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"A Polymer and Nerve Guide Conduits Formed Thereof' 

THE PRESENT INVENTION relates to a poly(phosphoester) polymer and to 

necve guide conduits l'.IlBde from poly(phosphoester) polymers. The present 

invention also relates to methods of use of such nerve guide conduits and 

methods of manufacturing polymers. 

. ~ 

It is known in tbe art that nerves with severed axons, but intact somas, may 

retain the capability of regrowing from the proximal stump to recoDnect 

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 js rectified clinfoally by employing an autologous nerve graft, 

i.e. a segment obtained from a second operative site of the patient and sutured 

to the two ends of the severed nerve. This has raised the issues of function loss 

at the donor sites. formation of potentially painful neuromas, structural 

differences between donor and recipi~t neIVes and shortage of graft Dlaterial 

for extensive repair. 

The closest alternative to an autologous nerve graft would be an autologous 

vein or arterial graft [2,3J. The hollow blood vessel acts as a condnit for the 

regeneration of nezve across the defec~ allowing the axons to migrate without 

obs1ruction by the degenerating fascicles of the distal stump and preventing the 

invasion of fibrous scar tissue. However, the use of vein or arterial grafts for 

'entubulation' is associated with similar limitations as the nerve gr~ 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 stumps 

jnto the two ends of the conduit The purpose of such nerve guide conduits is to 

encourage the processes of nemonal growth and regeneration of nerve function. 

To be effective. these NGCs must be made from materials that meet a wide 

range of biological and physicochemicaJ 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 Sheatlring as an Adjunct to Nem;al 

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, polyglactin mesh tu.bjng was reported by Molander et 

al. in Vol. 5, Muscle & Nerve. pp. 54-58 (1982). The use of porous aciylic 

copolymer tubes in nerve regeneration was disclosed byUzman et al in Vol. 9, 

Journal of Neuroscience Research. pp. 325-338 (1983). Bioresorbable nerve 

guidance channels of polyesters and other polymers have been reported by 

Nyilas et al. in Vol 29, T:ransa~ons Am. Soc. Artif. Internal Organs. pp. 307-

313 (1983) and in US-A-4,534,349 issued to Barrows in 1985. After 

accomplishing their function, these guides are supposed to gradually disappear 

from the host. These biodegradable tubes have the advantage over using 

biodurable NGCs in dispensing with a second suJ"gery to remove implanted 

tubes. Such a second operation is often necessary after biodnrable NGCs are 

implanted in order to eliminate the potential problems. such as chronic tissue 

response and nerve compression, caused by the long-term presence of a rigid 

tnbe in the body. In contrast. after a biodegradable tube has accomplished its 

:function, the guide gradually disappears from the host 
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Biodegradable polymers differ from non-biodegradable 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 

1he 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), po1yglycolic 

acid (PGA), copolymers of PLA and PGA, polyamides, and copolymers of 

polyamides and polyesters. PLA, sometimes referred to as polylactide, 

undergoes hydrolytic de-esteri:fication to lactic acid, a normal product of 

muscle metabolism. PGA is chemically related to PLA and is commonly used 

for absorbable surgical sutares, as is PLAIPGA copolymer. However, the use of 

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

common solvents and subsequent difficulty in fabrication of devices. 

Collagen has been one of the most promising materials for constmction of 
I 

NGCs due to its biocompatibility and favomable property of supporting cell 

attachment and function (US-A-5019087). However, one · of the major 

wsadvantages inherent with collagenous materials is their potential 

antigenicity. Synthetic polymeric biomaterials are potentially advantageous in 

their unlimited supply and reproducible properties. The versatility of the 

synthetic system also allows for the fine-tuning of the biodegradation rate, 

· peoneability 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-
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4,074,366, col. 6, lines 13-16 and 43-57~ relates to poly(N-acetyJ-D­

glucosaroine). i.e. chitin. However, there is no enabling disclosure in the 

specifications or in their Examples as to how such tubes are to be prepared, the 

characteristics required, and their method of use. 

Other biodegradable polymers of particlllar interest for medical implantation 

pmposes are homopolymers and copolymers of the alpha-hydroxy carboxylic 

acids, gJycolic 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 rep011ed in 

Muscle and Nerve 5, 54~51 (1982). However, less than satisfactory results were 

achieved in that some of the regenerating axons gained access to the meshes of 

the polyglactin tube causing the formation of minifascicles. A nerve cuff in the 

form of a smooth, rigid tube has also been fabricated from a copolymer of 

lactic and glycolic acids [Ibe 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 gujdance 

channels as well as other surgical articles such as sutures and ligatures. 

Regenerated nerves have also been successfully obtained with nerve guides 

prepared from the homopoJymer poly(DL-Iactic acid)~ as measured by 

myelinated axon counts, for example, in US-A-5358475. Synthetic 

biodegradable polymers, including polyester urethane [4J and E-caproJactone­

lactide copolymer [5 -11], have been examined for promoting peripheral netve 

regeneration. 

,. 
I 
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One critical issue in regnlating neive regeneration across a gap is tb.c 

permeability of guide conduits. PermseJective conduits with a molecular weight 

cut-off of 50,000 daltons allowed regeneration of nerves in a mouse sciatic 

nerve model The regenerated nerves were characterized by fine epinemillill 

and high numbers of myelinated axons [Aebischer et al.~ "The Use Of A Semi­

Penneablc Tube As A Guidance Channel For A Transected Rabbit Optic 

NeJVe", 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 pennselectivity because other attributes of the 

polymer, such as viscosity, are also affected by methods known in the art_ for 

varying permselectivity. 

Despite the identification of various materials which can serve as nerve guide 

conduits, the results of research to date have revealed significant shortcomings 

in such prostheses. For example, some of the materials identified above have 

lead to inflammatozy reactions in the test animals and have failed to excJude 

scar tissue formation within the channels. The total number of axons> the 

nmnber of myelinated axons> the thickness of the epinenrium, and the 

fascicular organization of nerves regenerated within condaits are all typically 

less than satisfactoiy and compare poorly with the original nerve structure of 

the test animals. Moreover, tbe loss of sensory or motor ~ction is still the 

most common outcome of such laboratory experiments. Jn addition, if the gap 

distance separating the nerve stumps is too great, regeneration will not occur. 

There is still demand for developing new biodegradable material with distinct 

characteristics for nerve guide conduits. It js hypothesized herein that important 

parameters such as smface properties that affect cell-substrate interaction, 

porosity and biodegradation that maintains commmrication with the external 
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environment of the conduits, and deliveiy of neuro1rophic factors that can 

accelerate axon outgrowth have yet to be optimized. 

The class of biodegradable polymers known as poly(phosphoester) (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 one aspect of the present invention,, there is provided a polymer 

comprising the subunit 

11 ¥ ' II 11 [ 0 0 0] 
0-R·ocQ -C-0-R'O-f " 

R 

wherein R' is ethyJ or butyl and R and R'' are each any suitable side chain or 

cross link. 

Preferably, R is O(CH2)nCH3 and n is between 1 and 12. 

Advantageously, R' is CH2CH2• 

Conveniently~ wherein R'' is (CH2)p wherein p is between I and 12. 

Advantageously. R" is CH2Clfi. 
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Preferably, either of both of R and Ir' arc a functional group and a b~oactive 

component that is conjugated via the functional group. 

Advantageously,, the bioactive component comprises a neuroactive protein or 

peptide_ 

Preferably, the bfoactlve component comprises a neurotrophic factor. 

Conveniently, the neutrophic factor comprises NGF, BDNF. CNTF or FGF. 

Advantageously,, the bioactive component comprises a cell adhesive peptide. 

Preferably, the cell a,dhesive peptide comprises the amino acids: Arg Gly Asp; 

Tyr De Gly Ser Arg; or Ile Lys Val Ala Val. 

Conveniently, either or both of R and R" are a cross link comprising one or 

more metal ions_ 

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 (CH20flMC. 

Conveniently. the polymer further comprises the subunit 
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Preferably, x is between~ and 100 and y is between 5 and 100. 

Advantageously, the ratio of x to y is 80:20. 

Conveniently, the polymer further comprises the subunit 

~~Jo~~CH,~~ t:-
OCH3 

Preferably, the polymer further comprises the subunit 

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

between S and 100. 

In relation to the above statements ~f the invention, it is to be appreciated that 

the polymer subunits described do not necessarily comprise single blocks in the 

polymer backbone. The notations x, y and z indicate the relative number of the 

respective subunits in the polymer backbone but the units may be included in 

any order in the backbone, including a random distribution. 

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

guide conduit comprising a poly(phosphoester) polymer. 



9 

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 average molecular weight of between 101000 

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, thlconduithas a surface porosity of between 2 and 58%. 

Preferably, the c duit has a smface porosity of 35%. 

Advantagews}y,~ canduithas a smbce porosity of 11".t.. 

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

PrefeTably, the Jonduit has a diameter of 1.5 mm. 

AdvantageouslJ the conduit has a wall lhiclmess of between 150 and 2SOµm. 

Conveniently, the wall thickness is 170 o:r 240 µm. 

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 µm thick. 

Preferably, each layer is 25 µm thick. 

Advantageously, the outer smface of 1he conduit has greater microporosity than 

the lmninal surface of the conduit. 

Conveniently, the conduit comprises a gene delivery system. 

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

cationic polymer or lipid loaded into the conduit 

Advantageously, 1he complexes are particles of 20nm in diameter. 

Conveniently, the cationic polymer or lipid comprises polyethylenimine, poly­

L-lysine or chitosan. 

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

phospha1idyletbanolamine. 

Conveuiently, the cationic polymer of lipid comprises Transfast or 

GenePORTER. 

Preferably, the gene encodes a neurotrophic protein or a neuro-acti.ve nemal 

fibre growth eliciting molecule. 
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Advantageously, the gene comprises ~GF, BDNF or Bcl-2. 

Conveniently, the conduit comprises a sustained protein delivezy system. 

Preferably, the sustained protein delivezy system comprises one or more 

microspheres, loaded into the conduit and cont.aining a protem such that the 

protein is released from the microspheres progressively. 

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

polymer. 

Conveniently, 1be microspheres are made from a polymer as detailed above. 

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

poly(lactide-co-glycolide ). · 

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

µm. 

Preferably, the average diameter of the microspheres is 10 µm. 

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

three months. 

Advantageously, at le$t lOOµm of protein is loaded per lOmm 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 µi a method of :regenerating a severed 

nerve comprising the step of: inserting each of the respective neIYe stumps into 

the respective first and second ends of the conduit. 

According to a further aspect of the present invention 'Chere is provided a 

method of regenerating a severed nerve comprising the steps of: providing a 

neJVC 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 pro'Vided a method of 

fabricating a polymer comprising the steps of providing a solution of tbc 

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 mw'ml. 

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

JO mg/ml. 
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Preferably, either or both of the non-solvents bas 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 eifuer 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 non-solvent is added to the solution at a 

concentration of between 0 and 60%(v/v) and is increased to a concentration of 

between 65 and 75 % (v/v). 

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

(v/v). 

Preferably. the method obtains a polymer coating having a predetermined 

porosity and further comprises the st.eps of: before adding the first and second 

solvents, detemrining the relative concentrations of the .first and second 

solvents required to achieve the predetermined porosity; and adding the first 

and second solvents in the required concentrations. 

Advantageously. the step of detennining the required concentrations of the frrst 

and second solvents comprises determining the de.mixing boundaxy and gelation 

point of a :mixtme of the polymer, the solvent and the first and second non­

soJvents. 

Conveniently,. the step of determining the demilcing 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 pfunanent turbidity in the 

solution. 

Preferably, the step of detennining the gclation p6ii.t com.prises providing a 

solution of the polymer in the solvent, evaporating the solvent and measuring 

the rate of change of weight of the solution. 

Advantageously, the solvent com.prises thlorofoIDl. 
This Sheet Has Been Replaced 

1111111111111m11111111 . 
Conveniently. the first non-solvent comprises water. 

Preferably, the second non-solvent comprises methanol. 

Advantageously, the polymer is a poly(phosphoester). 

Conveniently, the polymer is a poly(phosphoesteI) as described above. 

Preferably, the me1hod comprises the steps of: dipping a mandrel into the . 
solution; removing the mandrel from the solution and then chying the polymer 

solution on the mandrel. 

Advantageously, the method comprises the steps of: dipping a mandrel into a 

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

and then diying the polymer solution on the mandrel, preferably wherein the 

solubility of the solvent is greater than JO mg/ml, more preferably greater than 

lOOmg/ml. 
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Conveniently, the method further cl?mprises the step of. after removing the 

mandrel from the solution, immersing the mandrel in a non-solvent, preferably 

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

Preferably, the steps of dipping the mandrel into the solution, removing the 

mandrel and :immersing it in a non solvent are repeated one or more times to 

produce multiple polymer coatings. 

Advantageously, the steps are carried out three times. 

Conveniently, after immersing the mandrel in the non~solvent. the mandrel is 

dipped into 1he solution of polymer before the non-solvent is completely 

removed from the mandrel 

Preferably7 the step of d:ryjng comprises freeze drying. 

Advantageously, the step of drying comprises vaClIDID dzying. 

Convezaiently, the method further comprises the step of. after removing the 

mandrel from the solution. rotating the mandrel horizontally such that 

variations in the thickness of the coating are reduced. 

Preferably, the method fmther comprises the steps of: casting the polymer in a 

mould, evaporating the solvent and peeling off the polymer coating from the 

m<>llld. 

Advantageously~ the method comprises the steps of: ca.sting a soJu1ion of the 

polymer and a solvent in a mould, evaporating the solvent to foxm a polymer 

coating and peeling off the polymer coating from the mould. 

: I' 
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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, th.e sides are sealed by means of a solvent, more preferably 

chlorofoun or dimethyl-form.amide. 

Advantageously, the method compris~s the steps of: ad-mixing the protein wjth 

a solution or sluny o"f the poly(phosphoester); and fabricating the conduit from 

the mixture. 

Conveniently, the solution or slurry is aqueous. 

Jn order that the invention .may be more readily understood and so that further 

features thereof may be appreciated,. embodiments thereof will now be 

described, by way of example, with teference 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-MOPffC); and (c) P(BHET­

EOP-OP/TC). 

Figure 2 shows schematic temaiy phase diagrams for P(BBET­

EOP)/CHC13'H20 system for: (a) a higher molecular weight polymer; {b) a 

lower molecular weight polymer. 

i I 
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Figure 3 shows schematic ter.nacy phase diagrams representing the phase 

changes that occur during the process of immersion precipitation of: (a) 

P(BHET-EOP)/CHCl:JMeOH system; and (b) P(BHET-EOP)/CHCl3'H20 

system. The cloud point data is asswned to represent the binodal demixing 

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

process to occur in this system. The gelation point for the polymer- CHCJ3 

system was estimated at 69o/o(w/w), while the gelation boundaty is schematic. 

The two phase diagrams represent the two extreme cases of inu:nersi011 

precipitation in pure methanol or pure water baths respectively. In the case of 

wat.er-methanol mixtures, the demixing boundary is expected to shift to 

intermediate coordinates. 1bis results in changes in the length of tim.e 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 specim~ according to embodiments of 

the present invention, precipitated in: (a) water; (b) methanol; and (c) 50:50 

methanol/ water mixture. 

Figure 5 shows a SEM of typical appearance of a polymer surface of a freeze­

dried specimen, according to embodiments of the present inventio~ 

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

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

accordance with an embodiment of the invention. 

Figure 7 shows a SEM of vacuum-dried polymer surface for specimens. in 

accordance with embodiments of the present invention, precipitated in 

immersion baths jn which the concentration of methanol fa water was 

incrementally increased from 0 to 70% (v/v) (gradient precipitation). Initial 
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bath methanol concentration (vlv): (a) 0%; (b} lOo/o; (c) 20%; (d) 30%; (e) 

40%; (f) 50%~ (g) 60%. 

Figure 8 sh.ows the biocompatibilitY of P(BHET-EOPffC) as a NOC material. 

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

with extracts from P(BHET-EOP/TC) condllits extracted for 3 days. NF68 

immunostain:ing in control and treated cell cnltures. (B): In vivo Tissue 

Response to PPB NGC. The tissue capsule at the outer smface of a NGC, 3 

months after ilnplantation. The tube would be located at the lower left hand 

comer of the micrograph and was removed during processing. Hematoxylin and 

Eosin staining. The original magnification of (A) and {B) was x200 and x400, 

respectively. 

Figure 9 shows the results of experiments meas~g the swelling and w.all 

thickness changes of nerve guide conduits in accordance with embodiments of 

the present invention over time. In vitro swelling of P(BHET-EOPffC) 

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< O.OS. (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 PPB NGCs, in accordance with an 

embodiment of the invention, in a time-dependent manner under physiological 

conditions. Thus the experiments show the in vitro ·degradation of P(BHET­

EOPffC) conduits. (a) Percentage :Weight loss. N = 7 in Type I and 8 in Type 

II conduits. (b) Percentage decreases in weight-average molecular weight. At 

least three conduits were used for' sample preparation for a GPC analysis at 

each point. 
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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 smface 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 JYpe IJ conduit at 3 months. 

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

proximal stump with a Type II 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 

Il PPE cODduit, in accordance with an embodiment of the present invention. (C) 

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

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

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

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

Figure l 3 shows NF68 immunoreactive axons in Type ll PPE conduits, in 

accordance with an embodiment of the present invei1tion, 3 months after 

implantation. (A) At the proximal stmnp; (B) At thcr distal stump; (C) 

Comparison of the NF68 immunoreaetivity expressed in arbitrary units. 

Figure 14 shows PEI-mediated Gene Expression in the Rat DRG after Gene 

Delive:ry in Nerve Guide Conduits (PEJ/pcDNA3 lacZ, 4 µg) in accordance 

with an embodiment of the present inven1ion. 20 u] of PEI/pcDNA3lacZ 

complexes were loaded into a NGC conduit after suturing the conduit with the 

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

sectioned for b-Gal staining.(A) day O; (B) day I; and (C) day 2. 
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Figure 15(C) shows PEI-mediated Gene Expression in the spinal cord 2 days 

after gene delivecy in NGC (PEI/pcDNA3 lacZ.. 4 µg). 20 ul of 

PEl/pcDNA3lacZ complexes were loaded into a NGC condui~ in accordance 

with an embodiment of the present invention, after suturing the conduit witb a 

transected rat sciatic nezve. The spinal cord were collected and sectioned for b­

Gal staining. Figure 15(A} shows a control having only PEI. Figure 15{B) 

shows a control having only DNA. 

Figure I6(B) shows. regenerated cables collected one month after 

PEI/pcDNA/BDNF complexes ( 4 µg in 20 µl ) were loaded into a NGC 

conduit, in accordance with an embodiment of the present invention, after 

suturing the conduit with a transected rat sciatic nerve. Figure I6(A) shows a 

control. The results show that PEI-mediated BDNF expression promotes nerve 

regeneration. 

Figure l 7(B) shows the histological examination of regenerated cables 

collected one month after PEJ/pcDNAIBDNF complexes ( 4 µg in 20 µI ) were 

loaded into a NGC conduit, in accord~ce with an embodiment of the present 

invention, after suturing the conduit with a transected rat sciatic nerve. Figure 

11 (A) is a control Micrographs of semi-thin sections sh~ myeJinated axons. 

The higher fiber density in BDNF loaded NGC is to be noted. Toluidine blue 

staining. The origiDal magnification xlOOO. The figures show that PEI-mediated 

BDNF expression promotes nerve regeneration. 

Figure 18 shows western blot analysis of human Bcl-2 expression to compare 

gene transfer efficiency of different DNA caniers. Rat brainstem samples were 

collected 2 days after tongue iajection. Lane 1 and 10: size marker; lane 2: 
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positive contro~ · Bcl-2 transfected NT2 cells; lane 3: injected with 

cbitosan/Bcl-2 complex (o~os% cbitosmi in HAC); lane 4: injected with Poly­

L-Jysine/Bcl-2 complex (IOOng/ul of PLL in DMEM); lane 5: injected with 

PEI/Bcl-2 complex (NIP= 10/1); lane 6: injected with PEI solution alone; lane 

7: injected with naked Bcl-2 plasmid DNA; lane 8: Bcl-2ffiansfast complex; 

lane 9: Bcl-2/GenePORTER complex. Molecular weights of protein standards 

are stated on the left site of the blot. Tissue extracts with 20 µg of total pro~eins 

per lane were electrophoreticaJly separated in 12.5% SDS-PAGE, transferred to 

a nitrocellulose sheet, and immunoreacted with a monoclonal antibody against 

human BCL-2. 

Figure l 9(A) depicts microspheres fabricated with 1 % PVA. Figure · 19(B) 

depicts microspbe.res fabricated with 10% PVA. This shows that a high 

concentration of PV A is required to fabricate roicrospberes with a small 

diameter. 

Figure 20 shows microspbe;re distribution within a regenerated tissue cable 

after loaded into a NGC, m accordance with an embodiment of the present 

invention. FITC-BSA was used to prepare microspheres. The regenerated tissue 

cable was collected one week after tube implantation and microsphere loading. 

The distribution was examined after sectioning of the tissue cable. 

Figure 21 shows the results of experiments int~ the level of entrapment of 

protein within microspheres. The percentage of protein encapsulated in each of 

the polymeric microsphcres is sh.awn. The amount of protein was recoveJ;ed 

after dissolving microspheres in cblorofOJ'IJl and extracting the protein in water. 



22 

Figure 22 shows release profile of BSA protein from biodegradable polymeric 

microspheres. The cwnulati.ve protein release profile was normalized to the 

initial amount encapsulated. 

Figure 23 shows release profile of NGF from microspheres made from PPE 

polymer p{DAPE-EOP). The cumulative values were nonnalized to the initial 

am01mt ofNGF encapsulated. 

Figure 24 shows nerve regeneration within conduits loaded with NGF 

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

nemonal cytoskeleton marker. 2 weeks after implantation of the NGC, in 

accordance with an embodiment of the present inven1ion1 that was :filled with a 

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

B: control PPB microspheres without NGF. 

Definitions 

BDNF 

BHET 

Bioactivc Component 

CNTF 

EOP 

FGF 

GenePORTE:R 

MOP 

brain derived neurotrophic factor 

bis(hydroxyethyl)-terephthalate 

a neutrotrophic factor or cell adhesive peptide 

ciliaiy neurotrophic factor 

ethyl phosphorodichloridate 

fibroblast growth factor 

cationic lipid comprising 1.2 - dioleoyJ 

phosphatidylethanolamine 

methyl phosphorodichloridate 



NGC 

NGF 

PI 

Poly(phosphoester) 

PPE 

TC 

Transfast 

23 

nerve guide condwt 

nerve grQW1h factor 

polydi.spersity index 

N1iii1iiftr . 

a polymer having a subunit of the fonnula 

poly(phosphoester) 

terephthaloyl chloride 

± N,N[bis(2-hydroxyethyl}-N-methyl-N-[2,3-

di(tetradecanoyloxy)propyl] ammonium iodide/1,2 -

dioleoyl phosphatidylethanolamine. 

Embodiments of the invention provide biodegraaable tubular devices usefuJ as 

guide conduits for severed regenerating nerves. Such a conduit can be used to 

repair nerve defects on the face or lipper and lower extremities caused by 

injuzy .. operation or o:ther factors that result in permanent loss of sensatlon and 

motor functions. With the severed nerve stumps inserted into the two ends of 

the tubes, the conduits may provide directional guidance for neive outgro~ 

prevent invasion of scar tissue, maintain endogenous trophic or growth factors, 

and repel external factors that are inhibitoiy to nerve outgrowth- The 

advantages of such conduits instead of using donor tissues from patients for 

1reatments of nerve defects include: preserving function at the potential donor 

sites, eliminating the risk of fomation of painful neuromas at the donor sites 

and reducing the number of surgical procedure involved 
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The devices are fonned using a biodegradable poly(phosphoester) matrix. With 

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

ranging from 2 to 58% and a molecular weight cut-off of up to 12000 kD. The 

device, through its transient in vivo presence, provides an effective aid that 

persists for a period of time sufficient to promote nerve regeneration, and 

essentially lacks host tmcicity upon degradation. In some embodiments, the 

device is inco.rporated with sustained neuronal trophic factor release systems 

and gene delivery systems, thus providing enhanced promotion of severed 

nerve regeneration. 

Embodiments of the invention include a class of poly(phosphoest.er) polymers 

that eliminate or substantially reduce many of the problems and disadvantages 

associated with the prior art attempts at fabricating nerve guide conduit devices. 

In particular, by using novel processing methods that are effective in 

controlling porosity, a nerve guide conduit made from· the poly(phosphoester) 

exhibits good pe.rformance .in · promoting nerve regeneration, high 

biocompatibility, adjustable biodegradability, negligible swelling, no 

crystallization after implantation and the potential of coupling nenroactive 

biomolecules. 

The poly(phosphoester) class of biodegradable polymers has structural 

versatility and attractive physico--cbemical properties. The versatility of this 

class of polymers comes from the versatility of the phosphorus atom, which is 

known for its multiplicity of reactions. The potential of coajugating bioactive 

components such as neurotropbic factors or ligands to a poly(phosphoester) to 

enhance nerve regeneration provides a distinct advantage in the application of 

this polymer as a nexve guide material. Modification of the smface chemisny 
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within the lumen of a NGC ju this way may help to direct nerve regeneration 

andtor to support nerve fiber maturation. Furthennore, the ~(BHET-EOPITC) 

·type of poly(phosphoester) possesses excellent film-fonning properties and 

processability. 

The phosphoester bond in the PPE backbone cau be cleaved by water under 

physiological conditions. The rate of biodegradation of the poly(phosphoester) 

compositi.on.s of the ·invention may also be controlled by varying the 

hydrophobicity of the polymer as described in VS-A-5,256,765. When the 

composition of the polymer js used for long term delivery of a therapeutic agent 

a, relatively hydrophobic backbone matrix~ for e:tample, containing bisphenol 

A, is prefened. It is possible to enhance the degradation rate of the 

poly(phosphoester) or shorten the functional life of the device, by introducing 

hydrophilic or polar groups, into the backbone matrix. Further, the introduction 

of methylene groups into the backbone matrix will usually inc.rease the 

flexibility of the backbone and decrease the crystallinity of the polymer. 

Conversely, to obtain a more rigid backbone matIDc, for example, when used 

orthopedically, an aromatic structure, such as a diphenyl group, can be 

incoJ"porated into the matrix. Also, the poly(phosphoesters) can be crosslinked, 

for example, using 1,3,5-trihydroxybe:nzene or (CH20H)4 C,. to enhance the 

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

side chain (R) ofFigme I. 

The nltimate hydrolytic breakdown products of the polymers are phosphate, 

alcohol and diol. By rational design of the building blocks, PPE polymers are 

biocompatible. In view of their intended function as a therapeutic agent-beaiing 

implant or prosthesis to be introduced into a subject in vivo, it is desirable that 

these compositions be essentially non-inflammatory, and non-immunogcnic. 
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An advantage of PPE polymers is the availability of functional 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 hydrolyz.able. The rate of therapeutic agent release 

will then be dependent on the hydrolyric cleavage of_ the polymer tb.erapeutic: 

agent conjugate. This pendant delivexy system has the advantage of atta;ning 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 into the backbone of tb.e 

polymers~ For instance, steroids such as estradiol can be reacted with 

dichlorophosphates to form the polymer. Other therapeutic agents can also be 

derivatized for incorporation into the backbone.· For instance, a drug with two 

amino groups can be reacted with the carbox.yl group of a hydroxyl carboxylic 

acid. The hydroxyl groups can then be used to form the poly{phosphate ester). 

A sustained delivery is then effected by hydrolysis of the polymeric prodmg. 

The combination of dip-coa1ing and immersion precipitation technology has 

been employed in embodiments of the present invention for the fabrication of 

the neivc guide conduit devices :from poly(phosphoester) with an ethylene 

terephtbalate backbone. P(BHET-EOPffC). Two routes have been established 

for the generation of porosity, that is immersion precipitation in water foUowed 

by .:freeze-diying, or the use of a non-solvent pair to effect demixing and 

gelation 1cspectively, and the effects of these parameters have been rationalized 

by employing tenwy phase diagrams. The latter approach can b~ seen as a new 

concept for the formation of porosity in this syst~ i.e. the use of a 

combination of two non-solvent types; the first, a good '1iquid-liquid demixel 

to achieve phase separation and the second, a good 1gelator' to capture the phase 



This Sheet Has Been Replaced ' 

I lllllll llllll llll lllJlll 

27 

separated structure. Alternatively, the resulting porosities can also be 

considered to be due to a shift in the coordinates of the d.emixing bomulary. 

As such, the porosity of P(BHET-EOPffC) coatings can be ·controlled by 

employing different initial bath composjtions 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 fabrication of new 

generation nerve guidance conduits, where pemieability characteristics remain 

a prime attribute which defines their interaction with the biological 

environment 

Permselective conduits may support regeneration by allowing inward passage 

of nutrients and growth or trophic factors from the external host environment, 

while preventing the inward migration of scar-forming cells. Cells participating 

in the wound healing phenomena are known to re]ease various peptide growth 

factors. Several of these factors have molecular weights in the range 10-40,000 

daltons. For example, activated macrophages secrete numerous growth factors. 

including NGF, bFGF, and apolipoprotein E. Schwann cells distal to the nerve 

injmy express low affinity NGF receptors, as well as apolipoprotein B and E 

receptors. Binding of apolipoprotein E to these receptors may enhance lipid 

uptake which can eventually be used in remyelination. (Aebischer et al., Brain 

Rescarc~ 454. pp. 179-87 (1988)). Appropriate choice of the molecular weight 

cnt-o:ff for the pennselective conduits will allow retention of laminin (a high 

molecular weight glycoprotein) within the nerve guidance channel. Similarly, 

blood vessels located in the proximal neive stump may supply high molecular 

weight serum molecules such as :fibronectin or glycoproteins tbat have 

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

-Brain Research, 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 guide conduits. 

. 
Coatings of vatying porosities are obtained by immersing mandrels. coated with 

a solution of the polymer in chloroform. into non-solvent immersion baths, 

followed by freeze or vacuum-drying. The porosity decreases with an increase 
' 

in polymer molecular weight> drying time before precipitation and 

concentration of polymer solution. Nerve guidance ~onduits are fabricated by 

the application of multiple coating layers. Conduits made from the polymer of 

M.,.. 14900 (Surface porosity of 35%) possesses a molecular weight cut-off of 
I 

between 4400 and 12000 towards FITC-dextran, ankl the permeation constant 

towards mC-de:;dran ofMw 4400 was 2.8 x lff9 c~ s"1
• To afford :improved 

porosity control, a new system was developed whi~h ero.ploys_ the contrasting 
. . 

phase separation behaviour of P(BHET-EOPffC)/ CHCl3 solution in methanol 

and water. Mixtures of these two non-solvents allow the de.mixing boundary to 

be shifted accordingly to achieve smface porosities ranging between 2% to 

58%. 

The conduits made with the above methods were ~on-toxic to all six types of 

cells tested, including primary neurones and nedronally differentiated PC12 

cells, and produced a neg'.ligible intlammatory response jn the surrounding 

tissue after in situ implantation in the sciatic Det'Vlf of the rat. In the rat sciatic 

nerve model with a lOmm gapl' the regenerati.QD of peripheral nerves was 

obsenred, with a high number of myelinated axom close to normal values. The 

conduits were degradable in vivo, as evidenced by fragmentation, increased 

roughness on the tube swface and a mass decrease in a time-dependant manner. 

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

Furthennore. tbe conduits showed negligible swelling and no crystallisation 

after implantation. 
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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 nerves. The complexes migr~e · by retrograde axonal 

transport to neuronaJ cell bodies in the spinal cord ~er being internalized by 

nerve terminals. Gene expression is detectable as. early as 24 hours after 
I 

loading and lasts for at least 2 weeks. Several other c~tionic polymers or lipids, 

such as poly-L-lysine, chitosan, Transfast or GenePQRTER., may deliver genes 

through the same way. The gene delivery method of embodiments of the 

invention bypasses the blood-brain barrier and provides a practical therapeutic 

strategy that is non-invasive to the spinal cord. 

Using microspheres containing neuron trophic factors aside from 

polyethylenimine/DNA complexes within the . conduits improves the 

regeneration quality of severed nerves as well. The µiicrospheres are composed 

of biodegradable poly(phosphoester) polymers and: are 1oaded with the nerve 

growth factor (NGF). A sustained release o( NGF proteins from the 

microspberes for at lease three months was observed as the polymer degrades 

under a physiological condifion. 

A more detailed description of the preferred embodiments of the invention 

follows. 

Conduit fabrication 

The primaxy constituent of the nerve guidance cm?.dnit is a poly(phosphoester) 

with an ethylene terephthalate backbone~ narnbty poly (bis(hydroxyethyl) 

terephthalate- ethyl ortbo-phosphate/ terephthaloyl chloride), P(BHET­

EOP/TC) (Figure la) where the ratio ofBHET-EOP (x) to TC (y) groups in the 

backbone can be varied to fule-tane the physical properties of the polymer. In 
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another embodiment of the invention. the poly(phosph~ster) has the sbuctural 

fOIJ11ula shown in Figure lb, which can be demethylaied befOTe or after NGC 

fabrication to yield the poly(phosphoester) shown in Figure le. These two 

polymers can be represented by the abbreviations P(BHET-EOP-MOP/TC) and 

P(BHET-EOP-OY/TC) respectively, where MOP represents methyl ortho­

phosphate and op· represents the free phosphate grouj,. Again,. the ratios of the . 
~ y and z components can be varied to achieve the tlesired 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) 

l 

When a polymer coating comes mto contact with a! non-solvent (in this case, 

water), influx of the non-solvent results in a process of phase separation, 
I . . 

whereby the polymer solution separates into a polyjtner-rich and polymer-lean 

phase. When the coating is allowed to stand in water for some time, gelation of 

the polymer rich phase occurs, and this results in 'freezing' of the 2 phase . 
structure. The process of freeze..drying allows ~oval of water :from the 

polymer-Jean phase without significant shrinkage clccmring.. and the result is a 

porous poly(phosphoester) coating. In contrast, vacnum. .. drying of the coating 

results in sbrlnbge and collapse of the pores due ;w the surface tension of the 

evaporating liquid. This results in a dense> non!.porous coating. While two 

extremes of smface porosity can be achieved by using either freeze-drying or 

vacuum diying, a finer control of the porosity ca4 be achieved by a process of . 
'gradient precipitation', which is one aspect of the present invention. 

The path of the immerse precipitated coating can lbe schematically illustrated in 

the temmy phase diagrams of Figures 2a and 2b. The influence of different· 

solution concentrations and molecular weight bf poly(phosphoester) can be 

. r: 
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explained by reference to these diagrams. The gela~on bolllldaiy for the 

polymer with the high.et molecW.ar weight is expected to be lower than that of 

the lower molecular weight polymer. Thus the pol~er of highe:r molecular 
l 

weight would require a lower solution concentratitjn in order to achieve 

gelation. Taking the same concentration of polymer ~.cl) for both systems> it 

can be seen that the path of the system through the P,hase separated region is 

shorter for the higher molecular polymer (crA) wh':leas it is longer for the 

lower molecular weight polymer (ci-A~. This meatjs that a shorter time is 
l 

available for the higher molecular weight pol~er to undergo solution 

demixing before gelation occms, resulting in smallet pores and a lower pore 

density. Experimentally, there is a significant differen,ce in porosity for polymer 

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

Taking the case of the higher molecular weight ;polymer at two different · 

concentra1ions (cl and c2) (see Figure 2a), it is elem; that a lower concentration 

of polymer solution (c2) is expected to undergo· a larger degree of phase 

separation, compared with the higher concentrati~ (cl) and this leads to a 

higher porosity for the fonner. This is reflected in fhe results of an e~ent 

investigating the influence of polymer solution _concentration on porosity, 

where surfaces of coatings obtained from higher' concentrations of polymer 

were less porous. 

The effect of dzying time of the polymer coatin$ before precipitation in the 

non~solvent bath is in principle due to the effec! of concentration. At longer 

diying times, the evaporation of chlorofOIID. from ~the coating naturally leads to 

higher, albeit unknown concentrations of polymer in the coatin& resulting in 

lower porosities. This is reflected in the smface porosities of the polymer 

coatings obtained at different dtying times. 

. r 
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However, porosity is not the only consideration when selecting the optimal 

concentration of polymer solution to be used f~r conduit fabrication. 

Concentration exerts a profound effect on solution viscosity and this in turn 

affects the quality of the coating in several ways. F~y, '1iscosity affects the 

leveling phenomenon of coatings. During the application of coatings~ 
I 

imperfections such as waves and furrows appear on the surface. To obtain good 

coating quality, these imperfections must disappear: before the wet coating 

solidifies. SUiface tension is the main driving force· of the }eve.ling process, 

while viscosity is the main force that resists it. Theref.ore, to facilitate leveling, 

it is desirable to employ coatings ·of low viscosity. Low viscosity coatings 

J1owever, cannot always be used as sUfficiently thick coatings would then be 

difficnlt to deposit Fllrthennore, when the coating is deposited on a vertical 

smface (as jn the case of dip-coating), a high viscosity is required to prevent 

sagging, i.e. downward flow of the coating fluid undf:r the influence of gravity. 
. . 

Based on these consideration~ an optimal viscosity :from a chosen soln1ion 

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

During preliminary experiments, it was discovered that the poly(phosphoester) 
I 

solution exhibited a tbixotrophic property. This! means that the solution . 
undergoes a drop in viscosity as force is applied; but as shear forces arc 

reduced, viscosity increases at a lesser rate to proCluce a hysterisis loop. This 

tbixotrophic property of the s~lutfon could be ~ to good use during the 

process of conduit fabrication. Due to the high conitact 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 ~et 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 tbis procedme also served to lower the 
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viscosity of the coating, enabling leveling to proceed efficiently. In this way~ a 

substantially thic~ yet unifonn :first coating could be applied onto the mandrel 

surface. 

TI1e solution's thixotrophic property also meant that it would develop a viscous 

and gradually gel-like state if allowed to stand over se':'era1 days. This could be 

alleviated by continuous overnight agitation of the sofution m a shaker, before 

use on the following day. 

In ord~ to obtain a polymer tube with the requisite ;integrity and mechanical 

properties for application, multiple coating steps (~J are required. To e;asure 

that the porous structure of a coating is not disrupted by application of the 

subsequent coating, it is essential. that the non-solven~ (:water) is not completely 

removed during the horizontal <JJ:ying process bel'f'een successive coatings. 

Using an optimized procedure2 multiple layered con~s have been made :from 

both Batch 1 and Batch 2 polymers and implanted them in a rat model to 

investigate peripheral nerve regeberation. 24 It was tfuown that these conduits 
I 

served the fimction of entubulation, and facilitated n~ regeneration. 

Control of porosity 

The permeability of nexve conduits is an important issue, as demonstrated by 

previous studies. It determines the inclusion or exciusion of factors that affect 
I 

' I 

nerve regeneration. At the morphological level, both the extent of penneability 
. . i 

(molecular weight cut-off) and rate' of penneation is'. reflected by the porosity of . 
the material. Flllthennore, porosity also affect~ the susceptibility of the 

polymeric material t.owards in vivo swelling and deknutation. 

, I 
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Polymer molecular weight, the drying time of the ~olymer coating before 

precipitation and concentration of the coating solution are parameters that 

influence the porosity of the polymer tubes. However~' there are drawbacks in 

employing these parameters for the pmpose of por~sity control Firstly, it 

would not be feasible to use a different molecnlar weight of polymer eve.ry time 

a new degree of porosity were required. Secondly, using ~g time as a 

method of porosity control suffers from. the fact thiit rapid vaporization of 

chloroform from the coating results in gelation of the surface within several 

minutes of drying. This leads to minimal variation in porosity whether the 

coating is air-dried for 5 minutes or 30 minutes. In addition, uneven drying 

leads to a heterogenous surface. Concentration of coabg solution is not a good 

parameter to vazy for porosity control as concentration affects not only 

porosjty, but viscosity of the polymer solution as well. A unifoIDJ. and 

adequately thick polymer coating can only be achieved w.itlrin 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 niicroporosity controL one 

approach can be considered based on the temuy phase diagram. (Figure 3) As 

discussed. the path that the system traverses within· the liquid-liquid demhcing 

region before it encmmters the gelation boundary· would affect the resulting 

porosity. The length of the latter path may be ahtjustable by changing the . 
coordinates of the demixing boundaiy. This can be achieved by using a :mixtore 

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. 
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I 

Obseivations made during mnnersion of the dip-coated !mandrel into immersion 

baths containing different volume :fractions of methanctl and water indicate the 

phase changes that occur during the process. Upon immersion in precjpitation 
I 

baths containing less than 50% by volume of methanol, the coating became 

im:Illediately white and opaque, indicating the process of phase separation. In 

contrast. for immersion in precipitation baths containing more than 50% by 

volmne of methanol" the coating gelled to give a transparent gel. The rate of 

gelation was proportional to the . concentration of methanol in the immersion 

bath. When the :immersion bath contained equaJ volUIJ,les of methanol and water 
I 
I 

(50:50 Me0HIH20), the coating became opa.que onlf gradually,. over a period 

of 10 minutes. Part of this opacity was retained afte~ the 10 minute period of 

a:ir-dtying. In contrast, coatings .immersed in the other immersion baths became 

essentially transparent after air-chying. 

When > 500/o methanol volume :fraction was employed in the immersion bath, 

gela1ion of the coating was observecL yjelding a transparent gel. This can be 

explained by the relatively large quantity of methanhl required to effect liquid­

liquid demixin& methanol being a rather poor :non-solvent for P(BHET.­

EOPffC). This can be represented using the tbree~compon~ isothermal phase 
I 

diagram illustrated in Figure 3a. As det.ennined by' cloud point measurements, 

the boundary representing liquid-liquid demixing i~ some distance away from 
I 

the polymer-solvent (P(BHET-EOPffC}CHCh) edge of the triangle. In o1her 
: 

words, a relatively large percentage of methanol must be present in the system 

in order to effect the demixing phenomenon. This,: coupled with the miscibility 

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

coating. brings the system .into the gel region of ~e phase diagram. The path 

assumed by the system can be represented by 1he mow OA. Once the gelation 
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boundacy is crossed. the polymer gels into a one-phase solid. Correspondingly, . 
SEM analysis reveals a dense microstructure for the p\)lymer surface. (Figure 

4a) 

. 
A totally different scenario presents when a low mttbanol volume fraction 

l 

(<50%) is used as the llnm.ersion bath. Water. ~ only partially miscible 

with chloroform. penetrates the coating solution ver}' slowly and only to a 
' 

limited extent. S:iroilarly, solvent efilux is slow and ~ a result, the process of 

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

the process of liquid-liquid demixing to occur, as evidenced by the c.hange in 

appearance of the coating from transparen~ to opaque up<?n immer~ion. As 

water is essentially a non-solvent for the polyphbsphoester> just a small 

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

turbidity. Hence, the. demixing boundmy for the PP£.CHC13-water system 

could not be determined. Nevertheless, it can be perC'eived that this boundary is 

Jocated close to the polymer-solvent edge of the ~base diagram, as shown 

schematically in Figure 3b. In the IO-minute period. of immersion employed in 

the procedme, the system goes only~ far as the ~-phase liquid-liquid region . 
where liquid-liquid demi~g takes place but does not proceed to gelation. This 

js represented in the phase diagram._ by the path oftbe arrow OB . 

. 
Experimentally, air-drying of a coating immerse-Fcipitated in a pure water 

bath quickly led to a change in the coatlng from opaque back to transparent As 

the phase-separated structure had not been frozen In place by gelation, xemoval 

of liquid from the polymer lean phase by evapo*tion rapidly led to a single 

phase material. Not swprisingly, gross observ~tion revealed that coatings 

precipitated using < 50% methanol volume fractions followed by vacuum 

drying ewbited dense microstructmes. However, a coating precipitated in 

. r 
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ii1ii1i11iiinr. 
water and allowed to stand in water for several hours efentually gelled. A low 

degree of porosity is achievable by this method, as re~ealed by SEM of the 

polymer smface. (Figure 4b) 

• r 

A 50:50 MeOH/H20 .immersion bath enabled the systerii to achieve both liquid-

Jiquid demixing and gelation within a period of 30 min. When the coating was 
J 

immersed into the 50:50 MeOH/H20 bath, it becamefinnnediately translucent 

upon :immersion and proceeded to opaque after 5 J:Tifilutes. The process of 

liquid-liquid demixing appeared to be slower compare~ with immersion in pure 

water, indicating that the demixing boundary had; shifted away from the 

polymer-solvent edge of the terna:iy phase diagrmh. However, due to the 

presence of methanol, the system managed to gela~ afteT 20 minutes in the 

immersion bath. Due to the 'freezing' of"the 2-pbase: structure by the onset of 

gelation, the opacity was not completely removed by:air-dzyi.ng. The sutface of . 
the vacuum~dried samples revealed the presence of'circular pores of a closed 

; 

ceJl moxphology (Figure 4c ). · 

A porous surface could be achieved by immersing the polymer coatings in 

water followed by :freeze-dzying (Figure Sa). In cqntrast, when coatings were 
. I 

immerse precipitated in .methanol and subsequeptly freeze-dried, a dense 

mic.rostmctme was obtained for the polymer sudace (Fignre 5b ). Evidently, 

substantial inclusion of water in the coating could riot occur after it had gelated 

in .methanol When a 50:50 methanol-water mi~ was used as the immersion 

bath, the freezc .. dried spec~en was porous and exhibited an almost reticulated, 

continuous morphology. (Fi~ Sc) This seemiligly better porosity may be 

because methanol being mutually soluble in chl0rofo:an 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 liftuid-liquid demixing and 

gelation respectively may be highly useful for tlie generation of porous 

membranes by immersion of a supported polymer coating. Water, which is only . 

sparingly soluble in chloroform. can be employe~ to effect liquid-liquid 

demixing. The second non-solvent. methanol, is used to accelerate the process 

of gelation that freezes the phase separated structure. This completes the 
I 

sequence of physical changes that occurs during 1he fonnation of a porous 

membrane. 

Biological performance of PPE conduit.s 

Biodegradable polymers with lower molecular wejghts can facilitate a fast 
I . 

degradation. One concern with using this kind of material to fabricate NGCs is 

the possibility of impeding ne.rve regeneration and/~r impairing maturation of 

the regene.rated neJVes due to a lower mechanical stability and an early 

dismtegra1ion of a tube. PPE polymers used for Na<ps of one embodiment have 

molecular weights ranging from 14,900 to 18,900, probably the lowest 

molecular weights for polymers used for NGC fa)nication. Successful nerve 

regeneration has been observed within the conduits 'made from these polymers. 
I 

When a fresh-cut neivc is repaired with such PPE conduits prefilled with PBS 

(Phosphate Buffer Solution), a solid strnctnre that biidged the two nerve stumps. 
I 

f0tmed within 3 days. This is much faster than that in a prior art PBS-prefillcd 

silicone chamber, which takes S to 7 days before sufficient material 

accumulates to fonn a continuous bridge across a :lOmm. gap [Williams et al., . . 
Neurochem Res. 1987, 851-860). It is possible that the improved performance 

I 

of the PPE conduits was caused by tube porosity. and jncreased pezmeability 

due to tube cracks which allowed the influx of nutrients and growth factors 

from the smr01mding environment and enhanced the constitution of the matrix. 
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Degradation of PPE conduits 

PPE polymers degrade in the presence of nucleophiles, such as the hydroxyl 

ion. Their phosphoester bond is clea.Yed by hydrolysis; at random sites along the 

polymer chains. Two types of hydrolysis. smfac~ verse bulk, have been 

descnoed in the art. Surface hydrolysis is characterized by a linear decrease in 
I 

Jnass together with little initial decrease in molecular;weight while typical buJk 

erosion shows a rapid decrease in molecular weight b~ore any significant mass 

loss. The parallel reduction in conduit mass and in ~w {molecular weight) as 

obsexved in the present invention suggests that both sUrrace and bulk hydrolysis 

occur in PPB NGCs. 

Continuous decrease in conduit mass by leaching oUt of degradation products 

will reduce the strength and to11gbness of a tube. ultjmately resulting in a loss 

of structural integrity of a conduit under the pressure of swrounding structures. 

If this occurs too early. before a tissue capsule is foi;med over the conduit and a 

matrix cable is strongly attached to both stmnps, ;the failme of regeneration 

wouJd be a most likely consequence. Complete br~akdown of the conduit is. 

howe\ler~ desirable after the nerve has satisfactorily, regenerated, to obviate the 

painful complications arising from nerve compres~ by a rigid conduit. As is 

disclosed herein, a NOC made from P(BHET-EOPffC) is degradable. The . 
difference ju degradation rate betWeen Type I and Il conduits in the in vitro 

study described below can be explained based on the polydispersity indexes or 
I 

the molecular weight distribution of polymers used. The polymer for 

fabrication of TYPe 1 conduits possessed a higher 10w molecular weight :fraction 

compared to the one for Type ll NGCs. This f~ct. in addition to its higher 

porosity, results in a higher degree of swelling for tbe Type I conduits. As such, 

the hydrolyz.able linkages in the polymer become more accessible to be 



40 

attacked by water molecules, leading to a higher de~ada1ion rate. A slower. 

degradation rate of PPE NGCs in the body, in comparjson with that in vitro, is 

probably due to the gradual formation of a fibrous ~ssue capsule around the 
I 

implant. This may result in decreas~d accessibili~ of the polymer's ester 

linkages to water molecules and hence, a lower obs~ed rate of degradation. 
I 

Nevertheless, it was observed, in view of changes in molecular weights and . 
SEM pictures, that degradation of the NGC implants did occur in the body. 

The degradation rate of a P(BHET-EOPffC) ptjlymer is related to the 
! 

phosphate content in its backbone. The higher the phosphate content, the faster 
I . 

the degradation rate of the polymer [Mao et al., Evaluation of polyphosphates 

and polypbosphonates as degradable biomaterials. J Biomed Mater Res, 
I 

1991;25:1151-67). This feature has provided a siinple way to control the time 

frame of degradation.of a P(BHET-EOP/TC) condmt Increase in the BHET-. 
EOP part .during polymer sy.ntbesis may provide: more phosphate content, 

therefore speeding up degradation. It is also possibl8 to reduce this part to slow 

down degradation of the polymer when persisten4e of structural integrity is 
: . 

required. The time required for stmctn:ral disintegration of a biodegradable 

NGC is decided by the time needed for nerve reg~eration, which is variable 

with defect length, neIVC location, and patient age [12]. P(BHEP-EOP/TC) 

copolymers with different ratios could be a : choice to meet different 
I 

requirements in obtaining optimal degradation rates. of NGCs. 

Tube swelling . 
I 

Tube swelling is often observed with biodegrada~le neive guide conduits. In 

those tubes with a porous wall, the initial swelling may result from water 

uptake into the pores,. which explains the re]ativcl~ higher swelling experienced 

by the Type I NGCs disclosed herein. As tul?e degradation starts, Jowe.r 

molecular weight degradation products absorb water and enhance swelling. 

• i' 
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' 
This may cause problems when the sWelling is suffifient to distort the tube 

' 
lumen. Such a deformation resulted in neive co+pression and impeded 

outgrowth of regenerating nerves in nerve guides c~cted of an amorphous 

copolymer of lactic acid-caprolactone (9]- A cor.relation between 

biodegradability and distortion was observed with'. biodegradable polyester 

tubes, showing that the more biodegradable a tube, ihe more likely it was to 

incur distortion and regeneration failure [25]. Way:- to relieve the problem 

include increasing the internal djameter and reducin& the wall thickness of the 
' 

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

affect the mechanical strength of the tube. 

A nerve guide that is Jess affected by swelling ma¥ have increased practical 

:flexibility in clinical application. According to : one embodiment of the 

invention an amorphous polymer P(BHET-EPO/TC)!is used to fabricate guides. 
I 

Neither tubes with a wall thickness of 170 µ:m nor ihose with a wall thickness 
' 

of 240 µm showed any significant swelling. TheJe data are consistent with 

those obtained from NGCs made from DegraPol .. : a biodegradable polyester 

urethane with a low degree of swelling [4]. Tlius, the material used can 

influence the extent of swelling of a biodegradable synthetic tube. Jn the case 

of the P(BHET-EOP/TC) series of PPE po~ers, c.hanging the relative 

hydrophobicity by substituting ethylene glycol ~th other diols :may affect 

swelling [15]. 

Crystallinity 

C:rystallinity has been given attention among; the vanous properties of 

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

ciystallizable polymer with an amoiphous one ~ay improve the mechanical 

properties of a tube that allow easy suturing ~g implantation [4]. Since 

ciystallinity decreases the solubility of polymers, this mixing may slow down 
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tllbe degradation, which may in turn aggravate forei.$11-body reaction. Some 
I 

copolymers obtained from L-Jactide and 6-caprolactone show a gradual 

cI}'stallization ·at room temperature, resulting in pr~gressive hardening with 

time [26J. In the P(BHET-EOPffC) series of PPE polymers. according to one 

embodiment of the present invention, those with a BHET-EOP!fC charging 
I 

ratio higher than 50/50 are am.orph~ with no :meJtjng point. Only when the 

ratio is reduced to .50/50, a cry-stalline phase begins ~ form in the polymer (Tm 

= 201 °C) [15). Consistent with this, PPE poJymb-s in which the BRET-
; 

EOP!IC ratio is 80/20 showed no crystallinity. This property allows for 

complete biodegradation of a P(BHET-EOP/TC) con~nit. 

Biocompatibility of PPE conduits 

Low inflammatory responses have been reported for PPE polymers. 

characterized with minor encapsulation and slight or no lymphocyte. giant ce~ 

or macrophage activity [13,15]. The cytotoxicity :test of P{BHET-EOP/TC) 

showed no effects on morphology and proliferapon of hmnan embryonic 

kidney cells and no mutagenicity in the Ames tes1 [ 15]. Studies were canied 

out in relation. to embodiments of the present invention. These studies 
! 

concentrated on the nerve systein with severai in vitro assessments of 

cytotoxicity and showed no toxic effects of P(BHET-EOP/TC) polymers and 
! 

conduits on primmy neurons and neuronal cell lilies tested The studies also 

included a sensitive immunostaining method usingiantibodies against the 6SkD 
I 

neuro:filament protein for detecting neuronal d~generation. No differences 

between experimental and control Cultures in the 1+68 staining is shown in this 

study, indicating that there are no adverse effects of P(BHET-EOl'ffC) 

breakdown products ou neurons. 
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The potentisJ toxicity of a biodegra~able NGC is a factor that shollld be 

considered together with in situ degra~ation rates and local tissue clearances. 

The examination of in situ tissue response to impl~ted P(BHET-EOP/TC) 

conduits has shown a low in.flammato:ry reactio~ · comparable to previous 

reports. This low reaction is clinically desirable :in ~zing adhesions of an 

jmplanted conduit to surrounding tissues, especially· to tendons of an injured 

hand. 

Jmpr(JVed ne'TVe regeneration by inc01poratio11 of ge-Ae delivery systems 

Targeting CNS neurons by endocytosis at nerve tennini and retrograde axonal 

transport following peripheral injec~on of therapeu~c genes is non-invasive to 

the CNS regions. Many viruses. metals, proteins and large pariculate agents, 

including polymer particles like dextran and latex, B:fe capable of reaching CNS 

neuronal cell bodies through this route.; Poiyethylenimine (PEl)/DNA 

complexes have been loaded into neive guide cdnduits and proximal nerve 

stamps were allowed to take up the complexes. Gene expression was detected 

in dorsal root ganglion neurons and spinal cord neurons. When genes whose 

products are trophic to neurite out.growth were used, better regeneration of 

severed nerves was observed. DNA complexes may be prepared from some 

other cationic polymers, for example; poly-L-lysiiie or chitosan. Cationic lipid 

may also be used for DNA complex preparation. 

Improved nerve regeneration by lncarporation of sustained protein delivery 

systems 

Various active factors may aid in stimulating and:enhancing nerve regeneration. 

P.rcfCJ'&ble nerve growth enhancers are growth factors. such as nerve growth 

factor (NGF), brain derived neuro-trophic factor (BDNF), and cili.aIY 

neurotrophic factor (CN1F). NGF js a potent simulator of sensoty nerve 
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outgrowth. NOP-treated substrates can provide direqtlonal guidance for the 

regrowth axons towards specific areas. Diffusion :gradients of NGF can 

promote directed neurite extension in. two-dimensional cell culture. NGF is . 
thought to mediate chemotaxis required for successful reestablishment of 

functionaJ synaptic connections. 

To achieve a prolonged release of NGF, it is enc~psuJ.ated in microspheres 

composed of a PPE polymers. Microspheres may be fabricated from any other 

biocompatible polymers, for example, poly(lacticco-glycolic acjd). The 

diameters of microspheres of this embodiment of the invention Ia:nge from 5 to 

20 micrometers. These small diameters are necessazy in suspending the 

microspheres within regenerated tis~ue cables, therefore providing a relatively 
i 

even distribution of released NGF. Controlled release of bioactive NGF from 

these microspheres lasted for at least 3 months.· These .microspheres were 
> I 

loaded into the nerve guide condu}ts to allow a sustained action of NGF on 

regenerating nerves. In a preferred embodiment, at 1east 100 microgram of NGF 
i 

is loaded into a 10 mm conduit 

Examples 

Example I-Conduit Fabrication 

I-J: Dip-coating/immersion precipitation method . 
To obtain a porous type guide (Type I, surface p~osity = 35%), A 34% (w/w) 

solution of P(BHBT-EOP/TC) (EOP/fC = 80:2ob in chlorofoun was prepared 

by magnetic stining. A Teflon mandrel of di~eter 1.5 mm was vertically 

dipped into the poJymer solution by a mechanic&l linear head at a speed of 8.3 

mmls and allowed to remain .in the solution for 30 s. The mandrel was 

withdrawn at 24 mm/s and llnuiediately immersed into the non-solvent ba1h 
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where it was allowed to stand for 10 mins. The m~drel was i subsequently 
. l 

rotated horizontally for 10 minutes to reduce variati~ in the~ thickness 
I 

along the ms of the tube and at the same time, to fa~ilitate the ~rocess of air-. : 

drying. The coated mandrels were equilibrated in water ovemigpt, frozen at - · 

20° C and subsequently freeze-dried using a Modulyp Freeze-mfymg Unit at a 

pressure of 0.1 Torr for at least one week. Finally, the polymer coatings were 
• I 

removed from the mandrel and characterized~ or "Osed for th~ implantation 

experiments. 

To obtain a dense type guide (Type Il, surface porosity = :s%), a similar 

procedure as described above was applied, with the ~xception tlat the prepared 

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

' I 

A typical P(BHET-EOP/TC) nerve conduit is shown in Figar~ 6, possessing a . 
diameter of 1.5 mm and wall thickness of approximately 100 j.Jm. Jn the cross 

I 

section of a nerve conduit (3 dip-coating steps) ~t higher magnification,. the 
I 

porous. layered structure of the conduit wall is a:pparent, each! layer measuring 
• i 

approximately 25 µm. Another s~ctural feature,. i.e. finger-like cavities is 

observed as well at different region$ of the conduit :cross-secti.~ These cavities 
I 

are likely to jmprove the rate of mass transfer of penneant uiolecules through . 
the conduit wall. The nerve conduit is ~etric in tenns of porosity. Its outer . . 
surface is clearly more roicroporo"US as compared to the lummal smface, where . 
only scattered pores are apparent An explanation for this !may lie with the 

method of fabrication. Throughout the process of immersion precipita1i~ the 
I 

lmninal side is always in contact with the n'.FE man~}, whose surface 

interacts poorly with the aqneo~s phase of tbe' demixed ~elution. The low 

porosity of the luminal surface thus comes as no surprise, [knowing that it is 

sublimed ice that gives rise to the :free volume dm:ing freeze-lhying. 
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I-2: Film rolling method j 
A 20% (w/w) solution of P(BHET-EOPffC) (EOPff~ == 80:20) pi cblorofoIDJ. 

. . ; 
was prepared by magnetic stilling. Ten mls of this: solution W:as cast into a 

. i 
mold with a base measurement of IO x 7.5 cro, and 1he .solvent was allowed to 

I ' 

evaporate off in a fume hood for a period of 3 days. The polyiP.er film could 

then be pee]ed off the mold and c'llt into strips measuring 2 x ;t. 6 cm. These 
I 

strips were rolled around mandrels of the desired NGC dimensibns and sealed 
. I 

by means of chloroform or dimethyl-formamide.' The seal*d tubes were 

vacuum-dried for at least 24 hours before use. 

;Example TI-Control of porosity 

The approach used in this invention to control poro~ity of NG<ps was based on 
I 

the ternacy phase diagram (Fig_ 3). To det~r:miDe demixing boundaiy and 
. ' 

gelation point for temaiy diagram, cloud point data for the dete;rmination of the 

de~g boundary was obtained by titration. Ptlre non-solfent was slowly 

added to different concentrations ·of the homogenous pol~er solution at a 
I 

constant temperature of 25° C until pennanent turlbidity was ~etected visually. 
I ; 

Care was taken to minimi?:e the evaporation of q:HC13 d~g the procedure. 

The gelation point for a P(BHET ·EOP/fC); chlorofo1*i solution was 

detennined by casting a small volume of the soll,'tion in an ;evaporating dish, 
, . 

measuring weight loss of the solutiori during Chloroform; evaporation and 
I 

plotting solution weight versns time. At the point ~f geJation, !a drastic decrease 

in the rate of evaporation (represented by weight loss) occtll-s due to a slower 

rate of solvent mass transfer to the SUJface of the film. 
I . ' . . 

The porosity of the polymer smfaces obtained via the vari~s p!I'Ocedures was 
; I 

estimated by generating a random array of 20 coordinates using a 
' 

microprocessor, upon which the respective SEM micrographs (at 1500x 
! 

magnification) were superimposed The smface porosity, expressed as 

[ ... 



47 
I ' 

perceDtage of smface area covered by pores was calclulated by ~mploying the 
I 

statistically derived formma: 

• 
smface porosity (%) = number of coordinates within ~ore regiorlJ total JlllUlber 

of coordinates x 100% 

i 
• I 

The procedure was perlonned three times for each; micrograp~ to obtain the 

mean surface porosity. 

I 

It was found that coatings immersed :in water and lsubjected ~b freeze-dryjng 
• • ? 

were porous, while those that were vacuum ~ed were 4ense. Coatings 
. J 

immersed in pure methanol were dense no matter whether they were freeze or 
. . 

vacuum dried. Coatings immersed in MeOH-water 1mixtnres e*1Ubited varying 
. . ; ~ 

degrees of porosity, depending on. the MeOH-water ra~o employed. 

I , 
To obtain porosity with gradient precipitato~ tbe 4iJ>-coated ~drel was :first 

immersed in IS ml baths of differ~t initial meth~ol c0iice4ttations, ranging 
i l 

between 0 to 60% (v/v) methanol. For each system! the perc~e of methanol . : 
in the bath was increased gradually to 700/o by n'icremental !addition of 5 ml 

t : I 

methanol at 15 minute intervals. ~ this way, diffC.rent degre~s of liquid-liquid . . 
dernixing could be achieved (proportional to cqncentration/ of water in the 

i I 

bath), while it could also be ensured that all the syStems procebded to gelation. 

' I 

The surface porosity of a P(BHET-EOP/TC) coaim.g can be; controlled within 
I 

I I i 
the range of approximately 2 to 58% by employipg the 'grailient precipitation' 

I I 

procedure described above. The corresponding S¥M micro1*phs are shown in 

Figures 7a-g. When 0% methanol (pure wat&r) was u~ed as the initial 
• I 

immersion bath, the surface of the polymer coatihgs exhibited a highly porous . : 

moiphology with a rugged sutface and interconnected pores. As the 

'r 
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concentration of methanol in the initial bath was increasecL the suiface porosity 

exhibited a corresponding decrease. 

Example ID - Penneability of conduit 

Permeability CJCperiments were perfonned in ord~ to relate; the observed 

porosities of the conduits to their respective pe.mieabilities1 in terms of . 
molecular weight cut-off and penneation constant. TWo types of conduits were 

. . 
used, Batch 1 and Batch 2, fabricated from TYPe 1 and Type 2 polymers 

respectively. The surface porosity of the Batch 1 conduit was .fDCasured to be 

35 % while that of the Batch 2 conduit was measured to be ~ % (see Figure 

2b,c) 

A penneability experiment was carried out as follows. . 
I 

One end of the nerve conduit was· sealed by mea:b.s of a wafer-proof sealant 
I 

{Selleys All Clear® copolymer sealant). After the sealant had ibecn allowed to 

diy~ l 0 µl of FITC-dextran (Mw 4,400) solution in pH 7.4 ph~sphate buffered 
I 

. : ' 
saline was introduced into the lumen of the nerve conduit iby means of a 

' I 

syringe needle. The other end of the conduit was then similarly sealed and 
I 
j 

allowed to chy. The sealed tube containing the FIT:C-dextran $olution was th.en . . 
immersed in LS ml of pH 7.4 phosphate buff.ere. saline co~tained :in a 2 ml 

Eppendorf vial. At fixed intervals of time, 0.1 ml of supemata:P.t was transferred 
I 

to a microplate reader (SLT Rainbow) and the abSC>rbance re~d at 492 nm. The 

procedure was repeated using FITC dextran of a ~er mol~cular weight (Mw 
I ' 

12 000). The penneability constant of the corldnit waJl was estimated by 

employing the foIDlula: 

J/A=(P~c 

where J =mass flux per nnit time 

A = area of the membrane 

P == penneability constant 
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X = thickness of the membrane 

tJ. c = concentration difference across the membnlne 

The concentration vs time curve was fitted to a hyperbolic functib:n of the form 
• r 

y = ax/{b:x +c ). The value of J was subsequently obtained by ealculating the . . 
gradient of the concentration-time curve at the ori~ assUming ~negligible lag 

time for the establishment of an equih"'brium at the membrane-solution foterface 

The results demonstrated that the Batch 2 conduit 'YBS impermeable to FITC­

dextran of moleC1llar weight 4 400. On th~ other hand, the Bat~ 1 conduit was 

permeable to FITC-dextran of Mw 4 400 but exhibit~d cut-off f~r FITC-dex.tran 
' 

· of M,.. 12 000. The release profile for FITC-dextran by the Batch 1 conduit is 

shown in Figure 9. From the graph, the permeation constant (J) for FITC­

de:ittran of M"' 4 400 was estimated at 2.8 x 10"9 ~2 s-1
• In ithe last section, 

reference was made to the asymmetric nature of th~ conduit wan. It is believed . : 

that the luminal layer acts as a semi-permeable meimbrane th~ mainly confers 

molecuJar mass selectivity to the conduit wall, whereas the piorous outer wall 
I 

region controls the rate of permeation and acts as a backing support. This 

contrasts with the typical asymmetric membrane where the peun .. selective layer 

is usually the outer skin layer. The permeability experiments show that conduits 
' 

of different porosities obtained by immersjon precipitation demonstrate 

differences at a functional level: 

Example lV-Biocompaboility of Conduits 
. . 

In vitro cytoto~city and tissue histologicaJ analyses 1 were used for 

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

with this polymer. Cell types used in this study:included r~t primmy neurons 

from the dor.sal root ganglion (DRG), the hippocampus and the cerebral cortex. . . 
undifferentiated rat pheochromocytoma PC12 cells and neuronally 

; ,. 
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differentiated PC12 cells, as well as rat primaiy fibro~ast cells. The cells were 
I 

cultured in DMEM supplement with 10% fetal calf seium. For Pf;12 cells, 5% . . 
of horse serum was also added. Extracts for in vitro assessme~t of neuronal . ' 
cytotoxicity were prepared by placing 5, 10 or 20 mi of P(BHEI-EOPffC) or 

conduits in 200 µl of the cell cultore medium for j days wi~ an extraction 
' . 

temperature of 37°C. The materials were sterilized w.fth 700/o eth~ol before the 

ex.traction. Control solution was prepared in the s~e way ~tbout the test 
I 

materials. To challenge cells with the extracts, the ~ells were grown to 50 to 
i 

80% contluency in a 24-well plate. The 200µ1 of eXtracts plus '200 µl of fresh 
I 

culture medium was added into each well of the plate. The cells were allowed 

to grow for another 3 days before morphological ~aminatio~. ;\t the end of 

experiments, some of the dishes with neuronal cells were rins~d with PBS and 
. ' 

fixed with 4% parafoxmaldehyde and prepared for im1mfiocytochemica1 

analysis with a mouse monoclo.nal antibody agairist the 68JcP neurofilament . 
' 

protein. In vivo tissue response was evaluated after.Toluidine I?Iue staining of 1 

µm semi-thin sections from conduit explants. 

j 

Compared to controls7 extracts made from vanous a.mouhts of P(BHET-

EOP/fC) polymer and conduits induced neither moiphologi,bal alteration nor 
I 

cell death after treatment for 3 days in any of the ~ell types tc~ted, incJuding rat 
. : I 

primary neurons from the dorsal root ganglion (ORG). the cerebral cortex and 

the hippocampus., undifferentiated rat pbeochrbmocytoma• PC12 cells and . . . 
neuronally differentiated PC12 cells. as well as: rat prim~ fibroblast cells. . . 

I 

Immunostaining of DRG nemODS or neuro.oal · PC12 ce~ with antibodies 

against the 68kD neurofilam.ent prot~ one of the major strrlctural components 

within neurons. showed no difference betweed extract-tr~ated and negative 

control cells in the intensity and pattern of th~ staining. In one experiment, 

thirty mg of tbe polymer. which is about 4 times of a ctbnduit weight, was 
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I 

extracted for 2 weeks in PBS at 37 °C and primaiy DRG nem<>m, were treated 

with the extract for 7 days. No deleterious effects ~ere obse~ after the 

immunostaining of the 68kD neuro:filament proteins ~ig 8A). 

The assessment of the tissue response to PPE-xnadci conduits was conducted 
I 

' I 

after histological staining of the explants collected a~ various time points post-

implantation. Two types of tubes displayed a similar :effect. The'.fonnation of a 

thin fibrous tissue capsule around the tube could ;be seen a~ 3 days. New 

capillaries had penetrated and dispersed within the: tube strucFe within the 

.first 4 weeks. An initial inflammatory response during tliis period was 

characterized with a weak accumulation of Jy.n:iphoc:Y-tes and ma~rophages. This 
' 

was more proDOllJ)ced in Type I conduits. At 3 :months, ~~ inflammatoiy 

reaction was not notable. A well-organized :fibrous'. tissue cap~e was present 

on the outer swface of the condui~ with about 8 =layers of ~broblasts and a 
. = I 

thickness of about 20 µm (Fig. SB). Some macrophages could ~e seen between 
. i 

the fibrous layers and the conduits. None of the itnplanted cenduits triggered 

edema or necrosis. 

Example V-Degradation of conduits 
i 

To measure swelling ofNGCs. conduits were plac~d in phosp~te buffer pH7.4 
I I 

at 37 °C. At selected time points, the conduits were removed from the solution, 
. ' 

blotted with an absorbent tissue and weighted'. for weight increase. Seven 

samples were used for Type I and 8 for Type II conduits. D1)e to the breakage 
' I I 

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

weeks. The percentage of water absorption (WA%) was calctjlated according to 

the following equation: 



52 

WA(%)= IOOx (Ws-Wr)/Wr 

. . 
i ! 

where Wr- residual weight of the dzy conduit and Ws = wei~t of swollen 
I 

conduit. Swelling was also analyzed by measuring ~anges of ~all tbiclmess 
l 

and tube diameter of conduits using UTHSCSA Image rrool. 

' I 
I l • 

To measure weight loss, conduits were placed in photphate buff~ pH7.4 at 37 

°C. At selected time points, the solution was rem~d and the tonduits were 
i . 

dried to constant weight under vacuum and weighted. :The percentage of weight 
I ; 

loss (WL%) was calculated according to the following equation: : 

WL(%) =JOO x (Wo-Wr)!Wo 

where Wo =initial weight and Wr =residual weight pftbe thy eonduit. 

; : 
To measure changes in molecular weight. the conduits were nnsed in water~ 

• I 
• I I 

dried llD.der vacuum, and dissolved in chloroform.. J'lGC expl~ts from the rat 
' • I 

body were separated from surrounding tissue, 1ceated with 0.5mg/ml of 

collagenase Type n for 24 hours to remove :fibro~ tissue and other protein 
j r 

impurities and subsequently treated in the same way as the in ~itro samples for 

measurement of molecular weight. Gel penneation lcbromato~aphy (GPC) was 
I 

performed in chlorofonn with respect to polystyr~e standardJto detemrine the 
: ! 

weight-average molecular weight (Mw), numbet-average $olecular weight 

(Mn) and polydispersity index (PI). 

. 
To examine the moiphology of the NGC explimts with ~canning electron 

• I 
. i 

.microscopy (SEM), the samples were gold-coated using Fine Coat Ion Sputter . . 
JFC-1100 and micrographs were obtained using a JEOL JSM-T220A scanning 

electron microscope at an accelerating voltage of is kV. 
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Samples for differential scanning calorimetxy (DSC) !were also tnzymatically 
I ' 

treated to remove protein impurities. as described ab<!ve. DSC ~as prefonned 

on a DSC 2010 Differential Scanning Calorimeter wj.th a refrigerated cooling 
. I 

syst.em (TA Instrwnents, New Castle DE, USA}. Th~ograms JWere obtained 
I ' 

for the temperature from -20 °C to 200 °C, at a beating rate of 10 't/m.in. 

The data were subjected to an analysis of variance (A.NOV A) ~sing the SPSS 
I 

statistical software. Multiple comparison tests were P,enormed ~ith Tukey tests . . 
where ANOVA showed overall statistical significance. 

V-l:Jn vitro degradation 

The phosphoester bond in a PPE backbone is cleav~d by wate:ri Thus the more . : 

readily water penetrates. the greater the bond cieavage and the faster its 

degradation rate. Yet deformation of a conduit ·1 caused by; swelling could 

impede outgrowth of regenerating nerves. In vitro :experimen~s were therefore 
I 

conducted to characterize swelling of PPE conduits with ilifferent surface 
I I 

porosities. In one experimen~ weight increases ...Yere measuted after placing 

conduits in PBS at 37°C for various periods of 1?zne. After i4 weeks, Type I 

conduits that have a smface porosity of 35% had a 30% weiiht increase while 

Type II, which porosity is 8%, swelled slightly mote than 15%.in vitro swelling 
I . . 

of those conduits was also characterized by meas~ wall t?ickness. A forty-

:five percent increase of wall thickness was obser\ted in Typ~ l conduits while 

no significant increase was seen for Type Il {Fig. 9). Tube; diameter was not . : 

affected in both groups of conduits. 

Degradation of .the PPE conduits jn PBS at 37°C conespo,nded well to their 

swelling extent.t i.e. when more water penettated into a conduit, greater 
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degradation occurred. Weight loss and decrease in v!eight-a~ge molecular 
i 

weight in a time-dependent manner documented this lfig. 10). About 20% of 

weight loss was seen in Type I co~duits after 12 wee~s in PBS. «iporresponding 

Joss ju Type II was 10%. GPC analysis showed that the bigJier molecular . . 
weight fiaction of P(BHET-EOPffC) had shifted to the lower ~d, confirming 

cleavage of polymer chains. For Type I NGC, the \veight-avo:age molecular 

weight .bad decreased from 15,000 to 10,000 after ~2 weeks, a drop of 33%. . . 
For Type I NGC, the molecular weight dropped 24o/o, from 11,000 to 13,000 

after 12 weeks. 

V-2: In vivo degradation of conduits 

Type I conduits with smface porosity of 35% an;d Type Il conduits of 8% 

porosity were used. Both types of tubes were rigid enough to be easily 
I I 

manipulated during microsnrgeiy. After 1 month post-implailtation, all tubes 

bad .fractured into pieces, which were held togetheriby connective tissue. Under 

scanning electron microscope, some areas on the Surface of T;ype I NGCs had 

changed from relatively smooth .to veiy rough cifter 6 weeks already. This 

became more widely distributed after 3 months. The main microsfructure 

change obseived in Type Il conduits at 3 months'. was nume:fous sin.all cracks 
I 

spreading all over the tube. The tube surface had become rough with an 

increased porosity (Fig. 11). 

I 

GPC analysis of NGC explants collected aft~ 3 mon~ of implantation 
. ~ 

showed a drop of 16% and 10% in the weight~average molecular weight in . . 
Type l (n==2) and II (n=3) conduits, respecti~ly. The polydispersity index 

decreased from 2.22 to 1.76 for Type I and from 1.70 to 1.62 for Type II 

conduits. 
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I 
• I 
• I 

DSC revealed the absence of any czystalline melting peaks for tµose material, 

which would have been expected in the range ( .. zo "t to 200 °C) analyzed if 
• I 

ciystallinity had been present in the samples. This implies that dystallinity did 
I I 

not develop in a P(BHET-EOP/TC) NGC in vivo, at J~ast up to ajtime period of 

3 months. 

Example VI--Nerve regeneration within conduits 

Twenty-six of male Wistar rats {200 to 250 g? were usfd for conduit 
i . 

:implantation, 8 for Type I and 18 fo:r Type II co~uits. Aft.et an.aesthetizing 

with pentobarbitaJ, the right sciatic nerve of the rat ~as expose~ through a 3cm 

long skin incision on the thigh and retraction of th~ gluteus n:iaximus muscle. 
I 

The neIVe was freed from surrounding tissue and transected ;at the midthigb 

level~ proximal to the tibial and peroneal bifurcation. A 5 to 7 Pun piece of the . : 

n.exve was removed and then the proximal and dist~ nerve s~ps were pulled 
I 

2 mm into each opening of the PPE tubes, leaving a Io-mm! interstump gap. 
I 

The two stumps were :fixed within the tubes with a single ' 10-0 perinemial 
. ! 

suture (Ethilon). Before the proximal stomp was B,Ulled jnto the tube opening. 
: I 

the tube was fiD.ed with saline. The surgery was ~erfomied uhder an Olympus 

operating microscope. The muscle layers we.re cloked with 4tb silk sutures and 

the skin closed with Michel clips. 

: 
' I 

One or three months after implantation. the sciatic nerves t~gether with tubes 

we.re reexposed and carefully isolated from 1he Jurroundingi tissue. The nerve 

segment distal to the tube was pinched in a p~~ of forcej,s. Contraction of 

muscle on the back or retraction of the leg indicates: the presence of 
I 

regenerating sensoiy fibers in the pinched segment. nJe rats were then 
I 

sacrificed with an overdose of pentobl_!I'bital. The PPB coniluits were excised 
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together with nerves. After removing the conduits, thel regenerated nenres were 
. : I 

fixed with 4% parafonnaldehyde and 2.5% glutaraldeJlyde in PBS for overnight 
I ' • 

before immunostaining. Twenty µm-thici longitudinal sections }vere cut on a 

ayostat and collected onto gelatin-coa~ed glass slides. The /sections were 

stained with mouse monoclonal antibodies against: the 68kD / neuro:filament 

protein. For morphometric analyses, the ~eives were 1:'ixed for at!least 3 days in 

the above solution and then post-.fixetl with 1%! osmium t~troxide. After 
I 

dehydration and embedding in EpoDs the: nerves wer~ cut into lP,.tn thiclcness of 
I 

transverse sections, and stained with toluicline bhie. Quantit~tive evaluation 
I 

was earned out at the middle of the reg¢nerated nerYe cables u$ing UTHSCSA . ; 

Image Tool (The University of Texas !Jealth Science Center ih San. Antonio)~ . . 
For each sample, 6 areas of about 500 µm.2 fro~ two cros~ sections were 

evaluated 

. . . 
One day after implantation, some of the NGC chliznbers (3 out of 4 Type II 

: I 

conduits) had become filled with a solid structure! that b.ridg~d the two nerve . . 
I ! 

stumps. This s1mcture appeared like bfood clot and was loosely attached to the 
• 

stumps. At day 3, the solid structure was presenti in all tubes examined (Fig. 
I ' 

12B). By microscopic examination, small threads dishi.buted with a 
. I . ~ 

predominantly longitudinal orientation were obserlred (Fig. tic), suggesting an 

accumulation of fibrin matrices [18,19]. The sbucture h~ become firmly 
I ' 

connected with the stmnps S days post-implantation. Regen~ated axons could 
I 
I I 

be observed 2 weeks later in the pr~al part df regeneratpd cables and one 
l • 

month later in the distal sciatic stump, 5 mm distal to the sljture line. Most of . ' . 
them were unmyelinate<L present together with :dumerous S~hwann cells (data 

not shown). 

i . 

After three months, positive refl~ responses were observed in 40% of the rats 
I • 

that were implanted with Type I ;and 92% of those with Type 11 conduits when 
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the nerve trunks distal to the conduits ~ere pinched in !the anesthepzed animals .. 

' I 
' I • 

All these rats bad a regenerated cable inside the con~ts, which ;bad bridged a 
• I 

IOmm gap between the nerve stumps (Fig. 12D). Th~ regenerat~d cables were 

centrally located within the condhlts. surrounded bf a fine eppieurium. The 
I 

' I ' 

cables contained numerous fascicles of•myelinated: as well ~ unmyelinated 
I I : 

axons. Most of the axons in the distaJ neive tronks ·were alrea;iy myelinated. 
: f I 

Immunostaining with an antibody a&anist the NF6~ protein ~nfumed axon 

distribution through the whole regenerated cables three ; months after . . . 
I • 

implantation. The. staining was stronger than that !in the nonilal nndamaged . . 
control neIVe at the proximal nerve tnmks bnt weuer at the ffistal part (Fig. 

13). 

: I 

Transverse sections.through the inid-point of the 1~ gaps ~e.re analysed to 

deteimine the number of myelinated axons one and thr~e months after 

implantation (Table I). The Type I corlduits with a;higher sur.face porosity had 
, . i 

a higher :fibre population than Type ll conduit w1*h is very ~lose to the valne 
I • 

from the nomial nerves by 3 months post-implantation. 

Table 1. Moiphemetric analysis of ~e regenerat~d nerves at the midpoint of 
I 

conduits with different surface porosity 

PPENGC Porosity Implantation Period N! :Fibre Population 
I 

Type I 35% 1 month 4 !3758±1043 
f 

Typeil 8% !month · 7• ; 2928±1293 

TYPel 35% 3 months: 4 ; 8080±240 

Typell 8% 3 months 11 . 6684+2155 

NormalNerve - 7 7991±2~7 
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Example VII--Nezye regeneration within donduits loaded with 

poJyethyleniminelDNA complexes _ 1 

Plasmid pcDNA3.l/lacZ, pcDNNNGF,: pcDNAIBDNF and p~DNA3/Bc1-2, 
I 

llllder control of the cytomegalovirus immediate eiu-ly region i promoter and 
I 

• I 

enhancer, were used. All plasmids were expanded .in E.coli D~a strain and 

prepared using Qiagen plasmid M~-Prep kit ac~ording to ~ the supplier, s 

protocol (Qiagen, Ontario, Canada).The quantity ahd quality pf the purified 
I 

plasmid DNA was assessed by optical density at 260 and ~80nm and by 
: . . 

electrophoresis in I% agarosc gel. The purified plasmid 1DNA was re-
. ! 

suspended in TB buffer and kept~ aliquots at a concentration o_f l or 2mg/ml._ 

Plasmid DNA was diluted in 5% gludose to the chosen con,centrations. PEI 
I 

(25k, Sigma) was used as 0.1 M ariue~us stock solution. Re~tive amounts of 

PEI to DNA were 10 equivalents of PEI nitrogen Per DNA phosphate (NIP = 
• J 

10/1). Complexes were fanned by ~dding the appropriate: amount of PEI 
I ' 

solution into DNA solution, JDixin8 with brief vortex and waiting for 15 min at 

room temperature. For each loading. 2p µI of 5% grocose so~tlon containing 4 
µg of plasmid DNA complexed with PEI or other DNA cani~rs were used per 

conduit 

Wistar rats (200 to 250 g) ~ere used for ~ondnit ~plantation. After 

anaesthetizing with pentobarbi~ the ;right sciatic' nerve of ~e rat was exposed 

through a 3em long skin incision OB the thigh and retrac~on of the gluteus 
' , ' 

maxim.us muscle. The nerve was .fre~d from surrbunding tis8ue and transected 
. , I 

at the midthigh levei proximal to the tibial and peroneal ~ation_ A 5 to 7 

mm piece of the nc:rve was removed and then the pro~ and distal nerve 

stumps were pulled 2 mm into each opening of the PPE tube~. leaving a 10-mm 
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interstump gap. The two stumps were fixea within the_ tubes withja single 10-0 

perineurial suture (Ethilon). Before th~ prmcimal sfamJ> was pulle~ into the tnbe 

opening, tbe tube was filled with polymer/DNA complexes :solution. The 
' I 

surgery was peJfonned under an Oly.mpns operating: microscopF. The muscle . . . 
J ayers were closed with 4/0 silk sutures and the skin cJosed with :Michel clips. 

• I 

One or two days after conduit implant~tion, the rats were anesthetized with 

pentobarbitaJ sodium. and petfused transcardially ~ saline s~lution (200ml) 
• I 

followed by 150ml of ice-cold :fix~tive (4% parafonnalqebyde, 0.05% 

glutaraldehyde in PBS). The dorsal root ganglion and spinal cor? were removed 

· and post-fixed in the same :fixative for 1 day at 4°«;:7 followed/ by l or 2 days 
• I i 

czyopiotection in 30% sucrosein PBS until the tissu~s complet~ly sank. Finally 

they were embedded in O.C.T. (tissue :freezing me~ Miles1Inc. USA). The 
I 

coronal sections (20 to 30 µm) were cut at -20°C µi a c.ryostErt. Sections were 

rinsed three bmes in PBS with ImM MgC}i (pH 7 .8) and incu~ated for 8 hours 

at 37°C in X-gal (5-bromo-4-chloro-3-indoyl-{>-galpu:;tosidase) reaction mixture 

(Jnvitrogen Carlsbad, CA) to detect lacZ gene expr~ssion. 

The lacZ gene expression was detectable in the dorsal root ganglion neurons . 
one day after condnit implantation. A high level expression was found 24 

hours after implantati~ with about 80 -90% ~f the d~al root ganglion 

neurons positive in f3-galactosidas~ (p-gal) stainlllg (Fig 14).~ The staining was 

also observed in the cytoplasm of l~e and ~ motor netp"ons in the spinal 

cord (Fig. 15). BDNF has been doclimented pr~ously to lie able to promote 

nemite outgrowth. The BDNF cDNA was com~Iexed witli polyethylenimine 

and loaded within the conduits. One month later. regenetated 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 loaded with. BDNF cDNA complexes (Fig. 17). 

, r 
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. . 
Jn addition to polyethylenimine. other ca~onic pol~ers or lipi~ may also be 

i 
llSed to deliver genes through endocytosis and retrogr~de axonal !transport The 

I ' 

gene Cltpression of human Bcl-2 was used to com:Pare their ~Jative transfer 
' I 

efficiency. Optimal ratios between DNA and poly-L-~sine, cbit~san, Transfast 

or GenePORTER were tested in agarose gel electrophoresis Jnd COS7 cell 
I 

1ransfection. The same amounts of pcDNA3/Bcl-2 "'ere then cbmplexed with 

those polymers and lipids under the conditions o~zed for Fach individual 

agent and injected into the tongue. The proteins extr?cted from the brainstem 2 

days after iajection were subjected to western blotting (Fig. 1~}- The highest 

expression leveJ was obtained with PEI, which is at [east two tikes higher than . . . 
that mediated with poly-1-lysine and chitosan &!i showed °liy densitomeric 

analysis. Very weak expression ;was observed iw.ith two ; cationic lipids, . . . 
Transfast- and GenePORTER. Inje~tion of free pJ.aSmid DNA! into the tongue 

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

Example Vll--Nerve regeneration ~thin conduits lhaded with ~GF 
microspheyes 

Recomb~ant human nerve growth factor was p~hased fr~ Sigma. To make 

microspheres~ 50 mg of PPE polym~ was diss~lved in 1 ~ of methylene . . 
chloride. Two microgram. ofNGF·together with ~6 mg of BSA was dissolved 

: I 

in 30'µ1 of water. This mixture was added to tqe dissolved polymers during 

vortexing and the solution was sonicated for 20 seconds to gi:ye a homogeneous 

milky emulsion. Five ml of 1% to ·iO% PVA-5o/~aCl was qulcldy added to this 

emulsion and vortexed for 30 sec911ds at high speed. This do-,'ible-emulsion was 
I 

poured into a 50-Inl tube with 20 ml of 0.3% PV A-5%NaCl ~olution and mixed 

vigorously. The mixture was stirred for 3 hours to ~ow microsphere 
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fomtation. The microspheres were c~lle~d by cen!°fuging tif solution nt 

2000 q>m for l.O min. The microspheres were rapidly :frozen in liquid nitrogen 

and then lyophilised for 24 hours. 

: • J : 

To enhance the suspension of microspheres in conduit solutions' and to reduce 

the possible disturbjng effects of big microspheres ~n neurite butgrowtb, the 

microspheres used in the NGCs should have a '.smaller di~eter. It was 
' I 

confirmed that using 10% (w/v) PVA as an emulsiOn. stabiliseJi was necessary 

to prepare micro spheres with diameters .~ound 10 Jim. (Fig.19j. It was further . . 
confirmed that with such a small dianieter1 the microspheres :may suspended . . 

I : 

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

Follt types of biodegradable polymers were used to prepare tnkrospheres. The 

efficiency of encapsulation differed f~ each polYmer was ~vestigatecL with 

two PPE polymers: p(BHET-EOP)'an4 a comparative po1yme.t, p(DAPE-EOP), 

having higher efficiency of protein encapsulati.on (Fig. i.1). The greatest 

normalized cumulative release of proteins was observed froin p(DAPE-EOP) 

(Fig. 22). 

. 
t l I 

The rate of NGF release from the miCrospheres was determ.'1ied by incubating 

them with PBS in a cell culture :plate. The; plate was. placed at 37°C. 

Periodically, the buffer was replace~ with :fresh buffer. nJe concentration of 
• : . I 

NGF in the buffer was deter.mine~ by NGF ~A. Mi~rospheres with an 

average diameter of 10 µM gave an'..immediate burst that about SO% ofNGF 

was released within the first 24 houns. This immediate release was followed by 

a slow but sustained release of NGF for at least 3 mo_p.tbs (Fig. 23). The 

released NGF was ~posed to pheochromocytoma PC12 c~s for 5 days. The 
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nenrite outgrowth from PC12 cells in re~onse thls '.exposure ~onfumed the 
. . 

biological activity ofNGF after encapsnla~on. 

Wistar rats (200 to 250 g) were used for con~uit impl$tation. After 

anaesthetizing w.ith pentobarbit~ the right sciatic ne&e of the r~t was exposed 
; 

through a 3cm long skin incision on the thigh anci; retraction !of the gluteus 
I i 

maxim.us muscle_ The neJVe was freed fiom surrounding tissue !and transected 

at the midthigh level, proximal to the 1.l°liial and per~neal bifurc~tion. A 5 to 7 

mm piece of the nerve was removed ~d then the ~roximnl aiid distal nerve . 
stumps were pulled 2 mm. into each operi.ing of the P~E tubes, I~aving a 10-mm 

interstump gap. The two stumps were flied within the tubes wifu a single 10-0 
. I 

perineurial suture (Ethilon). Before the proximal stm;Dp wa5 pulled into the tube 
' I 

opening, the tube was filled with NqF microsph~es contaiping 100 µg of . . 
NGF. The surgery was pe:rformed under an Olynipus opeiat;ing microscope. 

The muscle layers were closed with 4/0 silk sutures and the skin closed with . . 

Michel clips. 

Two weeks after implantation, the conduits togetb.er with r~generated tissue 
• I 
I ' 

samples were collected for analysi~. Speed.up regeneration WQs observed in the 
. I ; 

conduits loaded with NGF microsplreres, with many neur6filament-positive 
: . 

fibres at the distal stumps oftmncatednerves (Fig.·24). 

In the present specification "comprise" means "includes o~ consists of'' and 

"comprising" means ''in.clnding or conSisting of'. 

The features wsclosed in the foregouig descripti~:o, or the fclllowing claims, or 

the accompanying drawings, expressed in their specific ronb.s or in terms of a 
I 

means for perfonning the disclosed function, or a methPd or process for 

attaining the disclosed result, as appropriate, may, sepktely. or in any 
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combination ·of such features, be utilised for realising: the inventbi in diverse 

forms thereof 
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Claims: ii1ii1iiUr 
l. A polymer comprising the subunit 

11 II II 
[ 

0 0 d] 
O-R"oc0 -e-o-R'O·f x 

R 

I i 1 

wherein R' is ethyl or butyl and R and k• are each 1any suitabJ,b side chain or . 
cross link. 

. J • ) . . . 
2. A polymer according to Claim 1 ~he4ein R is O(CH2hCH3 3?1-d n 3s beh:Veen 

land 12. 

3. A polymer according to Claim 2 whetem R is OCH2CH3. 

1 i I 
4. A polymer according to any one of the preceding claims wherein R' is 

J . . 
CH,.CH2. . 

5. A polymer_ according to any one bf the prece<ling clainis wherein R" is 

(CH2)9 wherein p is between 1 and 12.: 

I 

I I 

6. A polymer according to Claim 5 wherein~· is CH2CH2• 

. i 

1. A polymer according to Claim 1 ~herein ejther of both ~f R and R" are a 

. functional group and a bioactive oomponent that is co~ugated via the 

functional group. 
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8. A polymer according to Claim 1 whereih. the bioactive componfnt comprises 
I 

a nemoacti.ve protein or peptide. 

; . . 
9. A polymer according to Claim 4 wherein the bioactli.ve compo~ent comprises 

a neurotrophic factor. 

I 0. A polymer according to Claim 9 w~erein the n~utrophic fl\~tor. comprises 

NGF~ BDNF, CNTF or FGF. 

1 J. A polymer according to Claim i8 wherein the bioactlve component 

comprises a cell adhesive peptide. 

12. A polymer according to Claim ~ 1 wherein the cell aOb.esive peptide 

comprises the amino acids: Arg Gly A~p;· Tyr lle Gly Ser Arg; or Ile Lys Val 

Ala Val. 

t I • . . ' 13. A polymer according to Claim 1 wherein either or both o' R and R" are a 

cross link comprising one or more ~e~ ions. 

14. A polymer according to Claim. 1 ~herein either or both of R and R" are a 
I ' • 

cross link comprising one or more or~c cross liiilcing agents. 

i 
15. A polymer according to Claim 14 wherein~ organic q:oss linking agent 

: . 
comprises ls3,5-trihydroxybenzene or (CH20H)4C. 

16. A polymer according to any one Jr the preceding clakns ~er comprising 

the subunit 
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17. A polymer according to Claim 16 wherein xis between 5 and 100 and y is 

between 5 and 100. 

18. A polymer according to Claim 17 wh~ein the rati~ ofx toy is 80:20. 

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

subunit 

I • 

20. A polymer according to any one of Claims 16 to J.8 further comprising the 

subunit 

r _CH.CJI2080' ~ &icH.rnaO-~ 1 e - tr;-. 
r;,-

21. A polymer acconting to Claim 19 or 20 wherein xis be~ 5 and 100, y 

is between 5 and 100 and z is between 5 and 100. 

22. A nerve guide conduit comprising a poly(phosphoester) polymer. 

' i 
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23. A nerve guide conduit comprising a polymer a~cording t~ any one of 
I 

Claims I to 21. i 

24_ A nerve guide conduit according to Cl~ 22 or. 23 wherein ~e polymer has 

an average molecular weight of between ~0,000 and 2p, 000. 

I ' 

25. A nerve guide conduit according to Claim 24 w~erein the P.olymer bas an . ' 
average molecular weight of between 14,?oo and 18,900. 

. . ' 
26. A nerve guide conduit according to Claim 25 wherein the polymer has an 

average molecular weigh~ of between 15)000 and 17,bOO. 

27. AneJVe guide conduit according to~ one of Claims 22 tJ26 wherein the 
I 

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

I 

28. A nerve guide conduit according tb Claim 27'.wherein ~conduit has a 

surface porosity of 35%. 

I I 

29. A n.erve guide conduit according ~o Claim 27' wherein ~e conduit has a 

surface porosity of 8%. 

30. A nerve guide conduit according 10 any one ~f Claims 2~ to 29 having a . 
diameter of between 1 and 2 mm. 

I ' ' 

31. A nerve guide conduit according td, Claim 30 futving a dimheter of 1.5 mm. 

I 
32. A nerve guide conduit according to any one of Claims 22 to'-31 having a 

wan thickness of between 150 and 250µ.m. 

! I 'I: 
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33. A nerve guide conduit according to Claim 32 wherein the wa~ thickness is 

170 or 240 µm. 

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

conduit comprises a plurality of layers~ 

. . 
35. A nerve guide conduit according to ~iaim 34 comJ>rising 3 laYers. 

. . : 

36. A nerve guide conduit according to :Claim 34 of 35 where~ each layer is 

between 20 and 30 µrn thick. 

j I 

: ! 
37. A nerve guide conduit according to Claim 36 wherein eac~ layer is 25 µm 

thick 

I ' 

38. A nerve guide conduit according to any one of C::laims 22 to 37 wherein the 
9 I ! 

I I 

outer smface of the conduit has greater microporosity than the! luminal surface . . 
of the conduit. 

39. A nerve guide conduit according t~ any one or!ctaims 22 to 38 comprising 

a gene delivery system. 

I 

• I 

40. A nerve guide conduit according ·to Claim 3? wherein ~e gene delivezy 
• I 

system comprises a complex of DNA and a catiqnic polym~ or lipid loaded 

into the conduit. 

I 

I 

41. A nerve guide conduit according to Claim 40 wherein the complexes are 

particles of 20nm in diameter. 
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: I 

42. A nerve guide conduit according to C~airo. 40 or 11 whereinfthe cationic 

polymer or lipid comprises polyetbylenimine:- poly-L-l~sine or chit?san. 
' I 

·43_ A nerve guide conduit according to Claim 40 or'.41 whe~ the cationic 

polymer or lipid comprises 1,2 - dioleoyl Pliospha'tidyl~thanolamiJ?.e. 
. r 

44. A nerve guide conduit according to Claim 43 wh~ein the ca~onic polymer 

of lipid comprises Transfast or GenePORTER 

I ' ' 
45. A nerve guide conduit according to aby one of Qaims 39 to !u wherein the 

, I , 

gene encodes a neurotrophic protein or a neuro-a.ctive ne~ :fibre growth 

eliciting molecule. 

I 
. i 

46. A nerve guide conduit according to: Claim 45 wherein the /gene comprises 

NGF, BDNF or Bcl-2. 

. 
47. A nerve guide conduit according to any one of tlaims 22 ~ 46 comprising . . 
a sustained protein delivezy system. 

I 

! I 
48. A nerve guide conduit according t~ Claim 47 ':'herein the ;sustained protein 

delivecy system comprises one or more microspheres, loaded into the conduit . ' 
and containing a protein such that the .Protein is released :fr~ the microspheres 

progressively. 

. . 
49. A nerve guide conduit according to CJaim 48 :Wherein th~ microspheres are 

made from a poly(phosphoester) polymer. 

ii1iiu~1ur 
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so. A ne:rve guide conduit according to Claim 49 wherein the micrcispheres are 

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

I 

51. A nerve guide conduit according to Cl~m 48 wher~in the mic~ospheres are 

made from poly(lacticco-glycolic aci~) or ~oly{lactide-~o-glycolid~). 

52. A nerve guide conduit according to anf one of Claims 48 to Sb wherein the 

average diameter of the microspberes is between 5 an~ 20 µm. 

53. A nerve gaide conduit according to Claim 52 wherein the avbrage diameter 

of 1he microspheres is 10 µm. 

' I 

54. A nerve gnide conduit according to ~ one of Claims 48 to ;53 wherein the 
I 

microspheres release the protein ov~ a period of at least three ~onths. 

' 

55. A nerve guide conduit according to !any one of ~laims 48 tb 53 wherein at 

least l OOµm of protein is loaded p~ lonlm of conduit. 
: , 
I 
I • • 

56. A nerve guide conduit accorruhg to iany one of aaims 47 t~ 55 wherein the 

protein comprises NGF, BDNF, ~· epidennal, growth fa~ or fibroblast 

growth factor. . i 

51. A nerve guide cooduit ~to any one o(Claims 22 ~ 56 wherein the 

conduit is loaded with a bioa:rti:fi ial ~e graft co~prising Schwann cells. 
0 I ; 

58. A nerve guide conduit accor · g to any one of Claims 22. to 57 for use in a 

method of regenerating a s~d nerve compri~g the step. o£ inserting each 

of the respective nerve stumps pito the respective first and Second ends of the 

conduit. I 
, 1· 
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59. A method of regenerating a s~d nerve -comprising fhe steps of . . 
providing a nerve gillde conduit acconi~ to any on~ of Claims~ 22 to 57, the 

conduit having first and second ends; and'.inserting each ofthe.~ective nerve 
I . 

stamps into the respective first and second. ends of tbe1 conduit ! 

. . 
60. A nerve guide conduit according to: Claim 58 +r a metho~ according to 

I I 

Claim 59 wherein the nerve is in the band and the canduit is provided adjacent 

the tendons of the hand. 

. ! 
61. A method of fabricating a polymer comprisini the steps pf: provi~ a 

I ' 

solution of the polymer and a solvent; and adding fir~t and seco:b.d non-solvents 

to the solution. 

. I 
62. A method according to Claim 61 wherein the ;solvent ha.S 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 mglml. 

I 

64. A method according to any one of Claims 61 to ;63 wherejn either or both of 
I 

the non-solvents has a solubility ofless!than 10 mg/ml. 

! 

65. A method according to Claim 64 wherein eithe! or both o:fithe non-solvents 

has a solubility of less than 0.1 mg/ml 

66. A method according to any one of Claims 61 to 65 wierein one of the 

solvent and ejther or both non--solvents has at least 0.5% w/W solubility in the 

other oftbe solvent and either or bo1h non~solvents. 

i~iiiUr 
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67. A method according to any one of Cl~ 61 to 66 further c+nprising the 
I 

step of, after adding the first and se;lcond non·~lvents,, iricreasing the 

concentration of the second solvent. 

! • I 

68. A method acco~ding to Claim 67 whrlrem the sec,bnd non-so~vent is added 
I I 

to the solution at a concentration ofbetwe: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 wlierein the cJncentratiorl of the second 

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

i i j 

70. A method according to any one of daims 61 to ~9 for obtalning a polymer 
I 

having a predetemrined porosity further '.comprising ~e steps of: before adding 

the first and second solvents7 determining the relative concentrai:ions of the first 
I . , 

and second solvents required to achieve ithe predeterlnined porOlsity; and adding . . 
the first and second solvents in the required concentfations. 

1 

I 
71. A method according to Claim 70 wherein tJ;.e step of 'determining the 

I ' 

required concen1rations of the first an~ second sol+en.ts compi/ises determining 

the dem:bdng boundary and gelation ~oint of a tiuxture of ~e polymer, the 

solvent and the first and second non--soivents. 

72. A method according t~ Claim 711 wherein die step off determining the 

de.mixing boundary compri~es titratm$ i>ure non-~olvent into' the homogenous 

polymer solution and detecting the concentratiod of non-sch.vent required to 

produce permanent turbidity in the solution. 
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73. A method according to Claim 71 or 72 ~herein the ;step of det!i;l,LLLU.U.Ug e 
• I 

gelati.on point comprises providing a soluf-~n of the ~lymer in;the solvent, 

evaporating the solvent and measuring ~e rate of change of 1eight of the 

solution. 

1 1 I f 

74. A method according to any one of d1aims 61 t~ 73 wherdn the solvent 

comprises chloroform. 

. . 
75. A method according to any one of qlaims 61 tof14 whereui the fil"st non~ 
solvent comprises water. 

: ~ r 
I · I . 1 

76. A method according to any one of Clirim.s 61 to 1;5 wherein the second non-

solvent comprises methanol 

. 
i 

77. Amethod acconlingto any one of Claims 61to76wb~in the polymer is a 

poly(phosphoester). 

I 

78. A method according to CJ.aiin. 77 wh~ the I polymer is a 
' I 

poly(phosphoester) according.to any ~e ofClaimsil to 21. 

I 

I ' 

79. A method according to any one of Claims 61 to 78 further comprising the 
I I 

I 

steps of: dipping a mandrel into the sblution; removing the mandrel ftom the 
r • l 
I ' • 

solution and then drying the polymer sblution on tlie mandrel! 
1 

. 
I 

80. A method of fabricating a nerv~ guide conduit accor~ to any one of 
I ! 

Claims 22 to 58 comprising the steps of: dippinJ a mandrel'into a solution of 
. ~ I 

the polymer and a solvent; removing the mandrM :from the: solution and then . . 
I I 

drying the polymer solution on the mandrel, preferably wherem the solubility 

of the solvent is greater than lOmgtJDL more preferably greath than lOOmg/ml. 
~---~ 
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81. A method according to Claim 79 or SQ :further co~prising the: step of, after 
I ' 

removing the mandrel from the solution; iromersm& the mandrel in a non-

solvent, preferably having a solubility of less than 1bmglml~ more preferably 

less than O.lmg/ml. 

82. A method according to Claim 81 wherein the steps of dipp~g the mandrel 
' I 

into the solution, removing the mandrel and immersing it in a ~on solvent are 
. I . 

repeated one or more times to produce multiple polymer coatings. 

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

times. 

. 
84. A method according to any one of Claims: 81 to 83: wherein, after 

' . 
immersing the mandrel in the non-soivent, the ~andrel is flipped lnto the 

I 

solution of polymer before the non-solvent is completely removed from the 

mandrel. 

. 
85. A method according to any one o_f Cla.Uns 79 to 84 wherein the step of 

diying comprises :freeze diying. · 

I 

86. A method according to any one of Claims 79 or 85 wlierein the step of 

drying comprises vacuum drying. 

87. A method according to any one ol"Claims 79. to 86 :further comprising the 

step ot: after removing the mandrel: from t.he solution, rotating the mandrel . 
horizontally such that variations in the thickness af the coatink are rednced. 

This Sheet Has Been Replaced 
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88. A method according to any one of Claims 61 to 7~ further cf mprising the 
' I I 

steps of: casting the polymer in a mould, evaporating the solvent and peeling 

off the polymer coating from the mould. 

I 
I 

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

Claims 22 to 58 comprising the steps of: casting a solmion of the polymer and a 

solvent in a moul~ evaporating the so~vent to form a polymer coating and 

peeling off the polymer coating from the mould. 

90. A method according to Claim 88 or ~9· :ftutber copiprising qi~ steps o~ after 

peeling th~ polymer coating from the ~ould, rolUng the pol~er around a 
. I 

mandrel and sealing opposing sides of the coating to fonn a coniif.uit. 

91. A method according to Claim 90 wherein the sides are seaJeCl by means of a 

solvent, preferably chlorofOllll or dimetbyl·folll,lamioe. 

92. A method of fabricating a nerve guide conduit according t~ Claim 47 or 56 
' . 

comprising the steps of: ad-mixing tbci protein with a solution or slurry of the 

poly(phosphoester); and fabricating the: conduit :from the mixtni-e. 
I : 

93. A method according to Claim 92 wherein the sdlution or slliny is aqueous. 


