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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 condnits and

methods of manufacturing polymers,

It is kmown in the art that nerves with severed axons, but intact somas, may
retain the capability of regrowing from the proximal stump fo recopnect
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,
ie. a scgment obtained from a second operative site of the patient and sutured
to the two ends of the severed nerve. This has raised the issucs of function loss
at the donor sites, formation of potentially painful neoromas, 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 copduit for the
regepcration of nerve across the defect, aﬂowing the axons to migrate without
obstruction by the degenerating fascicles of the distal stump and preventiog the
invasion of fibrous scar tissue. However, the use of vein or arterial grafts for
‘entubulation’' is assocjated with similar limitations as the nerve graft, including
a limited supply of the graft and limits to control over the nerve guide

dimensions.
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To circumvent these problems, synthetic nerve guide conduits (NGCs) have
been developed to bridge the nerve gaps by inserting the severed nerve sturnps
into the two ends of the condnit, The purpose of such nerve guide condwmits is to
encourage the processes of neuronal growth and regencration 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 must be
nontoxic, non-carcinogenic, non-antigenic, and must demonstrate favorable
mechanical properties such as flexibility, suturability, and amenability to
custom fabrication. One example of NGC materials that have been used in
combination with sutures is silicones 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-adsorbable. The use of
biodegradable polymers to fabricate NGCs has been the focus for many years.
The use of bioresorbable, polyglacﬁn 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 'regencration was disclosed by Uzman et al. in Vol. 9,
Journal of Neuroscience Research. pp. 325-338 (1983). Bioresorbable nerve
guidance chbannels 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 fuoction, 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 climinate the potential problems, such as chronic tissue
response and nerve compression, caused by the long-term presence of a rigid
tobe in the body. In contrast, after a biodegradable tube has accomplished its
function, the guide gradually disappcars from the host.
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Biodegradable polymers differ from non-biodégradablc polymers in that they
are consumed or biodegraded during therapy. This usually involves breakdown
of the polymer to its monomeric subunits, which should be biocompatible with.
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, 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 i 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 promisir}g 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 advantageons in
their unlimited supply and reproducible properties. The versatility of the
synthetic system also allows for the fine-tuning of the biodegradation rate,
' penneabiiity 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-

Il llll
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4,074,366, col. 6, lines 13-16 and 43-57, rclates to poly(N-acetyl-D-
glucosamine), i.e. chitin. However, there is no enabling disclosure m the
specifications o in their Examples as to how such tubes arc to be prepared, the

characteristics required, and their metbod of use.

Other biodegradable polymers of particular interest for medical implantation
purposes are homopolymers and copolymers of the alpha-hydroxy 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 axops 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
chanpels as well as other surgical articles such as sutures and ligatures.
Regencrated nerves have also been successfully obtained with nerve guides
prepared from the homopolymer poly(DL-lactic acid), as measured by
myelinated axom counts, for example, in US-A-5358475. Synthetic
biodegradable polymers, including polyester urethane [4] and e-caprojactone-
lactide copolymer [5 -11], have been examined for promoting peripheral nerve

regeneration.
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One critical issue in regulating nerve regeneratiop across a gap is the
permeability of guide conduits. Permselcctive conduits with a molccular weight
cut-off of 50,000 daltons allowed regeneration of nerves in a mouse sciatic
nerve model, The regenerated nerves were characterized by fine epineurinm
and high numbers of myelinated axons [Aebischer et al, "The Use Of A Semi-
Penmeable Tube As A Guidance Channel For A Tramsected Rabbit Optic
Nerve”, In Gash & Sladek [Eds] Progress in Brain Research, 78, pp. 599-603
(1988)]. However, problems can arise jn fabricating polymer nerve guide
conduits with the required permselectivity because other attributes of the
polymer, such as visc.:osity, 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
m such prostheses. For example, some of the materials identified above have
lead to inflarnmatory reactions in the test animals and have failed to exclude
scar tissue formation within the channels, The total number of axoms, the
number of myelinated axons, the thickness of the epinewrium, and the
fascicular organization of nerves regenerated within conduits are all typically
less than satisfactory and compare poorly with the original perve structure of
the test apimals. 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 stuinps 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 sorface properties that affect cell-substrate interaction,
‘porosity and biodegra'dation that maintains communication with the extemal
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enviromment of the conduits, and delivery of neurotrophic factors that can

accelerate axon outgrowth have yet to be optimized.

The class of biodegradable polymers known as poly(phospboester) (PPE) are
known in the art, for example in US-A-5256765 and US-A-6008318.

The present invention seeks to alleviate one or more of the above problems.

According to ope aspect of the present inveption, there is provided a polymer

comprising the subunit

8] o o
Il 1 1]
O-R"OC- -C-O-R'O—ll’ X

R

wherein R’ is ethy] or butyl and R and R” are cach any smitable side chain or
cross link.

Preferably, R is O(CH.),CH; and n is betweep 1 and 12.
Conveniently, R is OCH,CH,.

Advantageously, R' is CH,CH,.

Conveniently, wherein R” is (CHy), wherein p is between 1 and 12.

Advantageously, R" is CH,CH,.
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Preferably, either of both of R and R” arc a fonctiopal group and a 'bi_oactive
component that is conjugated via the functional group.

Advantageously, the bioactive component comprises a neuroactive protein or

-peptide.
Preferably, the bioactive component comprises a neurotrophic factor.
Conveniently, the neutrophic factof 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 lle Gly Ser Arg; or Ile Lys Val Ala Val.

Conveniently, cither or both of R and R” are a cross link comprising one or

more metal 1ons.

Preferably, either or both of R and R" are a cross link comprising one or more
organic cross linking agents,

Advantageously, the organic cross linking agent comprises 1,3,5-
trihydroxybenzene or (CH,OH),C.

Conveniently, the polymer further comprises the subumit

0

[o-cnzcnzoc- QE-O—CHZCHZOJ:@ -C- }
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Preferably, x is between 5 and 100 and y is between S and 100.
Advantageously, the ratio of x to y is 80:20.

Conveniently, the polymer further comprises the subunit

o o 0
i H
-CHZCHzOHQC-O-CHzCHzO-P }———
| z

OCH;

Preferably, the polymer firther comprises the subunit

(9] O 6
i 4]
| } ) 2

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 nnits may be included in
any order in the backbone, inchuding a random distribution.

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

guide conduit comprising a poly(phosphoester) polymer.
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According to another aspect of the present invention there is provided a nerve

guide conduit comprising a polymer as described above.

Conveniently, the polymer has an avcragé molecular weight of between 10,000
and 25,000.

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, thejconduit has a surface porosity of between 2 and 58%.
Preferably, the cclndm’t bas a sorface porosity of 35%.

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

Conveniently, thL conduit has a diameter of between 1 and 2 mam.

Preferably, the c’onduit has a diameter of 1.5 mm.

Advantageously, the conduit has a wall thickpess of between 150 and 250pm.
1

Conveniently, the wall thickness is 170 or 240 pm.

Preferably, the conduit comprises a plurality of layers.
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Advantageously, the conduit comprises 3 layers.

Conveniently, each layer is between 20 and 30 pm thick.

Preferably, each layer is 25 pun thick.

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

the lominal surface of the conduit,
Conveniently, the conduit comprises a gene delivery system.

Preferably, the geme delivery system comprises 2 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 polymier or lipid comprises 1,2 - dioleoyl
phosphatidylethanolamine. '

Conveniently, the cationic polymer of lipid comprises Transfast or
GenePORTER.

Preferably, the gene encodes a neurotrophic profein or a neuro-active neural
fibre growth eliciting molecule.
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Advantageously, the gene comprises NGF, BDNF or Bcl-2.
Conveniently, the conduit comprises a snstained protein delivery system.
Preferably, the sustained protein delivery system comprises ane or more
microspheres, loaded info the conduit and containing a protein such that the

protein is released from the microspheres progressively.

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 Iﬂade from poly(lacticco-glycolic acid) or
poly(lactide-co-glycolide). -

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

pm.
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 100pm of protein is Joaded per 10mm of conduit.
Conveniently, the protein comprises NGF, BDNF, CNTF, epidermal growth

factor or fibroblast growth factor.
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Preferably, the conduit is loaded with a bioartificial nerve graft comprising

Schwann cells,

Advantageously, the conduit is for use jn a method of regencrating a severed
nerve comprising the step of; inserting each of the respective nerve stumps into
the respective first and second ends of the condmt.

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



e

is Sheet Has Been Replaced

T

13
Preferably, either or both of the non-solvents has a solubility of less than 0.1

mg/ml.

Conveniently, one of the solvent and either or both non-solvents has at least

0.5% solubility in the other of the solvent and cither or both non-solvents.

Preferably, the method comprises the step of, after adding the first and second

non-solvents, increasing the concentration of the second solvent.

Advantageously, the second nonm-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%
().

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 achicve 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 mixmre 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
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the concentration of non-solvent required to produce férmanent turbidity in the

solution.

Preferably, 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.

——
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Advantageously, the solvent comprises chloroform.

Conveniently, the first non-solvent comprises water.

Preferably, the second non-solvent comprises methanol.
Advantagcously, 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
solufion; removing the mandrel from the solution and then drying the polyme;'
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 mandre] 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.
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Conveniently, the method further comprises the step of, after removing the
mandre] from the solution, immersing the mandrel in 2 nop-solvent, preferably
having a solubility of less than 10 mg/ml, more preferably less than 0.1 mg/ml.

Preferably, the steps of dipping the mandrel into the solution, removing the
mendrel and immersing it in a non solvent are repeated one or more times to

produce multiple polymer coatings.
Advantageously, the steps are carried out three times.

Conveniently, after immersing the mandrel in the non-solvent, the mandrel is
dipped into the solution of polymér 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
mandre} 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 pecling 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,
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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

Preferably, the sides are sealed by means of a solvent, more preferably

chloroform or dimethyl-formamide.

Advantageously, the method comprises the steps of: ad-mixing the protein with
a solution or shury of the poly(pbosphoester); and fabricating the conduit from
the mixture.

Conveniently, the solution or shury is aqueous.

In order that the invention may be more readily inderstood 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) P(BHET-EOP/TC); (b) P(BHET-EOP-MOP/TC); and (c) P(BHET-
EOP-OP/TC).

Figore 2 shows schematic ternary phase diagrams for P(BHET-
EOP)/CHCly/H;0O system for: (a) a higher molecular weight polymer; (b) a
lower molecular weight polymer.

ep aced
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Figure 3 shows schematic ternary l;hase diagrams representing the phase
changes that occur during the process of jmmersion precipitation of (a)
P(BHET-EOP)/CHCl/MeOH system; and (b) P(BHET-EOPYCHCL/H.0
system. The cloud point data is assumed to represent the binodal demixing
boundary, considering the relatively long bme scale required for the demixing
process to occur in this system. The gelation point for the polymer- CHCL
system was estimated at 69%(w/w), while the gelation boundary is schematic.

The two phase diagrams represent the two extreme cases of immersion

precipitation in pure methanol or pure water baths respectively. In the case of
water-methanol mixtures, the demixing boundary is expected to shift to
intermediate coordinates. This results in changes in the length of time required

for the phase separation process to occur, if at all.

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.

Figute 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 vacuvum-dried polymer surface for specimens, in
accordance with embodiments of the present inveption, precipitated in
immersion baths in which the conceptrafion of methanol in water was

incrementally increased from O to 70% (v/v) (gradient precipitation). Initial
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bath methanol concentration (v/v): (2) 0%; (b) 10%; (c) 20%; (d) 30%; (e)
40%; (£) 50%: (g) 60%. .

Figure 8 shows the biocompalibﬂit); of P(BHET-EOP/TC) as a NGC material.
(A): Rat DRG (Dorsal Root Ganglion) neurons are not affected after treatment
with exiracis from P(BIIET;EOP/T C) conduits extracted for 3 days. NF68
immunpostaining i control and freated cell cultures. (B): Jn vivo Tissue
Response to PPE NGC. The tissue capsule at the outer surface of 2 NGC, 3
months after implantation. The tube would be located at the lower left hand
corner of the micrograph and was removed during processing. Hematoxylin and
Fosin staining. The original magnification of (A) and (B) was x200 and x400,
respectively.

Figure 9 shows the results of experiments méasuﬂng the swelling and wall.
thickness changes of nerve guide conduits in accordance with embodiments of
the present invention over fime. 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 ap
embodiment of the invention, in a time-dependent manner wnder physiological
conditions. Thus the experitents show the in vitro degradation of P(BHET-
EOP/TC) conduits. (a) Percentage weight loss. N =7 in Type I and 8 in Type
Il conduits. (b) Percentage decreas-es in weight-nverége molecular weight. At
least threc conduits were used for sample preparation for a GPC analysis at

each point.
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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 I and II NGCs, respectively, before implantation. SEM
image (B) displays the surface change in Type I conduits 6 weeks after
implantation and (E), (F) show changes in Type II conduits at 3 months. (C) is

the macroscopical appearance of a Type II conduit at 3 months.

Figure 12 shows macroscopic views of (A) the sciatic nerve repaired at the

proximal stump with a Type I PPE conduit, in accordance with an embodiment

 of the present invention, pre-filled with saline at the time of implantation. (B) A

macroscopic picture of the matrix cable across 10-mm gap at 3 days in a Type
T PPE copduit, in accordance with an embodiment of the present invention. (C)
Micrograph of a longitudinal section of the acejllar fibrin matrix foond 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 2 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 PEl-mediated Gene Expression in the Rat DRG after Gene
Delivery in Nerve Guide Conduits (PEI/pcDNA3 lacZ, 4 jug) in accordance
with an embodiment of the present invention. 20 vl of PELpcDNA3lacZ
complexcs were loaded into 2 NGC condnit 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. '
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Figure 15(C) shows PEl-mediated Gene Expression in the spinal cord 2 days
after gene delivery in NGC (PEVpcDNA3 lacZ, 4 pg). 20 ol of
PEUpcDNA3lacZ complexes were Joaded into 2 NGC conduit, in accordance
with an embodiment of the present invention, after suturing the conduit with a
transected rat sciatic nerve. The spinal cord were collected and sectioned for b-
Gal staining. Figure 15(A) shows a control having only PEL Figure 15(B)
shows a control baving only DNA.

Figure 16(B) shows regenerated cables collected one month after
PEU/pcDNA/BDNF complexes (4 jig in 20 pl ) were loaded mto a2 NGC
conduit, in accordance with an embodiment of the present imvention, after
suturing the conduit with a transected rat sciatic nerve. Figure 16(A) shows a
control. The results show that PEI-mediated BDNF expressiox; promeotes nerve

regeneration.

Figore 17(B) shows the histological examination of regeheaatcd cables
collected one month after PEI/pcDNA/BDNF complexes (4 pg in 20 ul ) were
loaded into a NGC conduit, in accordance with an cmbodiment of the present
inventiop, 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 bjue
staining. The original magnification x1000. The figures show that PEl-mediated

BDNF expression promotes nerve regeneration,

Figure 18 shows western blot analysis of human Bcl-2 expression to compare
gene iransfer efficiency of different DNA carriers. Rat brainstem samples were
collected 2 days after tongne injection. Lane 1 and 10: size marker; lane 2:
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positive control, Bcl-2 wansfected NT2 cells; lane 3: injected with
chitosan/Bel-2 complex (0.05% chitosaii in HAC); lane 4: injected with Poly-
L-lysine/Bck-2 complex (100ng/ul of PLL in DMEM); lape 5: injected with
PEVBcl-2 complex (N/P = 10/1); lape 6: injected with PEI solution alope; lane
7 injected with naked Bcl-2 plasmid DNA; lane 8: Bcl-2/Transfast complex;
lane 9 Bcl-2/GencPORTER 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 sephrated in 12.5% SDS-PAGE, transferred to
a nitrocellulose sheet, and immumnoreacted with a2 monoclonal antibody against

buman BCL-2.

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

diameter.

Figure 20 shows microsphere distribution within a regenerated fissue cable
after loaded into 2 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 implaptation and microsphere loading,
The distribotion was examined after sectioning of the tissne 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.



This Sheet Has Been Rep

l T

22

Figure 22 shows release profile of BSA protein from biodegradable polymeric

microspheres. The cumulative protein release profile was nommalized to the

initial amount encapsulated.

Figure 23 shows release profile of NGF from microspheres made from PPE
polymer p(DAPE-EOP). The cumulstive values were nommalized to the initial

amount of NGF encapsulated.

Figure 24 shows nerve regeneration within conduits loaded with NGF

microspheres. A: Immunostaining of 68 kD peurofilament protein, a specific

neuronal cytoskeleton marker, 2 weeks after implaptation of the NGC,

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.,

Defipitions

BDNF

BHET

Bioactive Component
CNTF

EOP

FGF

GenePORTER

MOP

brain derived neurotrophic factor
bis(hydroxyethyl)-terephthalate

a neutrotrophic factor or cell adhesive peptide
ciliary neurotrophic factor

ethyl phosphorodichloridate

fibroblast growth factor

cationic lipid comprising 1,2 - dioleoy]
phosphatidylethano}amine

methyl phosphorodichloridate

!
H
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NGC nerve guide condust
NGF nerve growth factor
Pl polydispersity index
Poly(phosphoester) a polymer baving a subunit of the formula

o

R
PPE poly(phosphoester)
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 iesult in permanent loss of sensation and
motor functions. With the severed nerve stumps inscrted into the two ends of
the tubes, the conduits may provide directional gnidance for nerve outgrowth,
. prevent invasion of scar tissne, maintain endogenous trophic or growth factors,
and repel external factors that are inhibitory to nerve ountgrowth. The
advantages of such conduits instead of using donor tissues from patients for
freatments of nerve defects inclide: preserving function at the potential donor
sites, eliminating the risk of formation of painful neuromas at the donor sites.

and reducing the munber of surgical procedure involved.
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The devices are fored using a Siodegradable poly(phosphoester) matrix. With
this polymer, it is feasible to produce a device having a surface porosity
ranging from 2 to 58% and a mojecular weight cut-off of up to 12000 kD. The
device, through its transient in vivo presence, provides an effective aid that
persists for a pericd of tume sufficient to promote nerve regeneration, and
essentially lacks host toxicity upon degradation. In some embodiments, the
device is incorporated with sustaiped neuronal hwﬁc factor release systems
and gene delivery systems, thus providing enbanced promotion of severed

nerve regencration.

Embodiments of the invention nclude a class of poly(pbosphoester) polymers
that elimipate 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 perve 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
koown 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
!
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within the lamen of a NGC in this way may help 1o direct perve regeneration
and/or to support nerve fiber maturation. Furthermore, the P(BHET-EOP/TC)
“type of poly(phosphoester) possesses excellent 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 tbe
hydrophobicity of the polymer as described in US-A-5,256,765. When the
composition of the polymer js nsed for long term delivery of a therapentic agent
a relatively hydrophobic backbone matrix, for example, containing Bisphenol
A, is preferred. It is possible to enhance the degradation rate of the
poly(pliosphocster) 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 backbonme matrix will usually increase the
flexibility of the backbone and decrease the crystallinity of the polymér.
Conversely, to obtain a more rigid backbone matrix, for example, when used
orthopedically, an aromatic structure, such as a diphepyl group, can be
incorporated into the matrix. Also, the poly(phosphoesters) can be crosslinked,
for example, using 1,3,5-tnhydroxybenzene or (CH,OH)4 C, to ephance 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 dio}. 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.
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An advantage of PPE polymers is the availability of fonctional side groups
which allow the chemical linkage of therapeutic agents to the polymers. For
example, drugs with carboxyl groups can be coupled to the phosphorous atom
via an ester bond, which is hydrolyzable. The rate of therapentic agent release
will then be dependent on the hydrolytic cleavage of the polymer therapeutic
agent conjugate. This pendant delivery system has the advantage of attaining a
high drug loading level. Therapeutic agents which exist in the liquid state can
also be accommodated. Alternatively, therapeutic agents containing two
hydroxyl groups can be directly incorporated mto the backbome of the
polymers: For instance, steroids such as estradiol can be reacted with
dichlorophosphates to form the polymer. Other therapentic 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 polyrmeric 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 beep established
for the generation of porosity, that is immersion precipitation in water followed
by freeze-drying, or the use of a mon-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 scen as a new
copcept for the formation of porosity in this system, ie. 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
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separated stmcture. Alternatively, the resulting 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 differept initial bath compositions with respect to methanol-water
ratio, and then gradually increasing the concentration of methanol to achieve
gelation. The availability of processing methods which afford good porosity
control will be of ever increasing importance jn the fabncation of pew
generation nerve gnidance conduits, where permeability characterisbics remain
a prime aftribute which defines their inferaction with the biological

environment.

Permselective conduits may support regeneration by allowing inward passage
of nutrients and growth or trophic factors from the external host enviromment,
while preventing the inward migration of scar-forming cells. Cells participating
in the wound healing phenomena are known to release varions 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 apolipoproteip 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 enbance lipid
uptake which can eventually be used in remyelination. (Acbischer et al,, Brain
Rescarch, 454, pp. 179-87 (1988)). Appropriate choice of the molecular weight
cut-off for the permselective conduits will allow retentiop of laminin (a high
molecular weight glycoprotein) within the nerve guidance chanmel. 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.,
- Brain Rescarch, 454, pp. 179-87 (1988)). Accordingly, embodiments of the
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present invention . provide an effective way to control porosity during

fabrication of nerve gnide conduats.

Coatings of varying porosities are obtained by immersi:ng mandrels 'coated with
a solution of the polymer in chloroform into non-solvent immersion baths,
followed by freeze or vacuum-drying. The porosity d'écreases with an increase
in polymer molecular weight, drying time béfore 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 mblecular 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” em® s\, To afford improved
porosity control, a new system was developed which employs the contrasting
phase separation bebaviour 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 j'lon-toxic to all six types of
cells tested, including primary neurones and neutonally differentiated PC12
cells, and produced a negligible inflammatory fcsponse in the surrounding
tissue after in situ jmplantation in the sciatic nerve of the 1at. In the rat sciatic
nerve model with a 10mm gap, the regeneration of peripheral nerves was
observed, with a high sumber 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.

Furthermore, the conduits showed negligible swellmg and no crystallisation
after implantation.

Repl aced

I
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Embodiments of the invention also include loading the nerve guide conduits
with polyethylenimine/DNA complexes which improves the regeneration
quality of severed perves. The complexes migra;te' by retrograde axomal
transport to neuronal cell bodies in the spinal cord aﬂer being internalized by
nerve termipals. Gene expression is detectable as. early as 24 hours after
loading and lasts for at least 2 weeks. Several other c_atwmc 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
inventiop bypasses the blood-brain barrier and provides a practical therapeutic

strategy that is non-invasive to the spinal cord.

Using microspheres confaining neuron ﬁ'opﬁic factors gside from
polyethylenimine/DNA complexes within the conduits improves the
regeneration quality of severed nerves as well. The ﬁcro@hcres are composed

of biodegradable poly(phosphoester) polymers and: are loaded with the nerve

growth factor (NGF). A sunstained 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. .

Condhuil fabrication

The primary constifuent of the nerve guidance condmt is a poly(phosphoester)
with an ethylene terephthalate backbone, namély poly (bis(hydroxyethyl)
terephthalate- ethyl ortho-phosphate/ terephthaloyl chloride), P(BHET-
EOP/TC) (Figure 1a) where the 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
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another embodiment of the invention, the poly(phosph:ester) has the structural
formula shown in Figure 1b, which can be demethylated before or after NGC
fabication o yield the poly(phosphoester) shown in Figure lc. Thesc two
polymers can be represented by the sbbreviations P(BHET-EOP-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
%, 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 (1n this case,
water), influx of the nop-solvent results in a prq;cess of phase separation,
whereby the polyrner solution separates into a poly;"mer-riéh 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 m "freezing' of the 2 phase
structure, The process of freeze-drying allows r,é:moval of water from the
polymer-lean phase without significant shrinkage dccurring, and the result is a
porous poly(phosphoester) coating. In contrast, vicuum-drying of the coating
results m shrinkage and collapse of the pores due to the surface tension of the
evaporating liquid. This results in 2 dense, non-porous coating. While two
extremes of surface porosity can be achicved '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.

The path of the immerse precipitated coating can ibe schematically illustrated in
the ternary phase diagrams of Figures 22 and 2b. The influence of different’
solution concentrations and molecular weight of poly(pbosphoester) can be
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explained by reference to these diagrams. The gelaTiDn boundary for the
polymer with the higher molecular weight is expected to be lower than that of
the lower molecular weight polymer. Thus the polyn:ncr of higher molecular
weight would require a lower solution concentraﬁo;n in order to achicve
gelation. Taking the same concentration of polymer (:cl) 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 (ci-A) whe;reas it is longer for the
lower molecular weight polymer (c;-A'). This means that a shorter time is
available for the higher molecular weight pnlymfer to undergo solution
demixing before gelation occurs, resulting in smallef pores and 2 lower pore
density. Experimentally, there is a significant diﬁ”ercn';:e 1a porosity for polymer

coatings processed in the same way for polymers of d:iﬁ'_etent molecular weight.

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

were less porous.

The effect of drying time of the polymer coaﬁn'é before precipitation in the
non-solvent bath is in principle due to the effect of concentration. At longer
drying times, the evaporation of chioroform from ;the coating naturally lcads to
higher, albeit unknown concentrations of polymer in the coating, resulting in
lower porosities. This is reflected in the surface porosities of the polymer
coatings obtained at different drying times, '
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| However, porosity is not the only consideration when selecting the optimal
concentration of polymer solution to be used fofr conduit fabrication.
Concentration exerts a profound effect on solution viscosity and this in turn
affects the quality of the coating in several ways. Fhsﬁy, viscosity affects the
leveling pbenomenon of coatings. During the aPplicaﬁon 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 sﬁﬂicienﬂy thick coatings would then be
difficult to deposit. Furthermore, when the coating is deposited on a verical
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 bave to be employed to obtain an acceptable coating.

During preliminary experiments, it was discovered that the poly(phosphoester)
solution exbibited a thixotrophic property. This' means that the solution
‘undergoes a drop m viscosity as force is applie;l; 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
liquid was necessary to enable it to spread and vjvet the mandrel sufficiently.
This was achieved by drawing the mandrel out of the dip-coating solution at a
high rate. The shear force generated by this procedure also served to lower the
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viscosity of the coating, enabling leveling to pmceed 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 2 viscous
and gradually gel-like state if allowed to stand over se‘{eral days. This conld 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 (23) are required. To ensure
that the porous structure of a coating is not disrupt.ed 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 comf_:uits have been made from
both Batch 1 and Batch 2 polymers and implanteﬂ them in 2 rat model to
 jnvestigate peripheral nerve regeheration It was shown that these conduits

served the function of entubulation, and facilitated neWe regencration.

Control of porosity .

The permeability of nerve condpits 1s an impoﬂani issue, as demonsirated by
previons studies. It determines the ‘inclusion or exclusion of factors that affect
nerve regeneration. At the mmpliological level, both the extent of permeability
(molecular weight cut-off) and rate' of permeation is,’ reflected by the porosity of
the material. Funhexmc')rc, porosity also affects the susceptibility of the
polymeric material towards i vivo swelling and deéradaﬁon.
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Polymer molecular weight, the drying time of the polymer coating before
precipitation and concentration of the coating solutibn arc paramcters that
influence the porosity of the polymer tubes. Howzvér,'ﬂlerc are drawbacks in
employing these parameters for the purposc of porosity comtro]. 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 o minimal variation in porosity whether the
coating is air-dried for 5 minutes or 30 minutes. n addition, uneven drying
leads to a heterogenous surface. Concentration of coaéing sojution is not a good
parameter to vary for porosity cobfrol 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 miicroporosity control, one -
approach can be considered based on the ternary phase diagram. (Figore 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 afdjustable by changing the
coordinates of the demixing boundary. This can be ;chicved by using a mixtare
of non-solvents in the immersion bath. Methanol was chosen as the other non-
solvent in addition to water as the two non-solvents are completely miscible in
all proportions.



Nt

This Sheet Has Been Replaced

i

35

Observations made during immersion of the dip-coated :Smandrel into immersion
baths coptaining different volume fractions of methancl and water indicate the
phase changes that occur during the process. Upon immersion in precipitation
baths containing less than 50% by volome of methaxlml, 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
volune of methanol, the coating gelled to give a transparent gel. The rate of
gelation was proportional to the concentration of méthanol in the immersion
bath. When the immersion bath contained equal volun,;.es of methanol and water
(50:50 MeOH/H;Q), the coating became opaque only_?' gradually, over a period
of 10 minvtes. 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% metbanol volume fraction was emploﬁd in the immersion bath,
gelation of the coating was observed, yielding 2 transparent gel. This can be
explained by the relatively large quantity of methanol required to effect liquid-
lignid demixing, methanol being a rather peor ‘non-solvent for P(BHET-
EOP/TC). This can be represented using the three-component, isothermal phase
diagram iltustrated in Figure 3a. As determined by: cloud point measnrements,
the boundary representing liquid-liquid demwixing i;;s some distance away from
the polymer-solvent (P(BHET-EOP/TC)-CHCL,) edge of the triangle. In other
words, a relatively large percentage of methanol nmst be present in the system
jn order to effect the demixing phenomenon. This, coupled with the miscibility
of methanol with chloroform which results in rapi'd efflux of solvent from the
coating, brings the system into the gel regiop of fhe phase diagram. The path
assumed by the system car be represented by the arrow OA. Once the gelation
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boundary is crossed, the polymer gels into a onc-phase solid. Correspondingly,
SEM analysis reveals a dense microstructure for the polymer surface. (Figure
4a)

A totally different scenario presents when a low mt_;thanol volume fraction
(<50%) is used as the immersion bath, Water, being only partially miscible
with chloroform, pepetrates 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 gelaﬁon presents ample time for
the process of lignid-liquid demixing to occus, as cwdenccd by the change in
appearance of the coating from transparent to opaque upon immersion. As
water is essentially a non-solvent for the polyph:t)sphoester, just a small
quantity of water added to the polymer solution (0.045% by wt) had resulted in
turbidity. Hence, the. deynixing boundary for the 'i’PE-CHCh-water systein
could not be determined. Nevertheless, it can be perceived that this boundary is
Jocated close to the polymer-solvent edge of the i’.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 Zj—phase lignid-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 immersc-;fvrecipitated in a pure water
bath quickly led to a change in the coating from op:aque 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 evaporgition rapidly led to a single
phase material. Not swrprisingly, gross observation revealed that coatings
precipitated using < 50% methanol volume fractions followed by vacuum

drying exhibited dense microstructures. However, a coating precipitated in



_—
This Sheet Has B,

LT

water and allowed to stand in water for several hours eiflentually 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/HX) immersion bath enabled the syster;x 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;O bath, it becameg:immediately translucent
upon immersion and proceeded to opaque after 5 ninntes. The process of
Tiquid-liquid demixing appeared to be slower compared with immersion in pure
water, indicating that the demixing boundary bads". shifted away from the |
polymer-solvent edge of the ternary phase diagrati:l. However, due to the
presence of methanol, the system managed to gelaté: after 20 minutes in. the
immersion bath. Due to the 'freezing’ of the 2-phase, structure by the opset 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 4¢).

A porous surface could be achieved by immersing the polymer coatings in
water followed by freeze-drying (Figure Sa). In confrast, when coatings were
immerse precipitated in methanol and subsequently freeze-dried, a dense
microstructure was obtained for the polymer surface (Figure S5b). Evidently,
substantial inclusion of water in the coating could riot occur after it had gelated
in methano). When a 50:50 methanol-water xmxtum was used as the immersion
bath, the freeze-dried specimen was porous and exhibited an almost reticulated,
coptinuous morpbology. (Fi:gure 5¢) This seemingly better porosity may be
because methanol, being mtnally soluble in chloroform and water, improves
the penetration of water (a good liquid-liquid demixer) into the coating.
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The use of a combination of non-solvents to effect liguid-liquid demixing and
gelation respectively may be highly useful for fie generation of porons
membranes by immersion of a supported polymer coat'ing. Water, which is only |
sparingly soluble in chloroform, can be employed to effect liquid-lignid
demixing. The second non-solvent, methanol, is used to accelerate the process
of gelation that freezes the phase seéarated structure. This completes the
sequence of physical changes that occurs during ﬂ;e formation of a porous

membrane.

Biological perfarmance of PPE conduits

Biodegradable polymers with lower molecular weights can facibtate a fast
degradation. One concern with using this kind of matenal to fabricate NGCs js
the possibility of impeding nerve regencration and/_hr impairing maturation of
the regenerated nerves due to a lower mechanical stability and an early
disintegration of a tube. PPE polymers used for NG(;:Is of one embodiment have
molecular weights ranging from 14,900 to 13,900, probably the Jowest
molecular weights for polymers used for NGC fa,i:rication. Successful nerve
regeneration has been observed within the conduits ‘made from these polymers.
When a fresh-cut nerve is repaired with such PPE i.:omduits prefilled with PBS
(Phosphate Buffer Solution), a solid structure that b_i'idged 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 fo 7 days before sufficient material
accumulates to form a continnq}us bridge across aflOmm 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
due to tube cracks which allowed the influx of imtﬁents and growth factors
from the surrounding environment and enhanced the constitution of the matrix.
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Degradation of PPE conduits :

PPE polymers degrade in the presence of nucleopixilés, such as the hydroxyl
ion. Their phosphoester bond is cleaved by hydrolysisfat random sites along the
polymer chains. Two types of hydrolysis, smface:: verse bulk, have been
described in the art. Surface hydrolysis is characterized by a linear decrease in
mass together with litfle initial decrease in molecular ;weight while typical bulk
erosion shows a rapid decrease in molecular weight bfefore any significant mass
loss. The parallel reduction in conduit mass and in Mw (molecular weight) as
observed in the present invention suggests that both sirface and bulk hydrolysis
occur in PPE NGCs.

Continuous decrease in conduit mass by leaching Oi.lt of degradation products
will reduce the strength and toughness of a tube, uliimately resulting in a loss
of structoral integrity of a conduit under the pressure of surrounding structures.
If this occurs too carly, before a tissue capsule is formed over the conduit and a
matrix cable is strongly attached to both stumps, ‘the failure of regencration
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 aristag from nmrﬁ compression by a rigid conduit. As is
disclosed herein, a NGC made from P(BHET-EOP/TIC) is degradable. The
difference in dcgradation rate between Type I and Il conduits in the in vitro
study described below can be explained based on t:he polydispersity indexes or
the molecular weight distibution of polymeré used. The polymer for
fabrication of Type 1 conduits possessed a higher low molecnlar weight fraction
compared to the one for Type II NGCs. This fa':ct, in addition to its higher
porosity, results in a higher degree of swelling for the Type I conduits. As such,
the hydrolyzable linkages in the polymer become more accessible to be
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attacked by water molecules, leading to a higher deémdaﬁon rate. A slower.
degradation rate of PPE NGCs in the body, in comparison with that in vifro, is
probably due to the gradual formation of a fibrous téssuc capsule around the
implant. This may result in decreased accessibi]ity' of the polymer’s ester
linkages to water molecules and hence, a lower obsqlwed rate of degradation.
Nevertheless, it was observed, in view of changes m molecnlar weights and

SEM pictures, that degradation of the NGC implants did occur in the body.

The degradation rate of a P(BHET-EOP/TC) pc;i.lymer is related to the
phosphate content in its backbone. The higher the pﬁosphate content, the faster
the degradation rate of the polymer [Mao et al,, Eva:luaﬁon of polyphosphates
and polyphosphonates as degradable biomaterials. I Biomed Mater Res,
1991;25:1151-67]. This feature has provided a simp,'lle way to coptrol the time
frame of degradation of a P(BHET-EOP/TC) condtit. Increasc in the BHET- _
EOP part during polymer synthesis may provideg' more phosphate content,
therefore speeding up degradation. It is also possiblé fo reduce this part to slow
down degradation of the polymer when persistence of structural integrity is
required. The time required for snnctural disintegration of a biodegradable
NGC is decided by the time needed for nerve regeperation, which is variable
with defect length, nerve location, and patient a:ge [12]. P(BHEP-EOP/TC)
copolymers with different ratios could be a ‘choice tc; meet different
requirements in obtaining optimal degradation rates: of NGCs.

Tube swelling

Tube swelling is often observed with bmdegradable nerve guide conduits. In
those tubes with a porous wall, the mitial swe]'ﬂmg may result from water
uptake into the pores, which explains the 1'e]ativc1}g5 higher swelling experienced
by the Type I NGCs disclosed herein. As tube degradation starts, Jower
molecular weight degradation products absorb water and enhance swelling.
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This may cause problems when the swelling is snﬂig:icnt to distort the tube
Jumen. Such a deformation resulted in nerve cor:'npression and impeded
outgrowth of regenerating nerves in nerve guides consftructed of an amorphous
copolymer of lactic acid-caprolactone ([9]. A comelation between
biodegradability and distortion was observed with ' biodegradable polyester
tubes, showing that the more biodegradable a tube, ::the mwore likely it was to
incor distortion and regeneratiop failure [25]. Way:s to relieve the problem
include increasing the internal djameter and reducing the wall thickness of the
tobe. These may, however, result in growth of ﬁbroufs tissue into the lumep or
affect the mechanical sirength of the tube.

A nerve gnide that is Jess aﬁectcd 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 uscd to fabricate guides.
Neither tubes with a wall thickness of 170 pm nor those with a wall thickness
of 240 pm showed any significant swelling. Thcé_;e 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 tabe. In the case
of the P(BHET-EOP/TC) series of PPE pnlyniers changing the relative
hydrophoblclty by substituting ethylene glycol wnh 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
crystallizable polymer with an amorphous one x_imy improve the mechanical
properties of a tube that allow easy suturing durmg moplantation [4]. Since
crystallinity decreases the solubility of polymers, this mixing may slow down
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tube degradation, which may in torn aggravate forei%rx—body reaction. Some
copolymers obtained from L-Jactide and 6-caprolactone show a gradual
crystallization at Toom temperature, resulting in prt?gressive hardening with
time [26]. In the P(BHET-EOP/TC) series of PPE polymers, according to one
embodiment of the present invention, those with a l-lBHET-EOP/T C charging
ratio higher than 50/50 are amosphous with no melting point. Only when the
ratio is reduced to 50/50, a crystallive phase begins to form in the polymer (Tm
= 201 °C) [15]}. Consistent with this, PPE polym;rs in which the BHET-
EOP/TC ratio is 80/20 showed no crystallinity. hﬁs property allows for
complete biodegradation of a P(BHET-EOP/TC) conluit

Biocompatibility of PPE conduits

Low inﬂémmatory responses have been repoited for PPE polymers,
characterized with minor encapsulation and slight or no lymphocyte, giant cell,
o 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 mutagepicity in the Ames test [15]. Studies were carried
out i relation to embodiments of the presenﬁ; invention. These studies
concentrated on the nerve systex;n with several in vitro assessments of
cytotoxicity and showed no toxic effects of P(BH:ET-EOP/T C) polymers and
conduits on primary neurons and neuronal cell lihes tested. The studies also
ncluded a sensitive immunostaining method usingi'anﬁbodies against the 68kD
neurofilamnent protein for detecting neuronal dq;gemeraﬁon. No differences
between experimental and control Gulfures in the NF68 staining is shown in this
stndy, indicating that there are no adverse eﬁ'ects of P(BHET-EOFP/TC)
breakdown products on neurons.
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The potential toxicity of a biodegra@able NGC is a factor that should be
considered together with in situ degra‘idation rates and local tissue clearances.
The examination of in situ tissue respopse to implanted P(BHET-EOP/TC)
conduits has shown a low inflammatory reaction,'comparable to previous
reports. This low reaction js clinically desirable in minimizing adhesions of an
implanted conduit to surrounding tissues, CSpecially:to tendons of an injured

band.

Improved nerve regeneration by incorporation of geriuz delivery systems
Targeting CNS neurons by endocytosis at nerve termini and retrograde axonal
transport following peripheral injection of therapeufic genes is non-invasive to
the CNS regions. Many viruses, metals, proteins gnd large pariculate agents,
mcluding polymer particles like dextran and latex, are capable of reaching CNS
nenronal cell bodies through this route. Polyethylenimine (PED/DNA
complexes have been loaded into nerve guide cdnduits and proximal nerve
stnmps were allowed to take up the complexe's. Gene expression was defected
in dorsal root ganglion neurons and spinal cord tieurons. When genes whose
products are trophic to neurite outgrowth were ﬁsed, better regeneration of
severed nerves was observed. DNA complexes may be prepared from some
other cationic polymers, for example, poly-L~1ysi151c or chitosan. Cationic lipid
may also be used for DNA complex preparation.

Improved nerve regeneration by incorporation of sustained protein delivery

systems

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 peuro-trophic factor (BDNF), and ciliary
newrotrophic factor (CNTF). NGF is a potent simulator of sensory nerve
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ontgrowth. NGF-treated substrates can provide directional guidance for the
regrowth axons towards specific areas. Diffusion ‘gradients of NGF can
promote directed neurite extension in. two-dimensional cell culture. NGF is
thonght to mediate chemotaxis required for successful reestablishment of
functional synaptic connections. |

To achieve a prolonged release of Ig\IGF, it is enc:;’psm.atcd 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 tht? invention range from 5 to
20 micrometers. These small diameters are neckssary m suspending the
microspheres within regenerated tissue cables, 1here.'zfore providing a relatively
even distribution of released NGF. Controlled relea'lse of bioactive NGF from
these microspheres lasted for at least 3 months, These microspheres were
Joaded into the nerve guide condu?ts to allow a s;lst:_lincd action of NGF on
regenerating nerves. In a preferred embodiment, at Teast 100 microgram of NGF

18 loaded into a2 10 mm conduit.

Examples

Example I—Conduit Fabrication

I-1: Dip-coating/immersion precipitation method

To obtain a porous type guide (Type I, surface ptl;rosity = 35%), A 34% (w/w)
solution of P(BBET-EOP/TC) (EOP/TC = 80:20) in chloroform was prepared
by magnetic stimmg. A Teflon mandrel of diag’:neter 1.5 mm was vertically
dipped into the polymer solution by a mechanical linear head at a speed of 8.3
mm/s and allowed to remain in the solution for 30 s. The mandrel was
withdrawn at 24 mm/s and immediately immersed into the non-solvent bath
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where it was allowed to stand for 10 mins. The mandrel wasfsubscquenﬂy
rotated Borizontally for 10 minutes to reduce va:tiaﬁéns m the wall thickness
along the axis of the tbe and at the same tume, to fag:ﬂitate the 1:3mcess of amr-
drying. The coated mandrels were equilibrated in watex ovemig?t, frozen at — -
20° C and subsequently freeze-dried vsing a Modulyo Freeze—dlgying Unit at a
pressure of 0.1 Torr for at least one week. Finally, the polymerl coatings were
removed from the mandrel and characterized, or used for the implantation

experiments.

To obtain a dense type gunide (Type II, surface porosity = '8%), a similar
procedure as described above was applied, with the _éxcepﬁon ﬂ;pat the prepared

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

A typical P(BHET-EOP/TC) nerve condut is show in Figuref 6, possessing a
diameter of 1.5 mm and wall thickness of approxxmately 100 ;,Lm In the cross
section of a nerve conduit (3 dip-coating steps) &t higher mag;mﬁcauon, the
porous, layered structure of the conduit wall is apparent, each, layer measuring
approximately 25 pm. Another structural featnre; ie ﬁngeii'-ﬁkc cavifies is
observed as well at different regions of the conduit 'cross—secﬁén. These cavities
are likely to smprove the rate of mass transfer of permzant molecules through
the conduit wall. The nerve conduit is asymmemc m terins of | porosny Its onter
surface is clearly more microporous as compared fo the tumidal surface, where
only scattered pores are spparent. An explanaﬁon for 1his ;may lie with the
method of fabrication. Throughout the process of i nnmcrsmn precipitation, the
luminal side is always in contact with the P’I’FE mandrel, whose surface
interacts poorly with the aqueous phase of the demixed solution, The low
porosity of the luminal surface thus comes as no surprise, '!'.know:ing that 1t is
sublimed ice that gives rise to the free volume dur;ing frecze-drying.
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I-2; Film rolling method :

A 20% (w/w) soluotion of P(BHET-EOP/TC) (EOP/T C = 80:20) n chloroform
was prcpareri by magnetic stiming. Ten mls of this'solution w:"as cast into a
mold with a base measurement of 10 x 7.5 cm, and the solvent was allowed to
evaporate off in a fame hood for a period of 3 days, The polysher film conld
then be peeled off the mold and cut into strips mea;suting 2% 'l 6 cm. These
strips were rolled around mandrels of the desired NGC dlmensmns 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 t.i(:mixing'I boundary and
ge]éﬁon point for ternary diagram, cloud point data ‘for the detq;nnination of the
demixing boundary was obtained by titration. Pure nonusol?i'cnt was slowly
added to different concentrations of the homogelixons polyzq:er solution at a
constant temperature of 25° C until permanent turbidity was detected visnally.
Care was taken to minimize the evaporation of GHCl, duril_;';g the procednre.
The gelation point for a P(BHET-EOF/IC): chlo:rofon?n solutionp was
determined by casting a small volume of the solu’uun in an cvaporatmg dish,
measuring weight loss of the solution during chlorofox:m evaporation and
plotting solution weight versas time. At the point of gelanon, ia drastic decrease
in the rate of evaporation (represented by wexght foss) occurs due to a slower
rate of solvent mass transfer to the susface of the film.

The porosity of the polymer surfaces obtained v;ia the vaﬁo]fius procedures was
estimated by gencrating a random amray of 20 cocrdinstes wusing a
microprocessor, upon which the respective SEM micrc;graphs (at 1500x
magnification) were superimposed. The sm%ace poros’!ity, expressed as
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percentage of surface area covered by pores was calculated by cmploying the

statistically derived formula: :
surface porosity (%) = number of coordinates within ;yore regioni/ total number
of coordinates x 100% : '

o
The procedure was performed three times for each:3 micmgrap}; to obtain the
mean surface porosity. , ;
It was found tbat coatings immersed in water and ,subjected t,o freeze-drying
were porous, while those that were vacuum dried were dense Coatings
nnmerscd in pure methanol were dense no matter whether they were freeze or
vacuwn dried. Coaungs immersed in MeOH-water rmxtnres exlnbxted varying
degrees of porosity, depending on the McOH-water rauo cmplo,‘yed

To obtain porosity with gradient precipitaton, the diip-coatcd n:umdre! was first
immersed in 15 ml baths of different initial methanol conceqtranons ranging
between 0 to 60% (v/v) methanol. For each system, the percemage of methanol
in the bath was increased gradually to 70% by mcremcntal pddmon of 5 ml
methano] at 15 minute intervals. In this way, diﬂ'c;rent degrees of liquid-hquid
demixing could be achieved (proportional to comcentrahon of water in the
bath), while it could also be ensured that all the systems procecded to gelation.

The surface porosity of a P(BHET-EOP/TC) coahng can be controlled within
the range of approximately 2 to 58% by employmg the gradmnt precipitation’
procedure described above. The corresponding SI}M mlcrogx;aphs are shown in
Figures 7a-g. When 0% methanol (pure watci:r) was used as the initial
immersion bath, the surface of the polymer coati";lgs exhibit"led a highly porouns
morphology with a rugged surface and interconneche;i pores. As the
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concentration of methanol in the initial bath was increased, the sniface porosity

exhibited a corresponding decrease. '

Example IIf — Permeability of conduit

Penmeability experiments werc performed in order to Iclate‘; the observed
porosities of the conduits to their respective permcabiliﬁes; 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 Tyi:e 2 polymers
respectively. The surface porosity of the Batch 1 colnduit was measured to be
35 % while that of the Batch 2 conduit was measured to be g % (see Figure
2b,c) -

A permeability experiment was catried out as follows.

One end of the nerve conduit was-sealed by means of a wafer—proof sealant
(Selleys All Clear® copolymer sealant). After the scalant had ;becn allowed to
dry, 10 pl of FITC-dextran (M 4,400) solution in pH 7.4 phospbate buffercd
saline was introduced into the lnmen of the nerve condnit ,;by means of a
syringe needle. The other end of the conduit was then sim'ilarly sealed and
allowed to dry. The sealed tube containing the FITC-dextran s_‘iolmion was then
immersed in 1.5 ml of pH 7.4 phosphate buffercd saline contained in a 2 mi
Eppendorf vial. At fixed intervals of time, 0.1 ml of supemataizt was transferred

to a microplate reader (SLT Rainbow) and the absorbance read at 492 nm. The -

procedure was repeated using FITC dextran of a hxgher mole,cular weight (Mw
12 000). The permeability constant of the coridnit wall {vas estimated by
employing the formula; .
JA=@XNAc
where J =mass flux per umit time
A = area of the membrane
P = permeability constant
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X = thickness of the membrane
A ¢ = concentration difference across the membrane
The concentration vs time curve was Hited to a hyperl;oﬁc functién of the form
y = ax/(bx +c). The value of J was subsequently obtained by édcdaﬁng the
gradient of the concentration-time curve at the origilg'assming é‘neg]igible 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 molecnlar weight 4 400. On the other hand, the Ba;tc].:;t 1 condunit was
permeable to FTTC-dextran of My, 4 400 but exhibited cut-off for FITC-dextran
" of M,, 12 000. The release profile for FITC-dextran by the Ba.{ch 1 conduit is
shown in Figare 9. From the graph, the perm::aﬁon constan;t (3) for FITC-
dextran of M, 4 400 was estimated at 2.8 x 10° cm® 5. In thc last section,
reference was made to the asymmetric nature of the: conduit Wall. It is believed
" that the lominal layer acts as a semi-permeable membrane that mainly confers
molecular mass selectivity to the conduit wall, whereas the porous outer wall
region conirols the rate of permeation and acts as a backir'xg support. This
contrasts with the typical asymmetric membrane where the pel'unvselecﬁvc layer
is usually the outer skin layer. The permeability experiments simw that conduits
of different porosities obtained by immersion precipimf':ion demonstrate
differences at a functional level.

Example V—Biocompatibility of Conduits = :

In vitro cytotoﬁéity and tissue histologicai analyses’ were used for
biocompatibility assessment of the P(BHET-EGP/T C) and the NGCs made
with this polymer. Cell types used ip this study’included r;t PIimAry neurons
- from the dorsal root ganglion (DRG), the hippocampus and the cerebral cortex,
undifferentiated rat pheochromocytoma PCIZ cells and neuronally
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differentiated PC12 cells, as well as rat primary ﬁbmb'last cells. The cells were
cultored in DMEM supplement with 10% fetal calf se:mm For PCIZ cells, 5%
of horse serum was also added. Extracts for in vzlr? assessmex'xt of neuronal
cytotoxicity were prepared by placing 5, 10 or 20 mg of P(BHET-EOP/TC) or
conduits in 200 pl of the cell culture medium for 3 days wﬂﬂ an extraction
teraperature of 37°C. The materials were sterilized thh 70% eth,'imol before the
extraction. Contro} solution was prepared in the same way véiﬂmut the test
materials. To challenge cells with the extracts, the cells were grom o 50 to
80% confluency in a 24-well plate. The 200p1 of extracts plus ?200 pl of fresh
culture medium was added into each well of the plate. The celis were allowed
to grow for another 3 days before morphological éxamination. At the end of
experiments, some of the dishes with neuronal cells were nnse'd with PBS and

fixed with 4% paraformaldehyde and prcpared for mmunocytochcxmcal

analysis with a mouse monoclonal antibody against the 681(1,) neurofilament .

protein. In vivo tissue response was evaluated after :Toluidjne blue staining of 1

pm semi-thin sections from conduit explants.

- i
Compared to controls, extracts made from various amouints of P(BHET-
EOP/TC) polymer and conduits induced neither morphologi,{:al alteration nor

cell death after treatment for 3 days in any of the cell types tcsted inclnding rat

primary neorons from the dorsal root ganglion (DRG) the cerebral cortex and
the hippocampus, undifferentiated rat phcochromocytoma; PC12 cells and
neuronally differentiated PC12 cells, as well as rat pnmazy fibroblast cells.
Immunostaining of DRG neurops or neuronal’ PC12 cell,i:; with antibodies
against the 68kD ncurofilament protein, one of the major stmcnnal components
within neurons, showed no difference betweer extract—u'e_jated and negative
contro} cells in the intensity and pattem of the staining. In ope experiment,
thirty mg of the polymer, which is about 4 times of a cénduit weight, was
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extracted for 2 weeks in PBS at 37 °C and primary DRG peurons were treated
with the extract for 7 days. No deleterious effects ‘were obsetved after the

jmrunostaining of the 68kD neurofilament proteins (E:ig 8A).

The assessment of the tissue response to PPE-madé conduits was conducted
after histological staining of the explants collected at various tuite points post-
implantation. Two types of tubes displayed a smmlar effect. The ! formation of a
thin fibrons tissue capsule around the tube could :"be seen aé: 3 days. New
capillaries had penetrated and dispersed within the tube stmc;ture within the
first 4 weeks. An initial inflammatory response: during thiis period was
characterized with a weak acenmulation of lymphocytes and macrophages. This
was 1more pronounced in Type I conduits. At 3 ;momhs, tb!ie inflammatory
reaction was not notable. A well-organized fibrous. tissue caps;:ule was present
on the outer surface of the copduit, with about 8 ':layers of fibroblasts and a
thickness of about 20 pm (Fig. 8B). Some macrophfages could :be seen between
the fibrous layers and the conduits. None of the implanted cé:nduits 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 sojution,
blotted with an absorbent tissue and weighted:  for welghj: increase. Seven
samples were used for Type I and 8 for Type Il conduits. Dte to the breakage
of Type I conduits, weight increase for swc]linfg was not ;'measured after 4
weeks. The percentage of water absorption (WA%) was ca]clg:lated according to
the following equation;

i
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WA(%) = 100x (Ws-Wr)/Wr ;

where Wr= residual weight of the dry conduit and \5Vs = weig}_':;t of swollen
conduit, Swelling was also apalyzed by measuring c]_:aanges of wall thickness
and tube diameter of conduits nsing UTHSCSA Image Tool,

To measure weight loss, conduits were placed in pho%phate buffé.r pH7.4 at 37
°C. At selected time points, the solution was removed and the conduits were
dried to constant weight under vacuum and weighted. "The pcrcentag,e of weight
loss (WL%) was calculated according to the followmg cquatxon

WL(%) = 100 x (Wo-Wr)/Wo
where Wo = initial weight and Wi = residual weight of the dry conduit.

To measure changes in molecular weight, the conéuits were i‘insed in water,
" dricd under vacuum, and dissolved in chloroform. NGC explailts from the rat
body were scparated from surrounding tissue, ireated with 0.5mg/ml of
collagenase Type T for 24 hours to remove fibrous tissue ahd otber protein
impurities and subsequently treated in the same wai' as the in 1irwitm samples for
measurement of molecular weight. Gel permeation chromatogq'aphy (GPC) was
performed in chloroform with respect to polystyrene standards.’ 1o determine the
weight-average molecular weight (Mw), numbcr-average moleculax weight
(Mn) and polyd:spemty index (PI).
'
To cxamine the morphology of the NGC expl_zsmts with .}":canning electron
microscopy (SEM), the samples were gold-coated using Finé Coat Ton Sputter -
JFC-1100 and micrographs were obtained using & JEOL JSM-T220A scanning

electron microscope at an accelerating voltage of 15 kV.
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Samples for differential scanning calorimetry (DSC) were also !énzymatically
treated to remove protein impurities, as described abg;ve. DSC Was preformed
on a DSC 2010 Differential Scanning Calorimeter with a refrigérated cooling
system (TA Instruments, New Castle DE USA). Thermograms were obtained
for the temperature from -20°C to 200°C, at a heatmg rate of 10 °'C/mm

The data were sobjected to an analysis of variance (ANOVA) liising the SPSS
statistical software. Multiple comparison tests were performed with Tukey tests
where ANOVA showed overall statistical significanck.

V-1:In vitro degradation

The phosphoester bond in a PPE backbone is cleaved by watcri Thus the more
readily water penctrates, the greater the bond c:lcavage anii the faster its
degradation tate. Yet deformation of a condnit ‘cansed by’ swelling could
impede outgrowth of regenerating nerves. In vitra'iexpeﬁmcnt_?:s were therefore
conducted to characterize swelling of PPE conduits with _Lgiiﬂ’erent surface
porosities. In one experiment, weight increases v;rcre measu:;ed after placing
copduits in PBS at 37°C for various periods of time. After 4 weeks, Type I
conduits that have a surface porosity of 35% had a 30% weight increase while
Type II, which porosity is 8%, swelled slightly moke than 159/;.1'11 vitro swelling
of thosc conduits was also characterized by measiring wall éxickness. A forty-
five percent increase of wall thickness was observed in 'I‘ypg'e T condnits while
no significant increase was seen for Type I (Fi.é. 9). Tube: diameter was not

affected in both groups of conduits.

Degradation of the PPE conduits jn PBS at 37°C corresponded well to their

swelling extent, i.e. when more water penetated into a conduit, greater _
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degradation occurred. Weight loss and decrease in Wexght-avcrage molecular
weight in a time-dependent manner documented this (Fig. 10). About 20% of
weight loss was seen in Type 1 conduits after 12 weeks in PBS. ?on’espondmg
Joss in Type I was 10%. GPC analysis showed that the higher molecular
weight fraction of P(BHET-EOP/TC) bad shifted to the lower cnd, confinming
cleavage of polymer chains. For Type I NGC, the :weigbt-avem:age molccular
weight had decreased from 15,000 1o 10,000 after 12 weeks, a drop of 33%.
For Type I NGC, the molecnlar weight dropped 24%, from 17 000 to 13,000
aﬁcr 12 weeks.

V-2: In vivo degradation of conduits

Type 1 conduits with surface porosity of 35% and Type I conduits of 8%
porosity were used. Both types of tubes were tigid enoug;h to be easily
manipulated during microsurgery. After 1 month i!Jost—implan'tation, all tubes
had fractured into pieces, which were held fogether'by connective tissue. Under
scanning clectron microscope, some areas on the s‘.urface of Type 1 NGCs had
chapged from relatively smooth to very rough afier 6 weeks already. This
became more widely distributed after 3 months. The mam microstructure
change observed in Type II conduits at 3 months. was numeyous small cracks
spreading all over the tube. The tube surface ilad become rough with an
increased porosity (Fig. 11).

GPC analysis of NGC explants collected aﬁe;r 3 month;;x of implantation
showed ;'dtop of 16% and 10% in the weightaverage molecular weight in
Type I (n=2) and II (n=3) conduits, respective:ly. Tbe pc"olydispersity index
decreased from 2.22 to 1.76 for Type I and from 1.70 to 1.62 for Type Il
conduits.
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DSC revealed the absence of any cxystalline melting peaks for t}'mse material,
which would bave been expected in the range (-20 °C to 200 °C) analyzed if
crystallinity had been present in the samples. This nnphes that crysta]hmty did
not develop in a P(BHET-EOP/TC) NGC in vivo, at ]east up to a b;me period of

3 months.

Example VI--Nerve regencration within conduits

Twepty-six of male Wistar rats (200 to 250 gb were nsed for conduit
implantation, 8 for Type 1 and 18 for Type Il condmts After apgesthetizing
with pentobarbital, the right sciatic nerve of the rat was exposcd through a 3cm

long skin incision on the thigh and retraction of 'rhe gluteus maximus smscle.

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 apd dlstal nerve stui;nps were pulled
2 mm, into each opening of the PPE tubes, leaving a lO-mm: interstump gap.
The two stumps were fixed within the tubes with a smgle '10-0 perineurial
sutare (Ethilon). Before the proximal stump was pullcd into ﬂle tabe opening,
the tube was filled with saline. The surgery was pcrformed under an Olympus
operating microscope. The muscle layers were c]osed w;th 4/_0 silk sutnres and
the skin closed with Michel clips.

One or three months after implantation, the sciaﬁ:c perves tcggether with tubes
were reexposed and carefuolly isolated from the s_;mrolmdingf tissue. The nerve
segment distal to the tube was pinched in a pajir of forceps. Contraction of
muscle on the back or retraction of the leg indicates,s the presence of
regenerating sensory fibers in the pinched segment. Thje rats were then

sacrificed with an overdose of pentobarbital. The PPE contluits were excised
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together with nerves. Aftcr removing the conduits, thei regeneratc& nerves were
fixed with 4% parafonnaldehyde and 2.5% glutaraldehyde in PBS for overnight
before immunostaining. Twenty pmn-thick longltudmal sections éwere cut on 2

cryostat and collected omto ge]aﬁn—coated glass stides. The [sections were

stained with mouse monocjonal :mtlbod:es against: the 68kD; neumﬁ]amem
protein. For morphometric analyses, the merves were fixed for at! Heast 3 days in
the above solution and then post-fixed with 1%, osmium t;:troxnle. After
dehydration and embedding in Epon, the:nerves wer?' cut into lém thickness of
ransverse sections, and stained with toluidine bhie. Quanﬁta:tive evaluation
was carried out at the middle of the regénerated nerve cables usmg UTHSCSA
Tinage Tool (The University of Texas Health Sc1encc Center in San Antonio).
For each sample, 6 areas of about 500 pm? from two cross sections were

evalnated.

One day after implantation, some of the NGC chhmbers (3 ont of 4 Type II
conduits) had become filled with a solid simcture’ that bndged the two nerve
stumps. This structure appeared like biood clot and was loosely attached to the
stumps. At day 3, the solid structure was present' in all tubes exammned (Fig.
12B). By microscopic ecxamination, small tﬁteads disinbuted with a
predominantly longitudinal orientation were observed (Fig. liC) snggesting an
accumulation of fibrin matrices [18,19]. The sh'ncture had become fimnly
connected with the stumps 5 days post-lmplaniation Regene'rated axons could
be observed 2 weeks later in the proxlmal part of regencratcd cables and one
month later in the distal sciatic stump, 5 mm distal fo the sxinure line. Most of
them were unmyelinated, present tug;ether with pumerous Sfchwann cells (data
not shown). |

After three months, positive reﬂex responses were observed in 40% of the rats
that were tmplanted with Type I;'and 92% of those with Type 11 conduits when
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the nerve trunks distal to the conduits were pinched m‘the anesthehzed animals.
All these rats had a regenerated cable inside the condmts which 'had bridged a
10mm gap between the nerve stumps (Fig. 12D). Th_e regenerate;d cables were
centrally located within the conduits, surrounded by a fine epincunum The
cables coptained pumerous fascicles of : myelinated:'as well as wnmyelinated
axons. Most of the axons in the distal nerve tmnks"lwere alrca;'dy myelipated.
Immmnostaining with an antibody against the NFG_'S protein cgonﬁrmed axon
distibution through the whole regenerated calj;les thrce§ months after
implantation. The. staining was sironge!r than that iin the nopinal undamaged
coptrol nerve at the proximal nerve trunks but weaker at the siistal part (Fig.
13). ;

Transverse sections. throngh the mid-point of the Iﬂmm gaps \?lvere analysed to
determine the number of myelinated axops ont and thrée months after
implantation (Table 1). The Type I corduits with a higher smface porosity had
a higher fibre popnlation than Type I tonduit, whs}ch is very close to the valae

|.

from the normal nerves by 3 months post-implantati

Table 1. Morphemetric analysis of the rcgeneratéd nerves at the midpoint of
conduits with different surface porosity

PPENGC Porosity Implantaﬁén Period N "Fibre Population
Typel 35% 1 month ' 4' :5375811043
Type II 8% 1 month 7 2928+1293
Type 1 35% 3 months 4 80804240

Type I 8% 3 months 11 .' 668412155

Normal Nexve - - 7 - 79914257

1]
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Example VII-Nerve regencration within conduits loaded with
polyethylenimine/DNA complexes ,

Plasmid pcDNA3.1/1lacZ, pcDNA/NGF,- pcDNA/BDNF and prNAB/Bc]-Z
under control of the cytomegalovirus immediate early reglon, promoter and
enhancer, were used. All plasmids were expanded in E.coh DHSa stramn and
prepared using Qiagen plasmid Max1-prep kit accordmg to. ' the supplier’s
protocol (Qiagen, Ontario, Canada). Thé quantity and quabty ) lof the purified
plastpid DNA was assessed by opncal density at 260 and 280nm and by
clectrophoresis in 1% agarosc gel. The punﬁed plasmid DNA was rc-

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

Plasmid DNA was diluted in 5% glucose to the choscn concentranons PEI
(25k, Sigma) was used as 0.1 M aqueens stock sojution. Relanve amounts of
PEI to DNA were 10 eguivalents of PE] nitrogen per DNA phosphate (N/P =
10/1). Complexes were formed by addmg the appropnate amount of PEI
sofution jnto DNA solution, mixing with bricf vortex and waiting for 15 min at
room temperature. For each loading, 20 pl of 5% ghucose solution containing 4
pg of plasmid DNA complexed with PEJ or other DNA canitf:rs were used per

condmt,

Wistar rats (200 to 250 g) wcre: used for rondmt in.i:plantaﬁon. After
anaesthetizing with pentobarbital, the right sciatic:nenre of tﬂc rat was exposed
throngh a 3em long skin incision o the thigh and retracﬂon of the ghiteuns
maximus muscle. The nerve was freed from surrounding hssue and trapsected
at the midthigh level, proximal to the tibial and peroneal bﬂ’m'canon A5to7

mm piece of the nerve was semoved and then the proximdl and distal nerve

stumps were pulled 2 mm into eath opeping of the PPE tubes, leaving a 10-mm
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interstump gap. The two stumps were fixed within the tubes wnh:a single 10-0
peninenrial suture (Ethilon). Before the proximal stump was pul!ed into the tobe
opening, the tube was filled with polymer/DNA complexes nsohmon. The
surgery was performed mnder an Olympus operahng mlGIOSCOpB The muscle
Jayers were closed with 4/0 sifk sutures and the skin closed with Michel chips.

One or two days afier conduit implantation, the raits. were anésthetized with
pentobarbital sodium, and perfused transcardially by saline scé‘lnﬁon (200mi)
followed by 150ml of jcecold fixdtive (4% paraformaldebyde, 0.05%
glutaraldehyde in PBS). The dorsal root ganglion and spinal corv;i 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 hssues completely sank. Finally
they were embedded in O.C.T. (tissue freezing medium, Mﬂes' Inc. USA). The
coronal sections (20 to 30 pm) were cut at -20°C in a c:yostat Sections were
rinsed three times in PBS with 1mM MgCl, (pH 7. 8) and incubated for 8 hours
at 37°C in X-gal (5-bromo-4-chloro-3-indoyl-p-galactosidase) reaction mixtore
(Tnvitrogen Carlsbad, CA) to detect lacZ gene expréssion.

The lacZ gene expression was detectable m the (iorsal root ganglion peurons
ope day after conduit implantation. A high level expressit:)n was found 24
hours after implantation, with about 80 -90% fof the dorfsal root ganglion
neurons positive in B-galactosidase (p-gal) staining (Fig 14).:' The staining was
also observed in the cytoplasm of large and small motor nevrons in the spinal
cord (Fig. 15). BDNF has been documented prewgriausly to Ye able to promote
neutite outgrowth. The BDNF ¢cDNA was comfalexed with polyethylenimine
and loaded within the conduits. One month later, regencl,"ated nerve cables
within 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
conduits Joaded with BDNF cDNA complexes (Fig. 17).
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In addition to polyethylenimine, other cationic polym:ers or ]ipidk may also be
used to deliver genes through endocytosis and Iettogradc axonal nu'ansport The
gene expression of human Bcl-2 was used 1o comptare their ré]auve transfer
efficiency. Optimal ratios between DNA and poly-L-lysine, chxtmsan, Trapsfast
or GenePORTER were tested in agarose gel electnophoresm and COS7 cell
transfection. The same amounts of pcDNA3/Bcl-2 were then complexed with
those polymers and lipids under the coaditions ophgmzed for Fach individual
agent and injected into the tongue. The proteins extréxcted from the brainstem 2

60

days after injection were subjected to western blotting (Fig. 1;8). The highest
expression level was obtained with PEI, which is at fleast two ti'ines higher thap
that mediated with poly-L-lysine and chitcsan as showed By densitomeric
analysis. Very weak expression was observed 'wnh two cationic Lipids,
Transfast- and GenePORTER. Inje::tion of free pla'smid'DNA;s into the tongue
did not gain detectable Bcl-2 expression in the braidstem.

Example V]I--Nerve regeneration within conduits loaded with NGF
microspheres

Recombinant human nerve growth factor was pum';hased :li'r.':ml Sigma. To make
microsphercs, 50 mg of PPE polymer was dissélved in 1 il of methylens
chloride. Two microgram of NGF togcther with 0[6 mg of BSA was dissolved

in 30"l of water. This mixture was added to the dxssolved polymers during
vortexing and the solution was sonicated for 20 seconds to glve a homogeneous
milky emulsion. Five ml of 1% to.10% PVA-5%NaCl was qmckly added to this
emulsion and vortexed for 30 seconds at high spe:ed. This dox;'lblc—emnlsion was
poured into a 50-ml tube with 20 ml of 0.3% PVA-5%NaCl solution and mixed

vigorously. The mixture was stired for 3 hours to allow microsphere

L4
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formation. The microspheres were collected by centrifuging ttie solation at
2000 rpm for 10 min. The microspheres viere rapidly frozen in liquid nitrogen

and then lyophilised for 24 hours.

To enhance the suspension of nncrospheres in condmt solubons and to reduce
the possible distorbing effects of big mlcmspheres on neurite :outgrowth, the
microspheres used in the NGCs sbould have a smaller dlameter It was
confirmed that using 10% (w/v) PVA as an emulsién stab1hse:; Was necessary
to prepare microspheres with diameters around 10 pm. (Flg.l9} It was further
confirmed that, with such a small diamieter, the mzcmspheres ‘may suspended
within the regeneratcd tissue cables after loaded mto NGCs (Flg 20).

Four types of biodegradable polymers were used t6 prepare microspheres. The
efficiency of encapsulation differed for each polymer was investigated, with
two PPE polymers: p(BHET-EOP);anq a comparative polymes, p(DAPE-EOP),
baving higher efficiency of protein encapsn]aﬁ;m (Fig. 21). The greatest
normmalized cumulative release of prolteins was observed from p(DAPE-EOP)
(Fig. 22). '

The rate of NGF release from the mi:c:rosphcres \;;as determi,"ned by incubating
them with PBS in a cell culture :plate' The! plate was. placed at 37°C.
Periodically, the buffer was replaceﬂ with ﬁ'eslf buffer. THe concentration of
NGF in the buffer was dctemuned by NGF ELISA Mlcrospheres with ap
average diameter of 10 uM gave an’ nnmcdlate burst that about 50 % of NGF
was released within the first 24 houss. This immediate release was followed by
a slow but sustained release of NGF for at least 3 months (Fig. 23). The
released NGF was exposed to phco'chromocytoma PC12 cglls for 5 days. The
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nemrite outgrowth from PC12 cclls in response this ‘exposure t:;onﬁxmed the

biological activity of NGF after mcapMaﬁon.

Wistar rats (200 to 250 g) were used for confduit implailtaﬁm. After
anaesthetizing with pentobarbital, the rigﬁt sciatic nerve of the ra't was exposed
through a 3cm lopg skin incision on the thigh and retraction lof the glutens
maximus muscle. The nerve was freed fiom smroundmg nssue,and transected
at the midthigh level, proximal to the tibial and perqneal bifurchtion. A 5 to 7
mm piece of the nerve was removed ax_;d then the _,ipxo:dmnl and distal merve
stomps were pulled 2 mm into each opening of the P_i’E tubes, leaving a 10-mm
interstump gap. The two sturaps were fixed within the tubes with a single 10-0
perineurial suture (Ethilon). Before the éroximal stm;np was puﬁed into the tube
opening, the tube was filled with NGF mlcmsphcres contammg 100 pg of
NGF. The surgery was performed vnder an Olympus operatmg microscope.

The muscle layers were closed with 4/0 sikk suturgs and the skin closed with
Michel clips. '

Two weeks after implantation, the conduits togef:her with régcnerated tissue
samples were collected for analysis. Speed—up regenerahon was observed in the
conduits loaded with NGF microspberes, with many ncmoﬁlammt—yosmvz
fibres at the distal stumps of trapcated nerves (Fig 24).

In. the present specification "compziée" means "includes or consists of® and
"comprising” means "incinding or consisting of". :

: !
The features disclosed in the foregoilig description, or the fqillowing claims, or
the accompanying drawings, expressed in their specific forms or in terms of a
means for performipg the disclosed function, or a methéad or process for
attaining the disclosed result, as sppropriate, may, sepz!irately, or in any
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1. A polymer comprising the subunit

O (3 o
|
[o-wo'é@ -c-o-R'o-l,E } .
R

wherein R' is ethyl or butyl and R and R” are cach 'any suitabl side chain or
cross link, l

2. A polymer according to Claim 1 wheﬁfein Ris O(éHz)nCH:; a.ﬁd n js between
1 and 12. | '
3. A polymer according to Claim 2 whetein R is OCH,CHs.

! ; i
4. A polymer according to any one of the preceding claims wherein R’ is
CH,CH,. | '

5. A polymer according to amy one of the preceding claims wherein R" is
(CH,), wherein p is between 1 and 12.;

6. A polymer according to Claim 5 wherein R" is CH,CH,.
; : |
7. A polymer according to Claim 1 wherein either of both ¢f R and R" are a

* functional group and a bioactive E:omponent that is cognjugated via the
functional group.
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3. A polymer according to Claim 7 whereih the bioactive component Comprises
a neuroactive protein or peptide. '

9. A polymer according to Claim 4 wherc%n the bioactive component comprises

a neurotrophic factor. !
10. A polymer according to Claim 9 wh,ierein the néuirophic factor comprises
NGF, BDNF, CNTF or FGF. '

11. A polymer according to Claim 8 wherein the bioactive coraponent

comprises a cell adhesive peptide.

12. A polymer according to Claim 11 wherein the cell adbesive peptide
comprises the amino acids: Arg Gly Asp; Tyr Ile Gly Ser Arg; or Jle Lys Val
Ala Val. L ;

13. A polymer according to Claim 1 whercm exthe’r or both of R and R” are a
cross link compnsmg one or Wore meml ions.

14. A polymer according to Claim 1 wherem e1thcr or both of R and R" are a
cross link comprising one or more orgamc crOSS lmkmg agents.

. i ;
15. A polymer according to Claim 14 wherein the organic cross linking agent
comprises 1,3,5-h-ihydroxybenzene of (CHZO}I)4é.

16. A polymer according to any one éf the preceding c]alms :further compnsmg

the snbunit
—
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17. A polymer according to Claim 16 wherein X is between 5 and 100 and y is
between 5 and 100. '

18. A polymer according to Claim 17 wherein the ratio of x to y is 80:20.

19. A polymer according to any one of Claims 16 to 18 further comprising the

subunit

0 o 0\
1 nof
-CHQCHZOB@C-O-C}LCHzo—P }———
| z

OCH;

20. A polymer according to any one of ‘Claims 16 to 18 forther comprising the

subunit

EmchZOHQc-o.CHzcnzo- }—— |
l z

o

21. A polymer according to Claim 19 or 20 wherein x is between 5 and 100, y
is between 5 and 100 and z is between S and 100.

22. A nerve guide conduit comprising a poly(phosphoester) pélymer.
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23. A nerve guide condnit comprising 4 polymer according td any onc of

Claims 110 21. :

24. A nerve gnide conduit according to Claim 22 or 23 wherein ﬂi:c polymer has
an average molecnlar weight of between 10,000 and 235,000.

25. A nerve guide conduit according to Claim 24 wherein the polymer has an
average molecnlar weight of between 14,000 and 18,900.

26. A nerve guide conduit according fo Claim 25 wherein the I:mlymer has an
| average molecular weight of between 15,000 and 17, 000.

5 ;
27. A nerve guide conduit according to any one of Claims 22 to 26 wherein the
conduit has a surface porosity of between 2 and 58%. '

28. A nerve guide conduit according to Claim 27'wherein th'te conduit has a
surface porosity of 35%. ' ' :
29. A nerve guide conduit according to Claim 27 whercin ﬂ_;xe conduit has a
surface porosity of 8%.

30. A nerve guide conduit according fo any one of Claims 22 to 29 having a
diameter of between 1 and 2 mm.

31. A nerve guide copduit according to Claim 30 havmg a diaz;neter of 1.5 rom.

32. A nerve guide conduit according to any one of Claims 22 to'81 having a
wall thickness of between 150 and 250pm. '
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33. A nerve guide conduit according to Claim 32 wherein the wall thickness 13
170 or 240 pm. ' '

34. A nerve guide conduit according to any one of Claims 22 to 33 wherein the

conduit comprises a plurality of layers.
35, A nerve guide conduit according to Claim 34 comprising 3 layers.

36. A nerve guide conduit according to Claim 34 of 35 whereigin each layer is
between 20 and 30 pm thick.

37. A nerve guide conduit according to Claim 36 wherein eachf Iayer is 25 pm
thick. '

38. A nerve guide conduit according to any one of Cla:ms 22 to 37 wherein the
outer surface of the conduit has greater mlcr0porosny than thes Iuminal surface

of the conduit.

39. A nerve guide conduit according to any one of’ Clalms 22 to 38 comptising
a gene delivery system.

. ': | ’
40. A nerve guide conduit according to Claim 39 wherein the gene delivery
system comprises a complex of DNA and a catidnic polymér or lipid loaded
into the conduit.
41. A nerve guide conduit according to Claim 40 wherein the complexes are
particles of 20nm 1n diameter. '
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42. A nerve guide conduit according to Cla:m 40 or 41 wherem,the cationic
polymer or lipid comprises polyethylenumne poly—lrlysme or chxtosan
: - : » l -
'43. A nerve guide conduit according to Claim 40 or’41 whcren'; the cationic
. ; - I v !
polymer or lipid comprises 1,2 - dioleoyl phOSphaudylg:thmmlamme-

44. A nerve guide conduit according to Claim 43 wherem the caﬁomc polymer

of lipid comprises T ransfast or GenePORTER.

45. A nerve guide conduit according to afty one of Claims 39 to 44 wherein the
. ) H

gene encodes a meurotrophic protein or a peuro-active neurdl fibre growth

eliciting molecule.

46. A nerve guide conduit according: to' Claim 45 wherein the igene comprises
NGF, BDNF or Bel-2. :

47. A nerve guide conduit according to any one of Claims 22 to 46 comprising
a sustained protein delivery system.

48. A nerve guide conduit according to Clam 47 wherem the .sustamed protein
delivery system comprises one or more mmrospheres 1oaded into the conduit
and containing a protejn such that the protein is released from! the microspheres
progressively. '

49. A nerve guide conduit according to Claim 48 ‘wherein thé microspheres are
made from a poly(phosphoester) polymer.
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50. A nerve guide conduit according to Claim 49 wherein the microspheres are

made from a polymer according any one of Claims 1 to 21.

51. A nerve guide conduit according to Clmm 48 wherein the nucnospheres are
made from poly(lacticco-glycolic acid) or poly(lacﬁde—¢o—glycohde)

52. A nerve guide conduit according 'to anj' one of Claims 43 o 5'0 wherein the

average diameter of the microspheres is between 5 am? 20 pm.

53, A nerve gnide conduit according to Claim 52 wherein the avérage diameter
of the microspheres 1s 10 pm.
S4. A nerve guide conduit according to any one of Clairas 48 to 53 wherein the

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

55. A nerve guide conduit according to any one of ¢laims 48 tb 53 wherein at
least 100um of protein is loaded per 10mm of condwit.

56. A nerve guide conduit according to any one of €laims 47 té 55 wherein the

protein comprises NGF, BDNF, CNTF, epidermal growth factor or fibroblast
growth factor.

57. A nerve guide conduit accordmg td any one of Clmms 22 to 56 wherein the
conduit is loaded with a bioartifieial nerve graft compnsmg Schwann cells.

58. A nerve guide conduit according to any one of Claims 22.1:0 57 for uée ina

method of regencrating a sever?d nerve comprising the step of. inserting each

of the respective nerve sturpps mto the respective first and s;econd ends of the
’ T
conduit.
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59. A method of regenecrating a severed nerve compnsmg the steps of:
providing a nerve gitide copduit according to any one of Clanns' 22 to 57, the
conduit having first and second ends; and inserting each of the. rcspccuve nerve
stumps into the respective first and second ends of the' conduit.

60. A nerve guide conduit according to" Claim 58 d;r a method according to
Claim 59 wherein the perve is in the hand and the condnit js provided adjacent
the tendons of the band. : .

| |
61. A method of fabricating a polymer compnsmg the steps of providing a
solution of the polymer and a solvent; and adding first and second non-solvents
to the solution.

62. A method sccording to Claim 61 wherein the 'solvent has a solubility of .
greater than 10 mg/ml.

63. A method according to Claim 62 wherein the.solvent has a solubility of
greater than 100 mg/ml. '

64. A method according to any one of Clanns 61 to:.63 wherejn either or both of
the non-solvents has a solubility of less'than 10 mg/ml. '

65. A method according to Claim 64 wherein either or both off the non-solvents
has a solubility of less than 0.1 mg/ml.

66. A method according to any one of Claims 61 to 65 wherein onc 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.
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67. A method according to any one of Claim 61 to 66 further cq’mprising the
step of after adding the first and second non—s;blvents, iricreasing the

concentration of the second solvent.

- ; L.
68. A method according to Claim 67 wherein the secpnd non-solvent 1s added
to the solution at a concentration of bctwe:'en 0 and 60%(v/v) and is increased to

a concentration of between 65 and 75 % (v/v).
69. A method according to Claim 68 wherein the concentration of the second

non-solvent is increased to 70% (v/v).

70. A method according to any one of C’lazms 61 to 159 for obtai!ning a polymer
having a predetermined porosity further -:compxising the steps oi:" before adding
the first and second solvents, determining the relatlvc concentrations of the first
and second solvents required to achieve: the prcdetermmed porosxty, and adding

the first and second solvents in the requcd concentiations.

71. A method according to Claim 70 wherein t},ae step of detcnnmmg the
required concentrations of the first and second solvents compmses determining
the demixing boundary and gelation pomt of a mixture of the polymer, the
solvent and the first and second non-solvents.

72. A method according to Claim 71 wherein ibe step of determiping the
demixing boundary compﬁées ﬁtraﬁng': pure non-solvent into the homogenous
polymer solution and detecting the concenuaﬁozi of non-sotvent required to
produce permanent turbidity in the soution.
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73. A method according to Claim 71 or 72 wherem the step of detennmmg the
gelation point comprises providing a soluixon of the polymer in: .the solvent,
evaporating the solvent and measuring the rate of change of we1ght of the

solution.

74. A method according to any one of Claims 61 tof 73 wherein the solvent
i .
cornprises chloroform.

75. A method according to any one of Claims 61 t0:74 whereis the first non-
solvent comprises water. : '
76. A method according to any one of Claims 61 to 7'5 wherein the second non-

solvent comprises methanol.

77. A method according to any one of Clalms 61to 76 wbherein ihe polymer is a
poly(phosphoester). : ;

: !
78. A method according to Clmm 77 wh;:rem the | polymer is a
poly(phosphoester) according to any oﬂe of Clmms 1t021.
79. A method according to any one of C]amm 61 to 78 fnxther comprising the
steps of: dipping a mandrel into the sblunon renioving the mandrel from the

- solution and then dsying the polymer sblution on ﬂ;e mandrel,!

30. A method of fabncahng a nexrve gmde condmt accordmg to any one of
Claims 22 to 58 comprising the steps of: (hppmg a mandrel' into a solution of
the polymer and a solvent; removing the mandrél from thc_ solution and then
drying the polymer solution on the mandrel, prei‘m‘ably wherein the solubility

: of the solvent is greater than 10mg/mi, more preferably greattr than 100mg/ml.
\\\~‘.
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81. A method according to Claim 79 or 80 further compnsmg the step of, after
removing the mandrel from the solution; nnmersmg the mandrel in 2 non-
solvent, preferably having a solubility of less than 1.0mg/m1, more preferably
less than 0.1mg/ml. '

82. A method according to Claim 81 wherein the steps of dippiixg the mandrel
into the solution, removing the mandrel and 1mmersmg itin a non solvent are

repeated one or more times to produce multiple polymcr coatmgs

83. A method according to Claim 82 wherein the steps are carried out three
tires.

84. A method according to any one of C]aims‘ 81 to 83' wherein, after
jmmersing the mandrel in the non-solvent, the mandrel is ghpped into the

solution of polymer before the non-solvent is completely remnoved from the
mandrel.

85. A method according to any one of Claims 79 to 84 whercin the step of
drying comprises freeze drying. -

86. A method according to any cne of Claims 79 or 85 wﬁcrein the step of
drying comprises vacuum drying.

. 87. A method according to any one of Claims 79. to 86 further comprising the

step of, after removing the mapdrel, from the solution, rotating the mandrel
horizontally such that variations in the thickness of the coating are rednced.

l
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88. A method according to any one of Claims 61 to 78 further CI;DmpIiSing the
steps of casting the polymer in a mould, evaporating the solvent and peeling
off the polymer coating from the mould.

89. A method of fabricating 2 nerve gmide conduit according to any one of
Claims 22 to 58 comprismg the steps of: castmg a soldtion of the: polymer and a
solvent 1 a mould, evaporating the solvent to form a polymer coating and

peeling off the polymer coating from the mould.

90. A method according fo Claim 88 or §9 further copnprising the steps of, after
peeling the polymer coating from the :mould, rolli'ng the polymer around a
mandrel and sealing opposing sides of the coating to fform a com:iuit.

91. A method according to Claim 90 wherein the sides are sealed by meaps of a
solvent, preferably chloroform or dimethyl-formamide.

92. A method of fabricating a nerve guide conduit accordmg to Claim 47 or 56
comprising the steps of: ad-mixing the’ protein with a solutwn or slurry of the
poly(phosphoester); and fabricating the’ condmt from the mxxture.

93. A method according to Claim 92 wherein the solution or shurry is aqueous.
\
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