioatipiwieiessResinee PR HIE-HORoR1 qes B/ Texprested pim BRIGRTGES Of

surface area covered by pores was calculated by employing the statistically derived formula:
was prepared by magnetic stirring. Ten mls of this solution was cast into a

mold with a base measurement of 10 x 7.5 cm, and the solvent was allowed to
evaporate off in a fume hood for a period of 3 days. The polymer film could
then be peeled off the mold and cut into strips measuring 2 x 1.6 cm. These
strips were rolled around mandrels of the desired NGC dimensions and sealed
by means of chloroform or dimethyl-formamide. The sealed tubes were

vacuum-dried for at least 24 hours before use.

Example II—Control of porosity

The approach used in this invention to control porosity of NGCs was based on
the ternary phase diagram (Fig. 3). To determine demixing boundary and
gelation point for ternary diagram, cloud point data for the determination of the
demixing boundary was obtained by titration. Pure non-solvent was slowly
added to different concentrations of the homogenous polymer solution at a
constant temperature of 25° C until permanent turbidity was detected visually.
Care was taken to minimize the evaporation of CHCl; during the procedure.
The gelation point for a P(BHET-EOP/TC) chloroform solution was
determined by casting a small volume of the solution in an evaporating dish,
measuring weight loss of the solution during chloroform evaporation and
plotting solution weight versus time. At the point of gelation, a drastic decrease
in the rate of evaporation (represented by weight loss) occurs due to a slower

rate of solvent mass transfer to the surface of the film.



surface porosity (%) = (number of coordinates within pore region / total number of coordinates) x
100% The procedure was performed three times for each micrograph to obtain the mean surface
porosity. It was found that coatings immersed in water and subjected to freeze-drying were porous,
while those that were vacuum dried were dense. Coatings immersed in pure methanol were dense no
matter whether they were freeze or vacuum dried. Coatings immersed in Mg DHauatgkPbidEs
exhibited varying degrees of porosity, depending on the MeOH-water ratio employed. To obtain
porosity with gradient precipitaton, the dip-coated mandrel was first immersed in 15 ml baths of
different initial mMdthanubstnicentheipodymeigingidsenelinioad 80vse/VRrmihanokadoreasisystem,

the percentage of methano| in the bath was increased gradually % by incremental addition of 5
1 methanor at ST Re Rtor RSN vimy FATHETdnt AELfedd of M L RER HamidiLFcotid be

achieved (propaffiepspiecesientiphan whyeaterHn thesgeaiive Wit Gaut he gapursdhat all the
systems proceeded to gelation. The surface porosity of a P(BHET-EOP/TC) coating can be controlled
within the rang&egagipeelivnatelycZao S8%rbyResployidfeheswiadienppresipitatiotPEssBécévmber

2006 48 procedure detscribetd avae. The corresg)&)%din% SEM micr(f r"f‘fth re ShO\[Vﬂ in _Fjgures
a

7a-g. When 0%Hhethanet (SUre Watsry Was UsedSs the initial inTarsion bathy the BUNALE bfthe

polymer coatingg.fxhibiiRY adrngbly fleefaus: morphology with a rugged surface and interconnected
pores. As the concentration of methanol in the initial bath was increased, the surface porosity

exhibited a corresponding decrease.

surface porosity (%) = (number of coordinates within pore region / total number

of coordinates) x 100%

The procedure was performed three times for each micrograph to obtain the

mean surface porosity.

It was found that coatings immersed in water and subjected to freeze-drying
were porous, while those that were vacuum dried were dense. Coatings
immersed in pure methanol were dense no matter whether they were freeze or
vacuum dried. Coatings immersed in MeOH-water mixtures exhibited varying

degrees of porosity, depending on the MeOH-water ratio employed.

To obtain porosity with gradient precipitaton, the dip-coated mandrel was first
immersed in 15 ml baths of different initial methanol concentrations, ranging
between 0 to 60% (v/v) methanol. For each system, the percentage of methanol
in the bath was increased gradually to 70% by incremental addition of 5 ml
methanol at 15 minute intervals. In this way, different degrees of liquid-liquid
demixing could be achieved (proportional to concentration of water in the

bath), while it could also be ensured that all the systems proceeded to gelation.

The surface porosity of a P(BHET-EOP/TC) coating can be controlled within

the range of approximately 2 to 58% by employing the 'gradient precipitation’



Example 11l - Permeability of conduit Permeability experiments were performed in order to relate the
observed porosities of the conduits to their respective permeabilities, in terms of molecular weight
cut-off and permeation constant. Two types of conduits were used, Batch 1 and Batch 2, fabricated
from Type 1 and Type 2 polymers respectively. The surface porosity of the Batch 1 conduit was
measured to be 35 % while that of the Batch 2 conduit was measured to be|§ Yds8adagvREb.C) A
permeability experiment was carried out as follows. Opg end of the nerve conduit was sealed by
means of a water-proof sealant (Selleys All Clear(r) copolymer sealant). After the sealant had been
allowed to dry, pepdireHeseakedativg. ATheo)osersnondmghd EM phissppeaphisudfersbowaline was

introduced into the Iumen7 of th rve duit by means of a _syringe needle. The og}er eng cif the
conduit was theh EHTarly E8alN Y ifoulBs (AR, TS AP Bortiingind e tiran
solution was thgmifemRrIsashin, ke BhefeE Jt4Rhpsphate bufiered salimsiceniaiigrlin fodom

Eppendorf vial. At fixed intervals of time, 0.1 ml of supernatant was transferred to a microplate reader
(SLT Rainbow) ardphelapsorbaiice & edtiggedo2sunhacth eapdocadieieoneectegedtet tisifysFIthe dextran

of a higher moleculet welahs (v 1,800 T BTSRRI consia oL e condyiurales

estimated by er%%lfgylng e formu ec where MAass Alux per
unittime A = argeh@bit MesrRIgRmding BerRasbility constant

Example III — Permeability of conduit

Permeability experiments were performed in order to relate the observed
porosities of the conduits to their respective permeabilities, in terms of
molecular weight cut-off and permeation constant. Two types of conduits were
used, Batch 1 and Batch 2, fabricated from Type 1 and Type 2 polymers
respectively. The surface porosity of the Batch 1 conduit was measured to be 35

% while that of the Batch 2 conduit was measured to be 8 % (see Figure 2b,c)

A permeability experiment was carried out as follows.

One end of the nerve conduit was sealed by means of a water-proof sealant
(Selleys All Clear® copolymer sealant). After the sealant had been allowed to
dry, 10 pl of FITC-dextran (My 4,400) solution in pH 7.4 phosphate buffered
saline was introduced into the lumen of the nerve conduit by means of a
syringe needle. The other end of the conduit was then similarly sealed and
allowed to dry. The sealed tube containing the FITC-dextran solution was then
immersed in 1.5 ml of pH 7.4 phosphate buffered saline contained in a 2 ml
Eppendorf vial. At fixed intervals of time, 0.1 ml of supernatant was transferred
to a microplate reader (SLT Rainbow) and the absorbance read at 492 nm. The
procedure was repeated using FITC dextran of a higher molecular weight (Mw
12 000). The permeability constant of the conduit wall was estimated by
employing the formula:

JIA=P/X)Ac



X = thickness of the membrane A c = concentration difference across the membrane The
concentration vs time curve was fitted to a hyperbolic function of the form y = ax/(bx +c). The value of
J was subsequently obtained by calculating the gradient of the concentration-time curve at the origin,
assuming a negligible lag time for the establishment of an equilibrium at the membrane-solution
interface The results demonstrated that the Batch 2 conduit was impermeallet El I sz Aeutign of
molecular weight 4 400. On the other hand, the Batchyconduit was permeable to FITC-dextran of
Mw 4 400 but exhibited cut-off for FITC-dextran of Mw 12 000. The release profile for FITC-dextran by
the Batch 1 conwilieis shewis HighipeouRtolmbie graph, the permeation constant (J) for FITC-
dextran of Mw 4 400 w s_estimatfeqlat 2.8 x 10-9 cm2 s 1. In the last section, reference was made to
the asymmetric nature%f‘tf?ée@o%dbf WHIM&%elieved that the luminal layer acts as a
semi-permeable memipangdhabmaitly «afiar molecular mass selectivity to the conduit wall,
whereas the porous outer wall region controls the rate of permeation and acts as a backing support.
This contrasts with theXtyplbatlgagsn plethie memibiaite where the perm-selective layer is usually the
outer skin layer. The Bermeabilié_t)(l expea;g%?ts show that c%nduits bof different porosities obtained by
immersion precipitationcd_er%%r}lcs rgi% QiereRCey &%} u%scglc?nrg\ﬁrélvgﬁl}fxample IV-B iocompatibility of

Conduits In vitropgétetsndeiivranissumiiitalegical anialygas weakpeasslitorubiassmprdiiltyrm
assessment of the P(BHET-EOP/TC) and the NGCs made with 11 December 2006 50 this polymer.

Cell types used Ynthig&hrdy-nelddedvialugriphahyvwisupobsaaogntly obtained by calculating the

gradient of the concentration-time curve at the origin, assuming a negligible lag

time for the establishment of an equilibrium at the membrane-solution interface

The results demonstrated that the Batch 2 conduit was impermeable to FITC-
dextran of molecular weight 4 400. On the other hand, the Batch 1 conduit was
permeable to FITC-dextran of My, 4 400 but exhibited cut-off for FITC-dextran
of M, 12 000. The release profile for FITC-dextran by the Batch 1 conduit is
shown in Figure 9. From the graph, the permeation constant (J) for FITC-
dextran of M,, 4 400 was estimated at 2.8 x 10° cm? s, In the last section,
reference was made to the asymmetric nature of the conduit wall. It is believed
that the luminal layer acts as a semi-permeable membrane that mainly confers
molecular mass selectivity to the conduit wall, whereas the porous outer wall
region controls the rate of permeation and acts as a backing support. This
contrasts with the typical asymmetric membrane where the perm-selective layer
is usually the outer skin layer. The permeability experiments show that conduits
of different porosities obtained by immersion precipitation demonstrate

differences at a functional level.

Example IV—Biocompatibility of Conduits

In vitro cytotoxicity and tissue histological analyses were used for

biocompatibility assessment of the P(BHET-EOP/TC) and the NGCs made with



the dorsal root ganglion (DRG), the hippocampus and the cerebral cortex, undifferentiated rat
pheochromocytoma PC12 cells and neuronally differentiated PC12 cells, as well as rat primary
fibroblast cells. The cells were cultured in DMEM supplement with 10% fetal calf serum. For PC12
cells, 5% of horse serum was also added. Extracts for in vitro assessment of neuronal cytotoxicity
were prepared by placing 5, 10 or 20 mg of P(BHET-EOP/TC) or conduits in 2R Qlahtheeel culture
medium for 3 days with an extraction temperature of 34C. The materials were sterilized with 70%
ethanol before the extraction. Control solution was prepared in the same way without the test
materials. To cHaliemgdycads Wiehl thepextrsets ithéhtelsude ringhated toabPion8Qvmewrsiseioyin a

24-well plate. The 2001 of extracts plus 20 fresh  culture medium added into each well of
tne plate. The LI HETE BIGCE TR T0ATotF Rg GEToIE b Boecs L AR ¢ the
end of experimgRiEfRQEIRIflcde dahepnethrArskRRah6RIE weeIinsedwith RES andufedyith 4%
paraformaldehyde and prepared for immunocytochemical analysis with a mouse monoclonal antibody

against the 68kBiHgueotikiekRCproesis.|asvivellissuetrpsondelibaedosivalés dbercrdiviviens blue
staining of 1 pm semi-thin j from conduit exp : ed to coptro tracts e from
various amoun @B DB e SRl R SE e P SRk dieration

nor cell death affen§eetRignhiondsdals indiy of Kigraetktypesiastied, AssduginentabfpibnasMd1eurons
from the dorsal root ganglion (DRG), the cerebral cortex and the hippocampus, undifferentiated rat

pheochromocyt6HatPastycsiRy amicpeigebhalip! afegehtibtearrO1mg alfsPEB T d5QR( Ptimmary
fibroblast cells. Immunostaigjng of D neurons or neuronal PC12 cells with.gntibodies against the
iesrsmpanatit it it B AT M e e S R et

temperature of 37°C. The materials were sterilized with 70% ethanol before the

extraction. Control solution was prepared in the same way without the test
materials. To challenge cells with the extracts, the cells were grown to 50 to
80% confluency in a 24-well plate. The 200l of extracts plus 200 pl of fresh
culture medium was added into each well of the plate. The cells were allowed
to grow for another 3 days before morphological examination. At the end of
experiments, some of the dishes with neuronal cells were rinsed with PBS and
fixed with 4% paraformaldehyde and prepared for immunocytochemical
analysis with a mouse monoclonal antibody against the 68kD neurofilament
protein. In vivo tissue response was evaluated after Toluidine blue staining of 1

um semi-thin sections from conduit explants.

Compared to controls, extracts made from various amounts of P(BHET-
EOP/TC) polymer and conduits induced neither morphological alteration nor
cell death after treatment for 3 days in any of the cell types tested, including rat
primary neurons from the dorsal root ganglion (DRG), the cerebral cortex and
the hippocampus, undifferentiated rat pheochromocytoma PC12 cells and
neuronally differentiated PC12 cells, as well as rat primary fibroblast cells.
Immunostaining of DRG neurons or neuronal PC12 cells with antibodies

against the 68kD neurofilament protein, one of the major structural components



11 December 2006 51 within neurons, showed no difference between extract-treated and negative
control cells in the intensity and pattern of the staining. In one experiment, thirty mg of the polymer,
which is about 4 times of a conduit weight, was extracted for 2 weeks in PBS at 37 C and primary
DRG neurons were treated with the extract for 7 days. No deleterious effects were observed after the
immunostaining of the 68kD neurofilament proteins (Fig 8A). The assessme} gidhg tisstiegggronse
to PPE-made conduits was conducted after hIStO|OgIC§i staining of the explants collected at various
time points post- implantation. Two types of tubes displayed a similar effect. The formation of a thin
fibrous tissue capihie arournsheshoyecdonlel Hefkwencat BatmpsNewrapitkaied had pwgsiaed and

dispersed Wlthln th ructure within the flr 4 weeks. |n|t|a mfa ator response during
s perod was LT A UERR S b TGP RS RS S SRBTER s was

more pronounceﬂlffyTﬁfge bLAREUNSHMEE, MERIES, ithatotliammaiery dﬁ%c'fd%(‘l@ﬁ neigiatablgs A

well-organized fibrous tissue capsule was present on the outer surface of the conduit, with about 8

layers of fibrobl&stsasiealahi kiieglssomabBB&t QbﬂnQFan&B}HQém@R@cn@ng?eW@fﬁM%tﬂéeen

between the fibro sI ers ndt e canduits. ne qf the im conduits, tri d.edema or
eorosre. e i S 10 S N e e B e e o

phosphate buffafihimésalisind of\tiReERiEs i Pt nther 6Nk (t5iweE)removed from the solution,
blotted with an absorbent tissue and weighted for weight increase. Seven samples were used for

Type | and 8 for Type Il conduits. Due to the breakage
The assessment of the tissue response to PPE-made conduits was conducted
after histological staining of the explants collected at various time points post-
implantation. Two types of tubes displayed a similar effect. The formation of a
thin fibrous tissue capsule around the tube could be seen at 3 days. New
capillaries had penetrated and dispersed within the tube structure within the
first 4 weeks. An initial inflammatory response during this period was
characterized with a weak accumulation of lymphocytes and macrophages. This
was more pronounced in Type I conduits. At 3 months, the inflammatory
reaction was not notable. A well-organized fibrous tissue capsule was present
on the outer surface of the conduit, with about 8 layers of fibroblasts and a
thickness of about 20 um (Fig. 8B). Some macrophages could be seen between
the fibrous layers and the conduits. None of the implanted conduits triggered

edema or necrosis.

Example V— Degradation of conduits

To measure swelling of NGCs, conduits were placed in phosphate buffer pH7.4
at 37 °C. At selected time points, the conduits were removed from the solution,
blotted with an absorbent tissue and weighted for weight increase. Seven
samples were used for Type I and 8 for Type II conduits. Due to the breakage

of Type I conduits, weight increase for swelling was not measured after 4



of Type | conduits, weight increase for swelling was not measured after 4 11 December 2006 52
weeks. The percentage of water absorption (WA%) was calculated according to the following
equation: WA(%) = 100x (Ws-Wr)/Wr where Wr= residual weight of the dry conduit and Ws = weight of
swollen conduit. Swelling was also analyzed by measuring changes of wall thickness and tube
diameter of conduits using UTHSCSA Image Tool. To measure weight loss, jqopdyits,wsremiaced in
phosphate buffer pH7.4 at 37 T. At selected time poings, the solution was removed and the conduits
were dried to constant weight under vacuum and weighed. The percentage of weight loss (WL%) was

calculated accomdelitokhe psifeontageqiatoter\ahsos)Eon0ONATY b Wip) falsWiaierbageo e ingisd weight

and Wr = residut I v¥e'1%§1t ?f the dr ico.nduit. To measure changes in molecular weight, the conduits
were rinsed in water> aredander QEUum, and dissolved in chloroform. NGC explants from the rat

body were separated from surrounding tissue, treated with 0.5mg/ml of collagenase Type Il for 24
hours to remove fibrous tissue and other protein impurities and subsequently treated in the same way
as the in vitro saiPI&e)ier |AdasWeMEN{Wirmolecular weight. Gel permeation chromatography (GPC)
was performed in chloroform with respect to polystyrene standards to determine the weight-average
molecular weight (Mw), number-average molecular weight (Mn) and polydispersity index (PI). 11

December 2006xR8re Wr= residual weight of the dry conduit and Ws = weight of swollen
conduit. Swelling was also analyzed by measuring changes of wall thickness

and tube diameter of conduits using UTHSCSA Image Tool.

To measure weight loss, conduits were placed in phosphate buffer pH7.4 at 37
°C. At selected time points, the solution was removed and the conduits were
dried to constant weight under vacuum and weighed. The percentage of weight

loss (WL%) was calculated according to the following equation:
WL(%) = 100 x (Wo-Wr)/Wo
where Wo = initial weight and Wr = residual weight of the dry conduit.

To measure changes in molecular weight, the conduits were rinsed in water,
dried under vacuum, and dissolved in chloroform. NGC explants from the rat
body were separated from surrounding tissue, treated with 0.5mg/ml of
collagenase Type II for 24 hours to remove fibrous tissue and other protein
impurities and subsequently treated in the same way as the in vitro samples for
measurement of molecular weight. Gel permeation chromatography (GPC) was
performed in chloroform with respect to polystyrene standards to determine the
weight-average molecular weight (Mw), number-average molecular weight

(Mn) and polydispersity index (PI).



To examine the morphology of the NGC explants with scanning electron microscopy (SEM), the
samples were gold-coated using Fine Coat lon Sputter JFC-1100 and micrographs were obtained
using a JEOL JSM-T220A scanning electron microscope at an accelerating voltage of 15 W. Samples
for differential scanning calorimetry (DSC) were also enzymatically treated to remove protein
impurities, as described above. DSC was preformed on a DSC 2010 Differgntigj-sgayangdoglorimeter
with a refrigerated cooling system (TA Instruments, Castle DE, USA). Thermograms were
obtained for the temperature from -20 C to 200 C, at a heating rate of 10 C/min. The data were

subjected to an BRafsigvie diignoeotRNGVR) wiirteh®ELS sxplaistiouitboforang uiipteron
comparison tests were perfg with Tukey tests where, ANOVA showed overall statistica
Cionificance. v- T S g o e RO UAHES BRI MBS warer
Thus the more yeadily gepigidPsREHR@PHNS BFeIBIaIAe PASH £laaNa0OE IRUAEXBSIe K dgn flipgradation
rate. Yet deformation of a conduit caused by swelling could impede outgrowth of regenerating nerves.

In vitro experimelstiparanikeretons dontlaeesterotharedteseeblalling of PPE conduits with different
surface porosities. In one experiment, weight increases were measured after placing conduits in PBS
at 37C for various periods of time. After 4 weeks, Type | conduits that have a surface porosity of 35%

had a 30% weigtdifsraassrvdiierd gl | scwhighgd etrsinis B Do eladesighily rerrothar ippo.in vitro

swelling of those conduits was also characterized by measuring wall thickness. A forty- five percent
increase of walltfigiikaelss B ¥p REHNTTYPE i riguitesamiied aboseeAbEr RO BHOrMed

on a DSC 2010 Differential Scanning Calorimeter with a refrigerated cooling
system (TA Instruments, New Castle DE, USA). Thermograms were obtained

for the temperature from -20 °C to 200 °C, at a heating rate of 10 °C/min.

The data were subjected to an analysis of variance (ANOVA) using the SPSS
statistical software. Multiple comparison tests were performed with Tukey tests

where ANOVA showed overall statistical significance.

V-1:In vitro degradation

The phosphoester bond in a PPE backbone is cleaved by water. Thus the more
readily water penetrates, the greater the bond cleavage and the faster its
degradation rate. Yet deformation of a conduit caused by swelling could
impede outgrowth of regenerating nerves. In vitro experiments were therefore
conducted to characterize swelling of PPE conduits with different surface
porosities. In one experiment, weight increases were measured after placing
conduits in PBS at 37°C for various periods of time. After 4 weeks, Type |
conduits that have a surface porosity of 35% had a 30% weight increase while
Type II, which porosity is 8%, swelled slightly more than 15%.in vitro swelling
of those conduits was also characterized by measuring wall thickness. A forty-

five percent increase of wall thickness was observed in Type I conduits while



no significant increase was seen for Type Il (Fig. 9). Tube diameter was not affected in both groups of
conduits. Degradation of the PPE conduits in PBS at 37C corresponded well to their swelling extent,
i.e. when more water penetrated into a conduit, greater degradation occurred. Weight loss and
decrease in weight-average molecular weight in a time-dependent manner documented this (Fig. 10).
About 20% of weight loss was seen in Type | conduits after 12 weeks in PBS. §otespansiijng, loss in
Type Il was 10%. GPC analysis showed that the high%r4molecular weight fraction of
P(BHET-EOP/TC) had shifted to the lower end, confirming cleavage of polymer chains. For Type |
NGC, the weight@wégaifécad|anatansweight sesa decréspediroma 000 ubel djooetsftewas neks, a
drop of 33%. Forf T%Pe } Ng%"},the mole(fular(\{vegght dropped 24%, from 17,000 to 13,000 after 12
weeks. V-2: In \;IlV%e g&rgb B %ngﬁd)uiﬁso?yﬁb "conduits with surface porosity of 35% and Type Il
conduits of 8% porosity were used. Both types of tubes were rigid enough to be easily manipulated
during microsurgery. After 1 month post-implantation, all tubes had fractured into pieces, which were
held together by connective tissue. Under scanning electron microscope, some areas on the surface

of Type | NGCsRa&radasingefirth FiktivantHisdih [V Bldh srererrresd ARdhdY. thals
e e RGeS S B g e
become rough wlithradatiaieasad fparoWiyi fhig 1dsk) .ahdl [decayndrei?006ighd-average molecular
weight in a time-dependent manner documented this (Fig. 10). About 20% of
weight loss was seen in Type I conduits after 12 weeks in PBS. Corresponding
loss in Type II was 10%. GPC analysis showed that the higher molecular
weight fraction of P(BHET-EOP/TC) had shifted to the lower end, confirming
cleavage of polymer chains. For Type I NGC, the weight-average molecular
weight had decreased from 15,000 to 10,000 after 12 weeks, a drop of 33%. For
Type I NGC, the molecular weight dropped 24%, from 17,000 to 13,000 after

12 weeks.

V-2: In vivo degradation of conduits

Type 1 conduits with surface porosity of 35% and Type II conduits of 8%
porosity were used. Both types of tubes were rigid enough to be easily
manipulated during microsurgery. After 1 month post-implantation, all tubes
had fractured into pieces, which were held together by connective tissue. Under
scanning electron microscope, some areas on the surface of Type I NGCs had
changed from relatively smooth to very rough after 6 weeks already. This
became more widely distributed after 3 months. The main microstructure
change observed in Type II conduits at 3 months was numerous small cracks
spreading all over the tube. The tube surface had become rough with an

increased porosity (Fig. 11).



GPC analysis of NGC explants collected after 3 months of implantation showed a drop of 16% and
10% in the weight-average molecular weight in Type | (n=2) and Il (n=3) conduits, respectively. The
polydispersity index decreased from 2.22 to 1.76 for Type | and from 1.70 to 1.62 for Type Il conduits.
DSC revealed the absence of any crystalline melting peaks for those material, which would have been
expected in the range (-20 C to 200 C) analyzed if crystallinity had been presepti:theesaimgies. This
implies that crystallinity did not develop in a P(BHET-§§)P/TC) NGC in vivo, at least up to a time
period of 3 months. Example VI--Nerve regeneration within conduits Twenty-six of male Wistar rats

(200 to 250 g) vieP& uaedyipis cd i (E ierplantatisn] g e Tiiped amnts faﬁmy@@ntatmmahgwxﬂer
anaesthetizing with blt right sciatic perve of the r se long
skin incision on ¢ ?E’é%ti &t i@? %f{ﬂ% gﬁn% A max%?u@?% ?@ “ﬁ%gﬁﬁéﬂ% from
surrounding t'SS&iﬁlaHd(Hé%%ﬁﬂLﬁEsth?e@fi@éﬁ'@é’ly'eme ﬁfékyﬁlébé@s‘i'ﬂ? Itﬂl@kaﬂgci?@i%tﬁﬂ&hflurca“on-

A 5to 7 mm piece of the nerve was removed and then the proximal and distal nerve stumps were
pulled 2 mm intd Zath bgériiog atphd PrEtaped, 104vidgtd forrpmtbestodptaap. The two stumps

were fixed within the tubes with a single 10-0 perineurial suture (Ethilon). Before the proximal stump
was pulled into the tube opening, the tube was filled with saline. The surgery was performed under an
Olympus operating microscope. The muscle layers were closed with 4/0 silk sutures and the skin
closed with Micliz$Clipsvéatel ahthebsanontihs afteciyyoddlitation] they Seaks fiervhsdogatherialith tubes
were reexposed and carefuldy isolated from the surrounding tissue. Tohe nerve 11 December 2006

which would have been expected in the range (-20 "C to 200 "C) analyzed if
crystallinity had been present in the samples. This implies that crystallinity did
not develop in a P(BHET-EOP/TC) NGC in vivo, at least up to a time period of

3 months.

Example VI--Nerve regeneration within conduits

Twenty-six of male Wistar rats (200 to 250 g) were used for conduit
implantation, 8 for Type I and 18 for Type II conduits. After anaesthetizing
with pentobarbital, the right sciatic nerve of the rat was exposed through a 3cm
long skin incision on the thigh and retraction of the gluteus maximus muscle.
The nerve was freed from surrounding tissue and transected at the midthigh
level, proximal to the tibial and peroneal bifurcation. A 5 to 7 mm piece of the
nerve was removed and then the proximal and distal nerve stumps were pulled
2 mm into each opening of the PPE tubes, leaving a 10-mm interstump gap.
The two stumps were fixed within the tubes with a single 10-0 perineurial
suture (Ethilon). Before the proximal stump was pulled into the tube opening,
the tube was filled with saline. The surgery was performed under an Olympus
operating microscope. The muscle layers were closed with 4/0 silk sutures and

the skin closed with Michel clips.

One or three months after implantation, the sciatic nerves together with tubes

were reexposed and carefully isolated from the surrounding tissue. The nerve



56 segment distal to the tube was pinched in a pair of forceps. Contraction of muscle on the back or
retraction of the leg indicates the presence of regenerating sensory fibers in the pinched segment.
The rats were then sacrificed with an overdose of pentobarbital. The PPE conduits were excised
together with nerves. After removing the conduits, the regenerated nerves were fixed with 4%
paraformaldehyde and 2.5% glutaraldehyde in PBS for overnight before imiupRstainiag 2hyenty
pm-thick longitudinal sections were cut on a cryostat §q}d collected onto gelatin-coated glass slides.
The sections were stained with mouse monoclonal antibodies against the 68kD neurofilament
protein. For monsigoasstridisisdlyecdictHabrrves warehixednfor arieasst Saegpsin Gortedssivm sofution

d th t-fixed with 1% tetroxid t d i q . o
were cut into ﬁ%ﬁs' o oﬁ‘%ra”ﬁm o S A e T OIGe Bt PSantate

evaluation was 1@% Izddfﬁ)@fsthﬁlf%@n‘piﬁ@%@e@égl%hlesﬂ%nQ‘alﬂsTWo%@esAhéiﬂage
Tool (The University of Texas Health Science Center in San Antonio). For each sample, 6 areas of

about 500 m2 fresertiiecdrosilsaationsidese @vaknirrond dihafEbnsprdnitoncsomrctiathe NGC
chambers (3 ou f4 T pe. Ifl gonduns ad becomne fi ed erit(rf fi\sol d structurettk?t brld ed the two
nerve stumps. ruc I appggre IR, \c’ilcﬁ) SRS S0 SE y faRtathed to tHe stumps At day

3, the solid strumeewaﬁamee(?afamihmeﬁ@éammredﬁIgluﬂa%ﬁbd&waaqmpmf@ﬁwmmgh@n small
threads distributed with a predominantly longitudinal orientation were observed (Fig. 12C), suggesting

an accumulatiobedpfibiimmenastsiig 1 Ijwehty stcthrekhhenbsuodmelfisasiionsrimenteetivion the

stumps 5 days post-implantatio nerated axons coul : .
P y I%ryostaP r]lect {F"onto gelatin-coated glass slides. The sections were

stained with mouse monoclonal antibodies against the 68kD neurofilament
protein. For morphometric analyses, the nerves were fixed for at least 3 days in
the above solution and then post-fixed with 1% osmium tetroxide. After
dehydration and embedding in Epon, the nerves were cut into 1um thickness of
transverse sections, and stained with toluidine blue. Quantitative evaluation was
carried out at the middle of the regenerated nerve cables using UTHSCSA
Image Tool (The University of Texas Health Science Center in San Antonio).
For each sample, 6 areas of about 500 um® from two cross sections were

evaluated.

One day after implantation, some of the NGC chambers (3 out of 4 Type 11
conduits) had become filled with a solid structure that bridged the two nerve
stumps. This structure appeared like blood clot and was loosely attached to the
stumps. At day 3, the solid structure was present in all tubes examined (Fig.
12B). By microscopic examination, small threads distributed with a
predominantly longitudinal orientation were observed (Fig. 12C), suggesting an
accumulation of fibrin matrices [18,19]. The structure had become firmly
connected with the stumps 5 days post-implantation. Regenerated axons could
be observed 2 weeks later in the proximal part of regenerated cables and one

month later in the distal sciatic stump, 5 mm distal to the suture line. Most of



be observed 2 weeks later in the proximal part of regenerated cables and one month later in the distal
sciatic stump, 5 mm distal to the suture line. Most of 11 December 2006 57 them were unmyelinated,
present together with numerous Schwann cells (data not shown). After three months, positive reflex
responses were observed in 40% of the rats that were implanted with Type | and 92% of those with
Type Il conduits when the nerve trunks distal to the conduits were pinched i the angstheiyss
animals. All these rats had a regenerated cable insidgiyhe conduits, which had bridged a 10mm gap
between the nerve stumps (Fig. 12D). The regenerated cables were centrally located within the
conduits, surrouhidat wyre fimenyglieaiadnpIesenickigedieo iz au mennaro s iaguiolee Bs tdasiinated as
well as unmyelinatfeq1 axons. Most of the axons in the distal nerve trunks were already myelinated.
Immunostainingn\?/ th SN 4 tibody against the NF68 protein confirmed axon distribution through the
whole regenerated cables three months after implantation. The staining was stronger than that in the
normal undamaged control nerve at the proximal nerve trunks but weaker at the distal part (Fig. 13).
Transverse sectiditertHitaggmenshnidpomtofehle X 0eprsgss Wrseeasalyssditodd&eriihe s number

of myelinated axpns \g{)ne and fhﬁg@&ﬁﬂﬁ@%ﬁﬁgﬁ&{%ﬁgﬂﬁ %bclgigguﬁfﬁ%'ﬁ/%&{ (i;ol?sduihse}/lvith a

higher surface porosi grﬁalgl% [ ype n Ich'is very close to the
value from the permahreneikbyl3mlasthseresidmnpantaionmdrllenl Y ambeneatic amahais. of the

regenerated nerves at the midpoint of conduits with different surface porosity
All these rats had a regenerated cable inside the conduits, which had bridged a
10mm gap between the nerve stumps (Fig. 12D). The regenerated cables were
centrally located within the conduits, surrounded by a fine epineurium. The
cables contained numerous fascicles of myelinated as well as unmyelinated
axons. Most of the axons in the distal nerve trunks were already myelinated.
Immunostaining with an antibody against the NF68 protein confirmed axon
distribution through the whole regenerated cables three months after
implantation. The staining was stronger than that in the normal undamaged

control nerve at the proximal nerve trunks but weaker at the distal part (Fig.

13).

Transverse sections through the mid-point of the 10mm gaps were analysed to
determine the number of myelinated axons one and three months after
implantation (Table 1). The Type I conduits with a higher surface porosity had
a higher fibre population than Type II conduit, which is very close to the value

from the normal nerves by 3 months post-implantation.

Table 1. Morphemetric analysis of the regenerated nerves at the midpoint of

conduits with different surface porosity

PPE NGC  Porosity Implantation Period N Fibre Population

Type 1 35% 1 month 4 375841043



PPE NGC Porosity Implantation Period N Fibre Population Type 1 35% 1 month 4 37581043 11
December 2006 58 Type Il 8% 1 month 7 29281293 Type | 35% 3 months 4 8080240 Type Il 8% 3
months 11 66842155 Normal Nerve - - 7 7991+257 Example VII--Nerve regeneration within conduits
loaded with polyethylenimine/DNA complexes Plasmid pcDNA3.1/lacZ, pcDNA/NGF, pcDNA/BDNF
and pcDNA3/Bcl-2, under control of the cytomegalovirus immediate early rqQiqh-RERpRIES G
enhancer, were used. All plasmids were expanded in ggcoli DHSa strain and prepared using Qiagen
plasmid Maxi-prep kit according to the supplier's protocol (Qiagen, Ontario, Canada).The quantity and
quality of the pufifipe Iblasmi®BNA was asbaBeathby optical dehsity at 260 ad33dR®3and by
electrophoresis in 1% agarose gel. The purified plasmid DNA was re- suspended in TE buffer and kept
in aliquots at a dyehtration 5% or 2mg/nil. nRiagmwid DNA wagtdiluted in 59808(e6340to the chosen
concentrations. PEI (25kDa, Sigma) was used as 0.1 M aqueous stock solution. Relative amounts of
PEI to DNA wergylde éhuivaleBts of PEI nitrdgeonpks DNA phosghate (N/P = 60844+ Cidifiplexes were
formed by adding the appropriate amount of PEI solution into DNA solution, mixing with brief vortex
and waiting for NofijalelNga@m-temperature. For each loading, 20 pl of 5% glpggseBpiution containing

4 pg of plasmid DNA complexed with PEI or other DNA carriers were used per conduit.

Example VII--Nerve regeneration within conduits loaded with

polyethylenimine/DNA complexes
Plasmid pcDNA3.1/lacZ, pcDNA/NGF, pcDNA/BDNF and pcDNA3/Bcl-2,

under control of the cytomegalovirus immediate early region promoter and
enhancer, were used. All plasmids were expanded in E.coli DHS5a strain and
prepared using Qiagen plasmid Maxi-prep kit according to the supplier’s
protocol (Qiagen, Ontario, Canada).The quantity and quality of the purified
plasmid DNA was assessed by optical density at 260 and 280nm and by
electrophoresis in 1% agarose gel. The purified plasmid DNA was re-

suspended in TE buffer and kept in aliquots at a concentration of 1 or 2mg/ml.

Plasmid DNA was diluted in 5% glucose to the chosen concentrations. PEI
(25kDa, Sigma) was used as 0.1 M aqueous stock solution. Relative amounts of
PEI to DNA were 10 equivalents of PEI nitrogen per DNA phosphate (N/P =
10/1). Complexes were formed by adding the appropriate amount of PEI
solution into DNA solution, mixing with brief vortex and waiting for 15 min at
room temperature. For each loading, 20 pl of 5% glucose solution containing 4
ug of plasmid DNA complexed with PEI or other DNA carriers were used per

conduit.

Wistar rats (200 to 250 g) were used for conduit implantation. After

anaesthetizing with pentobarbital, the right sciatic nerve of the rat was exposed



Wistar rats (200 to 250 g) were used for conduit implantation. After anaesthetizing with pentobarbital,
the right sciatic nerve of the rat was exposed 11 December 2006 59 through a 3cm long skin incision
on the thigh and retraction of the gluteus maximus muscle. The nerve was freed from surrounding
tissue and transected at the midthigh level, proximal to the tibial and peroneal bifurcation. A5to 7
mm piece of the nerve was removed and then the proximal and distal nerve | $tgyoRs, yWeiepghed 2 mm
into each opening of the PPE tubes, leaving a 10-mm 'glterstump gap. The two stumps were fixed
within the tubes with a single 10-0 perineurial suture (Ethilon). Before the proximal stump was pulled

into the tube opbniughttie 3gbe loag filled mqégwm@rmmigimmégtmm@noimbe B was
performed under an. Ollgmé% (irg'vrl%ﬁamlcroscoge T muscle ﬁ/ ere clos Wlthﬁf dsIk
sutures and the S8R Q0% e c]ine Wéh r%? ro%yg%ﬂ% stsﬁlﬁp?g R Cthe rats
were anesthetizgdindtimp@ioRachital srolumaladtRe it e drRNseRs AN YHR: Al tshs Alug i (200m1)
followed by 150m1 of ice-cold fixative (4% paraformaldehyde, 0.05% glutaraldehyde in PBS). The

dorsal root gandlon Ei?@%mﬁah@omrw@r@’aém@md@dnw@&eﬁké]@ﬁi prhaisarhatikadistatonaray at 4C,
followed by 1 or da s _cr n in 30% sucrosein PB ntl complet sank Finally
they were embe &t m“@ly& g”?&‘ fiSstid eé%tlng ?ﬁ%ao 3%1 f\lxﬁles HL?EA&)JSEFF%; corcl)%azfelec{nms (20 to
30 m) were cut atteSarithacap/OpkR t%@cé'tﬁﬁﬁ)wesl’@rd ifiged hraadimesimEBiwith siiMeMgai2 (pH
7.8) and incubated for 8 hours at 37C in X-gal (5-bromo-4-chloro-3-indoyl-(3-galactosidase) reaction

mixture (Invitrogerircarisbattwa | kshdlerabtfedzrgdhe psgprassionumpewas Pabed exprdssishavas
detectable in th%Sé’r{isr?g',r"t%teg?liﬁJ'o&a"se‘ﬁﬁ@ﬁ with polymer/DNA complexes solution. The
surgery was performed under an Olympus operating microscope. The muscle

layers were closed with 4/0 silk sutures and the skin closed with Michel clips.

One or two days after conduit implantation, the rats were anesthetized with
pentobarbital sodium, and perfused transcardially by saline solution (200ml)
followed by 150ml of ice-cold fixative (4% paraformaldehyde, 0.05%
glutaraldehyde in PBS). The dorsal root ganglion and spinal cord were removed
and post-fixed in the same fixative for 1 day at 4°C, followed by 1 or 2 days
cryoprotection in 30% sucrosein PBS until the tissues completely sank. Finally
they were embedded in O.C.T. (tissue freezing medium, Miles Inc. USA). The
coronal sections (20 to 30 um) were cut at -20°C in a cryostat. Sections were
rinsed three times in PBS with ImM MgCl, (pH 7.8) and incubated for 8 hours
at 37°C in X-gal (5-bromo-4-chloro-3-indoyl-B-galactosidase) reaction mixture

(Invitrogen Carlsbad, CA) to detect lacZ gene expression.

The lacZ gene expression was detectable in the dorsal root ganglion neurons
one day after conduit implantation. A high level expression was found 24
hours after implantation, with about 80 —-90% of the dorsal root ganglion
neurons positive in B-galactosidase (B-gal) staining (Fig 14). The staining was
also observed in the cytoplasm of large and small motor neurons in the spinal

cord (Fig. 15). BDNF has been documented previously to be able to promote



one day after conduit implantation. A high level expression was found 24 hours after implantation, with
about 80 -90% of the dorsal root ganglion neurons positive in 3-galactosidase (3-gal) staining (Fig 14).
The staining was also observed in the cytoplasm of large and small motor neurons in the spinal cord
(Fig. 15). BDNF has been documented previously to be able to promote 11 December 2006 60
neurite outgrowth. The BDNF cDNA was complexed with polyethylenimine apghlgagggwhpimsthe

conduits. One month later, regenerated nerve cables q(jthin the conduits showed bigger diameters
compared with those in conduits without the functional gene (Fig. 16). A higher density of fibre was

noted in the conduliédoadedonith. BDNFEIDNIA ebMexess (Fiynpixed aviditipekyegaenhyimsimine,
other cationic polymers or Jipidg may, also be uysed.to deliver genes through endocytosis a
rettograde axorilLARAAET: SHETHE SuelSe A STy AR Do e R relatve
transfer efficiengyHiptileat satiasPehuasid BAENGi Aobrdyshnep shitosath THaasastRiduits
GenePORTER were tested in agarose gel electrophoresis and COS7 cell transfection. The same

amounts of pcDNARMBEIRBRs tivanlcgenplEied With AHosbgolgmsty ahdilipids asneietethdbaditions

optimized for eaCchniC?dlit\éi gg%ea%ﬂh%ﬂlgge&?ﬂ 'ntc% melt%nggﬁi Tf](ez roteins extracted from the
brainstem 2 dayg Srter Injection were subjected to Wesker ilgg ig. 18). The highest expression

level was obtained with PEI, which is at least two times higher than that mediated with poly-L-lysine
and chitosan as showed by densitomeric analysis. Very weak expression was observed with two

cationic lipids, Tratddasenatnl EéyRPORTERICINEbEbsTidEe priIsmiRrDNA iptdstmeatoatfigebdid not

gain deteCtableL?s((::lflztg G 1\§§1ir0£6ir?egh&lggigrflsgenr(rl](')cytosis and retrograde axonal transport. The
gene expression of human Bcl-2 was used to compare their relative transfer
efficiency. Optimal ratios between DNA and poly-L-lysine, chitosan, Transfast
or GenePORTER were tested in agarose gel electrophoresis and COS7 cell
transfection. The same amounts of pcDNA3/Bcl-2 were then complexed with
those polymers and lipids under the conditions optimized for each individual
agent and injected into the tongue. The proteins extracted from the brainstem 2
days after injection were subjected to western blotting (Fig. 18). The highest
expression level was obtained with PEI, which is at least two times higher than
that mediated with poly-L-lysine and chitosan as showed by densitomeric
analysis. Very weak expression was observed with two cationic lipids,

Transfast- and GenePORTER. Injection of free plasmid DNA into the tongue

did not gain detectable Bcl-2 expression in the brainstem.

Example VII--Nerve regeneration within conduits loaded with NGF

microspheres

Recombinant human nerve growth factor was purchased from Sigma. To make
microspheres, 50 mg of PPE polymer was dissolved in 1 ml of methylene
chloride. Two microgram of NGF together with 0.6 mg of BSA was dissolved

in 30 pl of water. This mixture was added to the dissolved polymers during



Example VII--Nerve regeneration within conduits loaded with NGF microspheres Recombinant human
nerve growth factor was purchased from Sigma. To make microspheres, 50 mg of PPE polymer was
dissolved in 1 ml of methylene chloride. Two microgram of NGF together with 0.6 mg of BSA was
dissolved in 30 pl of water. This mixture was added to the dissolved polymers during 11 December
2006 61 vortexing and the solution was sonicated for 20 seconds to give a NPPRYERFRYD JHEKY
emulsion. Five ml of 1% to 10% PVA-5%NaCl was qug:f(ly added to this emulsion and vortexed for 30
seconds at high speed. This double-emulsion was poured into a 50-ml tube with 20 ml of 0.3%
PVA-5%NaCl solotioningdumdikbe solyoron sips Soaigiiedrionad stersdlsdoEHauashienadigenesiesosphere

formation. The migrospheres were collec centrifuging olution at 2000 rpm fqr, 10 min. The
microspheres wEVaH I HODeh e Bt e bk RS S aery & bince the
suspension of MIHPRANEEERIIR GRS R Gi0a aRdstaBIMCSpdBa. POSS IS WRILERING iBHegis of big
microspheres on neurite outgrowth, the microspheres used in the NGCs should have a smaller

diameter. It wasp@aiehined 2ha-uslrighrove fwAD) m/afd 3 EMdlsidhNebilsdpties astavsad to

prepare microspher%s With i mrIeltleEsraround %Oe .f{)Fig. 9L.rlst wa lgurtr}ﬁ:r r%%nﬂgpe }J’rlr?.t i\(/)vith such a
small diameter, Yﬁ%on%?o‘ép eFel r’fwgyesﬁvs?ﬁesﬁére within the reggner\gted(ilssge ¢8R e?ﬁernlbaded
into NGCs (Fig.268. inito tyipeserl Windegsadakle polymererae Uredidnisnaienouagphgtas. The

efficiency of encapsulation differed for each polymer was investigated, with two PPE polymers:
p(BHET-EOP) aHtl endbmbagatiierpephpeas piomPeyEdp) frozen in liquid nitrogen and then

lyophilised for 24 hours.

To enhance the suspension of microspheres in conduit solutions and to reduce
the possible disturbing effects of big microspheres on neurite outgrowth, the
microspheres used in the NGCs should have a smaller diameter. It was
confirmed that using 10% (w/v) PV A as an emulsion stabiliser was necessary to
prepare microspheres with diameters around 10 pm. (Fig.19). It was further
confirmed that, with such a small diameter, the microspheres may suspended

within the regenerated tissue cables after loaded into NGCs (Fig. 20).

Four types of biodegradable polymers were used to prepare microspheres. The
efficiency of encapsulation differed for each polymer was investigated, with
two PPE polymers: p(BHET-EOP) and a comparative polymer, p(DAPE-EOP),
having higher efficiency of protein encapsulation (Fig. 21). The greatest
normalized cumulative release of proteins was observed from p(DAPE-EOP)

(Fig. 22).

The rate of NGF release from the microspheres was determined by incubating
them with PBS in a cell culture plate. The plate was placed at 37°C.
Periodically, the buffer was replaced with fresh buffer. The concentration of

NGF in the buffer was determined by NGF ELISA. Microspheres with an



having higher efficiency of protein encapsulation (Fig. 21). The greatest normalized cumulative
release of proteins was observed from p(DAPE-EOP) (Fig. 22). The rate of NGF release from the
microspheres was determined by incubating them with PBS in a cell culture plate. The plate was
placed at 37C. Periodically, the buffer was replaced with fresh buffer. The concentration of NGF in
the buffer was determined by NGF ELISA. Microspheres with an 11 Decemhgr30Q6,,62-a(gigge
diameter of 10 pM gave an immediate burst that aboug 0 % of NGF was released within the first 24

hours. This immediate release was followed by a slow but sustained release of NGF for at least 3
months (Fig. 23%@1‘@&@1'@&3@@%9Q/aé\@gm@emdmhmkihﬁ@ﬂvm@ytdm@&b@miﬁl% fof BGdys. The

neurite outgrowth fr PC12 cells in re is ure conf rmed e b|oI actlyll of NGF
after encapsulatioh. %?é? a‘i.‘@t Bo“%S 3)4\3’]&5 1?0?1&‘6}‘? i %?ﬁ%\t we

anaesthetizing with peniahatolalidbe HeRhSeIBIC Nerre o the 1jhwas ¢xBRER (ﬁ?g‘)%a?ﬁ@ long

skin incision on the thigh and retraction of the gluteus maximus muscle. The nerve was freed from
surrounding tisswdeasetitibgected exphecahivtiihhdehednproyioant®hititdisatd pedayealllbiéurcation.

A 5to 7 mm piece of the nerve em then the OXIm and distal nerv stu were
pulied 2 mim in G GALE GURIENY (RSP B admE RO o RSN G BN s
were fixed wﬂh@ﬁ@%&q@wﬁh@ sinslef A Pesinptiplsoure (Ethilon). Before the proximal stump
was pulled into the tube opening, the tube was filled with NGF microspheres containing 100 g of

NGF. The surgery was performed under an Olympus operating microscope. The

Wistar rats (200 to 250 g) were used for conduit implantation. After
anaesthetizing with pentobarbital, the right sciatic nerve of the rat was exposed
through a 3cm long skin incision on the thigh and retraction of the gluteus
maximus muscle. The nerve was freed from surrounding tissue and transected
at the midthigh level, proximal to the tibial and peroneal bifurcation. A 5 to 7
mm piece of the nerve was removed and then the proximal and distal nerve
stumps were pulled 2 mm into each opening of the PPE tubes, leaving a 10-mm
interstump gap. The two stumps were fixed within the tubes with a single 10-0
perineurial suture (Ethilon). Before the proximal stump was pulled into the tube
opening, the tube was filled with NGF microspheres containing 100 pg of
NGF. The surgery was performed under an Olympus operating microscope. The
muscle layers were closed with 4/0 silk sutures and the skin closed with Michel

clips.

Two weeks after implantation, the conduits together with regenerated tissue
samples were collected for analysis. Speed-up regeneration was observed in the
conduits loaded with NGF microspheres, with many neurofilament-positive

fibres at the distal stumps of truncated nerves (Fig. 24).

In the present specification "comprise” means "includes or consists of" and

"comprising" means "including or consisting of".



muscle layers were closed with 4/0 silk sutures and the skin closed with Michel clips. Two weeks after
implantation, the conduits together with regenerated tissue samples were collected for analysis.
Speed-up regeneration was observed in the conduits loaded with NGF microspheres, with many
neurofilament-positive fibres at the distal stumps of truncated nerves (Fig. 24). In the present
specification "comprise” means "includes or consists of and "comprising" mepns.d8gIHEING)06
consisting of. 11 December 2006 63 The features disggased in the foregoing description, or the
following claims, or the accompanying drawings, expressed in their specific forms or in terms of a
means for performing the disclosed function, or a method or process for attaining the disclosed result,
as appropriate, may,.separately, or in.any. combination of such.features, be ytilised for realising the
vontion in civells TAE ARty o R Boes el e RS e st o

Tissue engineeling KdbmpaiipReralneiMeyseystesd!m Ratiickedii MikpnAbr Makig bY aeditor:
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3. Lundborg G, EF&%SI%{] B, kéraglasc son dS%sDﬁhI@SLhD%%iellqsaetg Nr.n'lz'lubuslgr a&gpea}ir ofO trhemm%gian nerve
in the human fofearm. Pre iminary ﬁﬁ%lngs. 3 pprop ’ Y, SCp Y, y

combination of such features, be utilised for realising the invention in diverse

forms thereof.
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11 December 2006 67 Claims: 1. A polymer comprising the subunit O O O 1111 11 O-C-O-R'O- P ] x
R wherein R' is ethyl or butyl, R" is (CH2)p wherein p is between 1 and 12 and R is a cross link
comprising one or more organic cross linking agents, the one or more organic cross linking agents
comprising 1,3,5-trihydroxybenzene or (CH20H)4C, and x is between 5 and 100 subunits. 2. A
polymer comprising the subunit O O O 1111 11 O-C-O-R'O- P ] x R wherein Rjys8ihykenbaly!, R" is
(CH2)p wherein p is between 1 and 12 and R is a fungt;ional group and a cell adhesive peptide that is
conjugated via the functional group, and x is between 5 and 100 subunits. 3. A polymer according to
Claim 1 or 2 wherein R' is CHzCHz. 4. A polymer according to Claim 1 or 2 wherein R" is CHzCHz. 5.
A polymer acco@i to Claim 2 wherein the cell adhesive peptide comprises the amino acids: Arg Gly
Asp; Tyr lle Gly rﬁgﬂ?g; or lle Lys Val Ala Vval.

1. A polymer comprising the subunit

O O O
J Il 1]
X

R

wherein R' is ethyl or butyl, R” is (CH,), wherein p is between 1 and 12 and R
is a cross link comprising one or more organic cross linking agents, the one or
more organic cross linking agents comprising 1,3,5-trihydroxybenzene or

(CH,0OH),C, and x is between 5 and 100 subunits.

2. A polymer comprising the subunit

O O O
[ Il I
O—R"OC—@ -C-O-R’O-l|3 }
X
R

wherein R’ is ethyl or butyl, R” is (CH,), wherein p is between 1 and 12 and R
is a functional group and a cell adhesive peptide that is conjugated via the
functional group, and x is between 5 and 100 subunits.

3. A polymer according to Claim 1 or 2 wherein R’ is CH,CH,.

4. A polymer according to Claim 1 or 2 wherein R” is CH,CH,.

5. A polymer according to Claim 2 wherein the cell adhesive peptide comprises

the amino acids: Arg Gly Asp; Tyr Ile Gly Ser Arg; or Ile Lys Val Ala Val.



11 December 2006 68 6. A polymer according to any one of the preceding claims further comprising
the subunitO OO O 11011111l [oCH2CH20C- ~- CY whereiny is between 5 and 100 subunits. 7.
A polymer according to Claim 6 wherein the ratio of x to y is 80:20. 8. A polymer according to any one
of Claims 1 to 5 further comprising the subunit O O O -CH2CH20C- ,01 CI-O-CH2CH20-P | z OCH3

wherein z is between 5 and 100 subunits. 9. A polymer according to any ong pifalaifsecl tmpdurther
comprising the subunit O O O -CH2CH20C- ,01 CI-QCH2CH20-P |z 0 wherein z is between 5 and
100 subunits. 11 December 2006 69

6. A polymer according to any one of the preceding claims further comprising

the subunit

0 0 0 0
J I ] I
0-CH,CH,OC- @C-O-CHzcmo-c-@ _C-- }
y

wherein y is between 5 and 100 subunits.
7. A polymer according to Claim 6 wherein the ratio of x to y is 80:20.

8. A polymer according to any one of Claims 1 to 5 further comprising the

subunit

0 0 0
I | I
-CH2CH20C-®C-0-CHZCH20-P }—
| Z

OCH;3;

wherein z is between 5 and 100 subunits.

9. A polymer according to any one of Claims 1 to 5 further comprising the

subunit

0 0 0
] I I
-CH2CH20C-©C-O-CH2CHZO—P }—
| Z

o

wherein z is between 5 and 100 subunits.



10. A nerve guide conduit comprising a polymer according to any one of Claims 1t0 9. 11. A nerve
guide conduit according to Claim 10 wherein the polymer has an average molecular weight of
between 10,000 and 25,000. 12. A nerve guide conduit according to Claim 11 wherein the polymer has
an average molecular weight of between 14,900 and 18,900. 13. A nerve guide conduit according to
Claim 12 wherein the polymer has an average molecular weight of between 15200856 5H6Q0. 14. A
nerve guide conduit according to any one of Claims 1@ 40 13 wherein the conduit has a surface
porosity of between 2 and 58%. 15. A nerve guide conduit according to Claim 14 wherein the conduit
has a surface plosity Bir380gUIde A dRdve ginteptshtitinapobytiny asCieding 4qvhaieiathectonduit
has a surface pajosit f8°6). 17. A nerve guide conduit according to any one of Claims 10 to 16
having a diame e{?l %/)gt\tﬁee'n 1 and 2 mm. 18. A nerve guide conduit according to Claim 17 having a
diameter of 1.5 mm. 19. A nerve guide conduit according to any one of Claims 10 to 18 having a wall
thickness of between 150 and 250m. 11 December 2006 70 20. A nerve guide conduit according to
Claim 19 whereinl th wellVehigkislessagduitoaseouiing . t1Chinerle gilieetbHuuipelocaedingstaany one

of Claims 10 to 20 wherein the .conduit, comprises a plurality of | 2. A nerve guide conduit
according to CHINS DL AINLag o ytiar Berveeh b/ 2556007

12. A nerve guide conduit according to Claim 11 wherein the polymer has an

average molecular weight of between 14,900 and 18,900.

13. A nerve guide conduit according to Claim 12 wherein the polymer has an

average molecular weight of between 15,000 and 17,000.

14. A nerve guide conduit according to any one of Claims 10 to 13 wherein the

conduit has a surface porosity of between 2 and 58%.

15. A nerve guide conduit according to Claim 14 wherein the conduit has a

surface porosity of 35%.

16. A nerve guide conduit according to Claim 14 wherein the conduit has a

surface porosity of 8%.

17. A nerve guide conduit according to any one of Claims 10 to 16 having a

diameter of between 1 and 2 mm.
18. A nerve guide conduit according to Claim 17 having a diameter of 1.5 mm.

19. A nerve guide conduit according to any one of Claims 10 to 18 having a

wall thickness of between 150 and 250pum.



23. A nerve guide conduit according to Claim 21 or 22 wherein each layer is between 20 and 30 pm
thick. 24. A nerve guide conduit according to Claim 23 wherein each layer is 25 m thick. 25. A nerve
guide conduit according to any one of Claims 10 to 24 wherein the outer surface of the conduit has
greater microporosity than the luminal surface of the conduit. 26. A nerve guide conduit according to
any one of Claims 10 to 25 comprising a gene delivery system. 27. A nerve|gusie-egydyibgggording to
Claim 26 wherein the gene delivery system comprise§@ complex of DNA and a cationic polymer or
lipid loaded into the conduit. 28. A nerve guide conduit according to Claim 27 wherein the complexes
are particles of 20nfn neiyieugieide. condutesdsedago® Clag MPneherqguideccontuinistosrding to
Claim 27 or 28 \ilgﬁ/rei %e cationic polymer or lipid comprises polyethylenimine, poly-L-lysine or
chitosan. 30. A néR& gquidd'@nduit according to Claim 27 or 28 wherein the cationic polymer or lipid
comprises 1,2 - dioleoyl phosphatidylethanolamine. 31. A nerve guide conduit according to Claim 27
wherein the cationic polymer or lipid comprises Transfast or GenePORTER. 32. A nerve guide conduit
according to any bné ofClaigwsdcaenduiwhereidithe tgeng encadeSlainsulottopHicvrotein thea

neuro-active neuraldibreé;rowth eliciiinl%lmole{:ijle. 33. A nerve guide conduit according to Claim 32
wherein the gerfé@BGHIpFgEYPrIses a plurality ot layers.

22. A nerve guide conduit according to Claim 21 comprising 3 layers.

23. A nerve guide conduit according to Claim 21 or 22 wherein each layer is

between 20 and 30 wm thick.

24. A nerve guide conduit according to Claim 23 wherein each layer is 25 um

thick.

25. A nerve guide conduit according to any one of Claims 10 to 24 wherein the
outer surface of the conduit has greater microporosity than the luminal surface

of the conduit.

26. A nerve guide conduit according to any one of Claims 10 to 25 comprising

a gene delivery system.

27. A nerve guide conduit according to Claim 26 wherein the gene delivery
system comprises a complex of DNA and a cationic polymer or lipid loaded

into the conduit.

28. A nerve guide conduit according to Claim 27 wherein the complexes are

particles of 20nm in diameter.



NGF, BDNF or Bcl-2. 34. A nerve guide conduit according to any one of Claims 10 to 33 comprising a
sustained protein delivery system. 35. A nerve guide conduit according to Claim 34 wherein the
sustained protein delivery system comprises one or more microspheres, loaded into the conduit and
containing a protein such that the protein is released from the microspheres progressively. 36. A
nerve guide conduit according to Claim 35 wherein the microspheres are mpdeyfQhmBer 2006
poly(phosphoester) polymer. 37. A nerve guide conduitaccording to Claim 35 wherein the
microspheres are made from a polymer according any one of Claims 1 to 9. 11 December 2006 72
38. A nerve guid® cénagitvacgordingao duidiaresrdingréin tHaimicrosphedewhescimdbe frafonic

poly(lacticco-glycalic acid) or poly(lactide-co- Iife . 39. A nerve guide conduit according to any
e of Claims 3508 BB B §ETBUBAGE I TG Y NeHse 1€ BEAGEh 5 and 20 m 40.
A nerve guide conduit according to Claim 39 wherein the average diameter of the microspheres is 10
m. 41. A nerve guide conduit according to any one of Claims 35 to 40 wherein the microspheres
release the protéth dvercavsegbilofeanduit aseeedingntes(A20A 2éroe glisdhenriuibacssiaing to any
one of Claims 350tf) 40 Whelriel at least 100 pg rotein.is lo eeli’tllo mm of conduit. 43. A nerve

f de
guide condt abKUVRS 8 LR GRIER Caime SIS AL S s RO LE e NGF, BONF,
CNTF, epidermal growth factor or fibroblast growth factor.
31. A nerve guide conduit according to Claim 27 wherein the cationic polymer

or lipid comprises Transfast or GenePORTER.

32. A nerve guide conduit according to any one of Claims 26 to 31 wherein the
gene encodes a neurotrophic protein or a neuro-active neural fibre growth

eliciting molecule.

33. A nerve guide conduit according to Claim 32 wherein the gene comprises

NGF, BDNF or Bcl-2.

34. A nerve guide conduit according to any one of Claims 10 to 33 comprising

a sustained protein delivery system.

35. A nerve guide conduit according to Claim 34 wherein the sustained protein
delivery system comprises one or more microspheres, loaded into the conduit
and containing a protein such that the protein is released from the microspheres

progressively.

36. A nerve guide conduit according to Claim 35 wherein the microspheres are

made from a poly(phosphoester) polymer.

37. A nerve guide conduit according to Claim 35 wherein the microspheres are

made from a polymer according any one of Claims 1 to 9.



44. A nerve guide conduit according to any one of Claims 10 to 43 wherein the conduit is loaded with
a bioartificial nerve graft comprising Schwann cells. 45. A nerve guide conduit according to any one of
Claims 10 to 44 for use in a method of regenerating a severed nerve comprising the step of: inserting
each of the respective nerve stumps into the respective first and second ends of the conduit. 11
December 2006 73 46. A method of fabricating a nerve guide conduit accordingde-ghepne®g Claims
10 to 45 comprising the steps of: providing a solution ghthe polymer and a solvent; and adding first
and second non-solvents to the solution. 47. A method according to Claim 46 wherein the solvent has
a solubility of greater than 10 mg/ml. 48. A method according to Claim 47 wherein the solvent has a

cither o both of Lo BbRE Faddk o o L B 25 e b g 0

Claim 49 whereif Rithgoai O RidieBosrIUenisid)as pSiubdiatiessfbande)l mg/mil. 51. A

method according to any one of Claims 46 to 50 wherein one of the solvent and either or both
non-solvents has at least 0.5% w/w solubility in the other of the solvent and either or both

non-solvents. 5 ethod acc rdln to &ny on laims 46 to furth r.comyyising the  step of,
after adding th %ngé&n%rggc%l 1 Son- gg NS Orlnlcr%aglﬁ Xrd ec%nce%’tra?%% (t)?nrf)*% gr (B

non-solvent. 53a@e‘i‘&%@@fbﬁ‘fe@@f@ﬂﬁl@tﬁ'@t’&;ﬂ?ﬁ:i’é@%%@tﬁb&%@%ﬂﬁ ngrualvent is added

40. A nerve guide conduit according to Claim 39 wherein the average diameter

of the microspheres is 10 pm.

41. A nerve guide conduit according to any one of Claims 35 to 40 wherein the

microspheres release the protein over a period of at least three months.

42. A nerve guide conduit according to any one of Claims 35 to 40 wherein at

least 100 pg of protein is loaded per 10 mm of conduit.

43. A nerve guide conduit according to any one of Claims 34 to 42 wherein the
protein comprises NGF, BDNF, CNTF, epidermal growth factor or fibroblast

growth factor.

44. A nerve guide conduit according to any one of Claims 10 to 43 wherein the

conduit is loaded with a bioartificial nerve graft comprising Schwann cells.

45. A nerve guide conduit according to any one of Claims 10 to 44 for use in a
method of regenerating a severed nerve comprising the step of: inserting each
of the respective nerve stumps into the respective first and second ends of the

conduit.



to the solution at a concentration of between 0 and 60%(v/v) and is increased to a concentration of
between 65 and 75 % (v/v). 11 December 2006 74 54. A method according to Claim 53 wherein the
concentration of the second non-solvent is increased to 70% (v/v). 55. A method according to any one
of Claims 46 to 54 for obtaining a nerve guide conduit having a predetermined porosity further
comprising the steps of: before adding the first and second solvents, determining s kelaiiyes
concentrations of the first and second solvents requiregsto achieve the predetermined porosity; and
adding the first and second solvents in the required concentrations. 56. A method according to Claim
55 wherein the $tep4af aletbadinihdaha crsmgrednsomeegidiopensiuieafiesrdig secany suloepts

comprises determinin e demixing boundary and gelgtion paint of a mixture of the polymer, the
cohvent and the ISUERC Uahrd AOHISGRNE S b AL i A e BRI e step of
determining theaggmidnecRPURRPRASRIBFTISEaiHr adttthawensaalverd Rtoskladiemogenous
polymer solution and detecting the concentration of non-solvent required to produce permanent

turbidity in the solution. 58. A method according to Claim 55 or 56 wherein the step of determining the

gelation point cogmprises provjding a solutjon of the polymer in the solyent, evaporating.the sqlvent
and meaauring (e A SRS al: STt S tire Kot SIS e of

Claims 46 to 58gnhiregiththe19Penhicomprises chloroform.

48. A method according to Claim 47 wherein the solvent has a solubility of

greater than 100 mg/ml.

49. A method according to any one of Claims 46 to 48 wherein either or both of

the non-solvents has a solubility of less than 10 mg/ml.

50. A method according to Claim 49 wherein either or both of the non-solvents

has a solubility of less than 0.1 mg/ml.

51. A method according to any one of Claims 46 to 50 wherein one of the
solvent and either or both non-solvents has at least 0.5% w/w solubility in the

other of the solvent and either or both non-solvents.

52. A method according to any one of Claims 46 to 51 further comprising the
step of, after adding the first and second non-solvents, increasing the

concentration of the second non-solvent.

53. A method according to Claim 52 wherein the second non-solvent is added
to the solution at a concentration of between 0 and 60%(v/v) and is increased to

a concentration of between 65 and 75 % (v/v).



11 December 2006 75 60. A method according to any one of Claims 46 to 59 wherein the first non-
solvent comprises water. 61. A method according to any one of Claims 46 to 60 wherein the second
non- solvent comprises methanol. 62. A method of fabricating a nerve guide conduit according to any
one of Claims 10 to 45 comprising the steps of: dipping a mandrel into a solution of the polymer and
a solvent; removing the mandrel from the solution and then drying the polymensQlutigR padghe
mandrel. 63. A method according to Claim 62 whereinsthe solubility of the solvent is greater than
10mg/ml. 64. A method according to Claim 63 wherein the solubility of the solvent is greater than
100mg/ml. 65. AethoitdssbatiagrdinghjoohdaonCidimd ez i Gy fopmeansiipnsiighaesesepdof, after
removing the mandrel fro%kthe solutioat,)imm sén&ghe mandrel in a non-solvent. 66. A method

according to clam'e’ WhHerin HE"ET tiﬂty of thé hon-solvent is less than 10mg/ml. 67. A method

according to Claim 66 wherein the solubility of the non-solvent is less than 0.1mg/ml. 11 December
2006 76 68. A method according to Claim 65 wherein the steps of dipping the mandrel into the
solution, removing the mrihaeeheerrihnadsiagyitinea dotleonedtate Tépeatelteiang mogstimes to

produce multlplgg&%lé/ @gﬁ&&?%%%?hg a predetermined porosity further comprising the steps of:

before adding the first and second solvents, determining the relative
concentrations of the first and second solvents required to achieve the
predetermined porosity; and adding the first and second solvents in the required

concentrations.

56. A method according to Claim 55 wherein the step of determining the
required concentrations of the first and second solvents comprises determining
the demixing boundary and gelation point of a mixture of the polymer, the

solvent and the first and second non-solvents.

57. A method according to Claim 56 wherein the step of determining the
demixing boundary comprises titrating pure non-solvent into the homogenous
polymer solution and detecting the concentration of non-solvent required to

produce permanent turbidity in the solution.

58. A method according to Claim 55 or 56 wherein the step of determining the
gelation point comprises providing a solution of the polymer in the solvent,
evaporating the solvent and measuring the rate of change of weight of the

solution.

59. A method according to any one of Claims 46 to 58 wherein the solvent

comprises chloroform.



69. A method according to Claim 68 wherein the steps are carried out three times. 70. A method
according to any one of Claims 65 to 69 wherein, after immersing the mandrel in the non-solvent, the
mandrel is dipped into the solution of polymer before the non-solvent is completely removed from the
mandrel. 71. A method according to any one of Claims 62 to 70 wherein the step of drying comprises
freeze drying. 72. A method according to any one of Claims 62 to 70 whereiths.stepk sijHY
comprises vacuum drying. 73. A method according to any one of Claims 62 to 72 further comprising
the step of, after removing the mandrel from the solution, rotating the mandrel horizontally such that
variations in theBichnewsshsidiiseomsting toearadase 7@ 1amseditotd cTdahiesgingthenbirse rpide
conduit according,to a y.one of Clai{ns 10 to 45 comprising the steps of: casting a solution of the
polymer and a 5%}\\;83{]@ gl%bsﬁlgd?’v@v%orating the solvent to form a polymer coating and peeling off
the polymer coating from the mould. 11 December 2006 77 75. A method according to Claim 74
further comprising the steps of, after peeling the polymer coating from the mould, rolling the polymer

around a mandfd anansdanidgegspdsgdeidey eneHel Edatimg tHtrhavebersuir. the spcatsthim-

according to Clasig]][ Z:?l V\éh%geirf 1éhse Sé?l%?n%ﬁe sealed by means of a solvent. 77. A method according to
Claim 76 wherein the gof\)/ell?trlg RSO or dimethyl-formamide.

62. A method of fabricating a nerve guide conduit according to any one of

Claims 10 to 45 comprising the steps of: dipping a mandrel into a solution of

the polymer and a solvent; removing the mandrel from the solution and then

drying the polymer solution on the mandrel.

63. A method according to Claim 62 wherein the solubility of the solvent is

greater than 10mg/ml.

64. A method according to Claim 63 wherein the solubility of the solvent is

greater than 100mg/ml.

65. A method according to any one of Claims 62 to 64 further comprising the
step of, after removing the mandrel from the solution, immersing the mandrel in

a non-solvent.

66. A method according to Claim 65 wherein the solubility of the non-solvent is

less than 10mg/ml.

67. A method according to Claim 66 wherein the solubility of the non-solvent is

less than 0.1mg/ml.



78. A method of fabricating a nerve guide conduit according to Claim 34 or 43 comprising the steps of:
ad-mixing the protein with a solution or slurry of the poly(phosphoester); and fabricating the conduit
from the mixture. 79. A method according to Claim 78 wherein the solution or slurry is agueous.

11 December 2006
76

68. A method according to Claim 65 wherein the steps of dipping the mandrel
into the solution, removing the mandrel and immersing it in a non-solvent are

repeated one or more times to produce multiple polymer coatings.

69. A method according to Claim 68 wherein the steps are carried out three

times.

70. A method according to any one of Claims 65 to 69 wherein, after
immersing the mandrel in the non-solvent, the mandrel is dipped into the
solution of polymer before the non-solvent is completely removed from the

mandrel.

71. A method according to any one of Claims 62 to 70 wherein the step of

drying comprises freeze drying.

72. A method according to any one of Claims 62 to 70 wherein the step of

drying comprises vacuum drying.

73. A method according to any one of Claims 62 to 72 further comprising the
step of, after removing the mandrel from the solution, rotating the mandrel

horizontally such that variations in the thickness of the coating are reduced.

74. A method of fabricating a nerve guide conduit according to any one of
Claims 10 to 45 comprising the steps of: casting a solution of the polymer and a
solvent in a mould, evaporating the solvent to form a polymer coating and

peeling off the polymer coating from the mould.
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75. A method according to Claim 74 further comprising the steps of, after
peeling the polymer coating from the mould, rolling the polymer around a

mandrel and sealing opposing sides of the coating to form a conduit.

76. A method according to Claim 75 wherein the sides are sealed by means of a

solvent.

77. A method according to Claim 76 wherein the solvent is chloroform or

dimethyl-formamide.
78. A method of fabricating a nerve guide conduit according to Claim 34 or 43
comprising the steps of: ad-mixing the protein with a solution or slurry of the

poly(phosphoester); and fabricating the conduit from the mixture.

79. A method according to Claim 78 wherein the solution or slurry is aqueous.



