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ABSTRACT 

The present invention is directed to a novel poly(diol 
citrates)-based nanocomposite materials created using com 
pletely biodegradable and biocompatible polymers that may 
be used in tissue engineering. More speci?cally, the speci 
?cation describes methods and compositions for making and 
using nanocomposites comprised of citric acid copolymers 
and polymers including but not limited to poly(L-lactic acid) 
(PLLA) and poly(lactic-co-glycolic acid) (PLGA). 
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FIGURE 1 
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FIGURE 3 
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FIGURE SA-C 
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BIODEGRADABLE NANOCOMPOSITES WITH 
ENHANCE MECHANICAL PROPERTIES FOR 

SOFT TISSUE 

[0001] The present application claims the bene?t of pri 
ority of US. Provisional Application No. 60/721,687 Which 
Was ?led Sep. 28, 2005. The entire text of the aforemen 
tioned application is incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention is generally directed to a 
substrate used for tissue engineering. The substrate is a 
biodegradable elastomeric polymer. Methods and composi 
tions for testing and using the same are disclosed. 

BACKGROUND 

[0003] The need for biodegradable polymers in emerging 
technologies such as tissue engineering, drug delivery, and 
gene therapy has been fueling a quest for novel biodegrad 
able polymers [13-16]. In particular, biodegradable poly 
mers With elastomeric properties have recently received 
attention for their potential use in the engineering of soft 
tissues such as blood vessel, heart valves, cartilage, tendon, 
and bladder, Which exhibit elastic properties. Due to their 
long history of use in clinical applications, poly(hydroxy 
ortho esters) such as polyglycolic acid (PGA), poly lactic 
acid (PLA) and copolymers thereof are often used to fabri 
cate three-dimensional porous scaffolds to support cell 
attachment, proliferation, migration, and extracellular 
matrix synthesis. The development of a novel family of 
biodegradable elastomeric polymers referred to as poly(diol 
citrates) has been reported 

[0004] Tissues such as blood vessels, cartilage, ligament, 
and tendon have speci?c biomechanical requirements for 
successful functional tissue engineering. These tissues are 
often subjected to relatively large tensile or compressive 
forces, so it is important that synthetic scaffolds or implants 
intended to model such tissues have the necessary tensile 
strength, elasticity, and compressive modulus to Withstand 
such forces. Ideally, the mechanical properties of the scaf 
fold or implant Would approximate those of the natural 
tissue it is designed to mimic. The reported tensile strength 
of human cartilage and ligament are 3.7-10.5 MPa and 
24-112 MPa, respectively. The reported Young’s modulus of 
cartilage and ligament are 0.7-15.3 MPa and 65-541 MPa, 
respectively. The reported tensile strength of human coro 
nary arteries is 1.4-11.14 MPa. 

[0005] It is Well knoWn in the art that the mechanical 
properties of elastomers can be enhanced by the fabrication 
of composites in Which a second component or phase is 
added to the elastomeric phase. One method by Which 
elastomers can be strengthened and sti?fened is by incorpo 
rating nanoparticles into the elastomeric matrix [Lavik, E. 
and R. Langer, Tissue engineering: current state and per 
spectives. Appl Microbiol Biotechnol, 2004. 65: p. 1-8; 
Okada, M., Chemical syntheses of biodegradable polymers. 
Prog Polym Sci, 2002. 27: p. 87-133; Griffith, Polymeric 
Biomaterials. Acla Mater, 2000. 48: p. 263-277; Mac 
Donald, J. Biomed. Mater. Res. A, 2005, 74, 489-496]. This 
is the case in the rubber industry Where carbon black 
nanoparticles can be added to greatly increase the mechani 
cal properties [Lavik, E. and R. Langer, Tissue engineering: 
current state and perspectives. Appl Microbiol Biotechnol, 
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2004. 65: p. 1-8]. The nanoparticles act as additional 
crosslink points to reinforce the netWork chains and in 
general, the increase in mechanical properties is inversely 
proportional to the nanoparticle diameter [Lavik, E. and R. 
Langer, Tissue engineering: current state and perspectives. 
Appl Microbiol Biotechnol, 2004. 65: p. 1-8]. Although this 
method has been used for industrial applications, there have 
been no reports involving the use of biocompatible, biode 
gradable nanoparticles to strengthen matrices intended for in 
vivo use. 

[0006] Poly(hydroxyor‘tho esters) or other polymers have 
been mixed With ceramics, glass microparticles, glass nano 
particles, glass nano?bers, or carbon nanotubes to strengthen 
scaffolds for bone tissue engineering applications and, to a 
lesser extent, for soft tissue regeneration. HoWever, most of 
these approaches introduce inorganic and non-biodegrad 
able components into the polymer composite. Anon-degrad 
able second phase may interfere With the body’s natural 
remodeling mechanisms as the continuous presence of a 
foreign material may induce long-term in?ammatory 
responses. Furthermore, the resulting composite does not 
exhibit the elasticity and ?exibility that is important for soft 
tissue engineering. 

[0007] Chun et al (US. patent application Ser. No. 10/383, 
369) and Melican et al (US. patent application Ser. No. 
09/747,489) disclose tissue implants comprising a biode 
gradable mesh reinforcement component and a biodegrad 
able elastomeric foam component. Ma et al (US. Pat. No. 
6,146,892) disclose three-dimensional biodegradable matri 
ces comprised of nano?bers. HoWever, Chun et al, Melican 
et al, and Ma et al do not disclose composites having 
mechanical properties approaching those of natural soft 
tissue. 

[0008] Analogous to rubber Which is a three dimensional 
netWork of crosslinked polymer chains, poly(diol citrates) 
are composed of three-dimensional polyester netWorks 
formed by reacting citric acid With various aliphatic diols. 
The mechanical properties could be varied depending on the 
selection of diols and the applied post-polymerization con 
ditions. In general, longer chain diols have a loWer tensile 
strength and modulus, While increasing polymeriZation time 
and/or temperature increase the tensile strength and modu 
lus. Preliminary in vitro cell culture evaluation of poly(diol 
citrates) shoWed their great potential as “cell-friendly” mate 
rials, as both smooth muscle and endothelial cells attach and 
proliferate on the surface. Methods of preparation of poly 
(diol) citrates are described in detail in US. patent applica 
tion Ser. No. 10/945,354 (incorporated herein by reference 
and also shoWn in the Examples beloW). In vivo biocom 
patibility results shoW a thin vasculariZed collagenous cap 
sule after 4 months of implantation With no in?ammation. 
The thickness of this capsule Was smaller than that reported 
for poly(L-lactide-co-glycolide) (PLGA) [17]. A thin vas 
culariZed capsule is considered to be bene?cial for mass 
transfer betWeen a cell-based implant and surrounding tis 
sues. 

[0009] Although the mechanical properties of synthetic 
polymers, in particular poly(diol citrates), can be varied to 
meet speci?c applications, it can be desirable to further 
increase the strength and stiffness While maintaining the 
ability to be elongated to many times their original length 
before rupture. The present invention is directed to optimiZ 
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ing the strength and elasticity of biocompatible scaffolds by 
preparing a composite comprising an elastomeric polymer 
strengthened by the presence of a biodegradable polymeric 
nanostructure. 

SUMMARY OF THE INVENTION 

[0010] The present invention describes a composition 
comprising a biodegradable elastomeric polymeric compo 
nent and a biodegradable polymeric nano-structure. The 
present invention describes a composition comprising a 
composite of a citric acid polyester having the generic 
formula (A-B-C)n, WhereinA is a linear aliphatic dihydroxy 
monomer; B is citric acid, C is a linear aliphatic dihydroxy 
monomer, and n is an integer greater than 1; and a biode 
gradable polymer used for implantable tissue devices. Pref 
erably, the biodegradable polymer is fabricated into a nano 
structure such as a nano?ber, a nanopar‘ticle, or the like. 

[0011] In speci?c embodiments, A is a linear diol com 
prising betWeen about 2 and about 20 carbons. In other 
embodiments, C is independently a linear diol comprising 
betWeen about 2 and about 20 carbons. While in certain 
embodiments, both A and C may be the same linear diol, 
other embodiments contemplate that A and C are different 
linear diols. A particularly preferred linear diol is 1,8, 
octanediol. In other embodiments, one or both of A and C 
may be 1,10-decanediol. The diol also may be an unsatur 
ated diol, e.g., tetradeca-2,l2-diene-l,l4-diol, or other diols 
including macromonomer diols such as polyethylene oxide, 
and N-methyldiethanoamine (MDEA). This family of elas 
tomers is named as poly(diol citrate). In particularly pre 
ferred embodiments, the composition of the invention is 
dihydroxy poly 1,8-octanediol co-citric acid. Poly(diol cit 
rate) can also form hybrids With other materials like 
hydroxyapatite to form elastomeric composites. 

[0012] In some embodiments the nano-structure of the 
invention is fabricated from a polymer. Preferably the poly 
mer is a biodegradable polymer selected from the group 
consisting of poly(hydroxyvalerate), poly(lactide-co-gly 
colide), poly(hydroxybutyrate), poly(hydroXybutyrate-co 
valerate), polyorthoester, polyanhydride, poly(glycolic 
acid), poly(glycolide), poly(L-lactic acid), poly(L-lactide), 
poly(D,L-lactic acid), poly(D,L-lactide), poly(caprolac 
tone), poly(trimethylene carbonate), and polyester amide. In 
more preferred embodiments, the polymer is poly(L)-lactic 
acid, poly(lactic-co-glycolic acid) (PLGA) or a combination 
of the tWo. 

[0013] In speci?c embodiments, the composition further 
comprises a drug. 

[0014] Another aspect of the invention contemplates a 
substrate that may be formulated for tissue culture and/or 
tissue engineering Wherein the substrate is made of a com 
position as described herein above. In preferred embodi 
ments, the substrate may further comprise a surface modi 
?cation that alloWs cellular attachment. Preferably, the 
polymer of the invention employed as cell/tissue culture 
substrate is biodegradable. Preferably, the polymer also is 
biocompatible. The term “biocompatible” is intended to 
encompass a polymer that may be implanted in vivo or 
alternatively may be used for the groWth of cells that may be 
implanted in vivo Without producing an adverse reaction, 
such as an immunological response or otherWise altering the 

Mar. 29, 2007 

morphology of the cells groWn thereon to render the cells 
incompatible With being implanted in vivo or used to model 
an in vivo organ. 

[0015] Also contemplated herein is a method of producing 
engineered tissue, comprising providing a biodegradable 
composition of the present invention as a scaffold for the 
groWth of cells and culturing cells of said tissue on the 
scaffold. In preferred methods, the polymer is composite of 
a poly 1,8-octanediol-co-citric acid, or a derivative thereof, 
or a poly 1,10-decanediol-co-citric acid or derivative thereof 
in combination With a biodegradable polymer such as PGLA 
or PLLA. In speci?c embodiments, the cells are selected 
from the group consisting of connective tissue cells, organ 
cells, muscle cells, nerve cells, and any combination thereof. 
In more speci?c embodiments, the cells are selected from 
the group consisting of tenocytes, ?broblasts, ligament cells, 
endothelial cells, lung cells, epithelial cells, smooth muscle 
cells, cardiac muscle cells, skeletal muscle cells, islet cells, 
nerve cells, hepatocytes, kidney cells, bladder cells, urothe 
lial cells, chondrocytes, and bone-forming cells. In other 
preferred embodiments, the tissue engineering method com 
prises groWing the cells on the scaffold in a bioreactor. 

[0016] In further embodiments, the compositions of the 
invention may be used as bandages, patches or sutures for 
implantation during surgery. In still other embodiments, the 
compositions of the present invention may be used to form 
a drug delivery device comprising a drug interspersed in the 
polymer composition of the invention. 

[0017] Other features and advantages of the invention Will 
become apparent from the folloWing detailed description. It 
should be understood, hoWever, that the detailed description 
and the speci?c examples, While indicating preferred 
embodiments of the invention, are given by Way of illustra 
tion only, because various changes and modi?cations Within 
the spirit and scope of the invention Will become apparent to 
those skilled in the art from this detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] The folloWing draWings form part of the present 
speci?cation and are included to further illustrate aspects of 
the present invention. The invention may be better under 
stood by reference to the draWings in combination With the 
detailed description of the speci?c embodiments presented 
herein. 

[0019] FIG. 1: Poly(diol citrate) reaction scheme. 

[0020] FIG. 2: PLGA Nanoparticle Formation. 

[0021] FIG. 3: SEM micrographs of PLLA nanoscalfolds 
before and after penetrating the pores With PDC. (Scale 
bars=l pm). 

[0022] FIG. 4A-C: (A) Tensile strength, (B) Young’s 
modulus, (C) Elongation at break of PLLA-PDC nanoscaf 
fold composites and PDC control that Were polymerized at 
1200 C. for 1 day With vacuum (n=4). (* p<0.0l from 
control). 
[0023] FIG. 5A-C: SEM micrographs of (A) PLGA nano 
particles (Scale Bar=l um), (B) 5% PLGA-PDC nanocom 
posite (Scale Bar=2 um), (C) 10% PLGA-PDC nanocom 
posite (Scale Bar=2 pm). 

[0024] FIG. 6A-C: (A) Tensile strength, (B) Young’s 
modulus, (C) Elongation at break of PLLA-PDC nanoscaf 
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fold composites and PDC control that Were polymerized at 
80° C. for 3 days Without vacuum (n=4). (* p<0.01 from 
control). 
[0025] FIG. 7A-Di(A) Tensile strength, (B) Young’s 
modulus, (C) Elongation at break of PLLA-PDC nanocom 
posites and controls that Were polymerized at 80° C. for 3 
day Without vacuum (n=4). (d) Representative stress-strain 
curves. PLLA controls Were not shoWn for clarity. (* p<0.05 
from PDC control, # p<0.05 from PLLA control, “.5 p<0.05 
comparing 5% PLLA-PDC to 10% PLLA-PDC). 

[0026] FIG. 8A-Ci(A) Tensile strength, (B) Young’s 
modulus, (C) Elongation at break of PLLA-PDC composites 
and controls that Were polymerized at 80° C. for 3 day 
Without vacuum or 120° C. for 1 day Without vacuum then 
120° C. for 1 day With vacuum (n=4). (* p<0.05 from PDC 
controls, # p<0.05 comparing betWeen polymerization con 
ditions for identical materials). 

[0027] FIG. 9A-Ci(A) Tensile strength, (B) Young’s 
modulus, (C) Elongation at break of PLLA-PDC and PLLA 
POC composites and controls that Were polymerized at 80° 
C. for 3 day Without vacuum (n=4) (* p<0.05 from poly(diol 
citrate) controls, # p<0.05 comparing betWeen composite 
and PLLA control). 

[0028] FIG. 10iCompressive modulus of PDC-PLLA 
nano?brous scalfold composites. (* p<0.05 from PDC con 
trol, # p<0.05 from PLLA control, “.5 p<0.05 comparing 
between 5% PLLA-PDC and 10% PLLA-PDC) 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0029] Poly(diol citrates) are a family of biodegradable 
and biocompatible elastomers that have shoWn signi?cant 
potential for soft tissue engineering. As noted above, it is 
desirable to increase the strength and stiffness While main 
taining the ability to be elongated to many times their 
original length before rupture. The methods of the present 
invention are directed to strengthening such elastomers. One 
method by Which elastomers can be strengthened and stiff 
ened is by incorporating nanoparticles into the elastomeric 
matrix [2-4, 18]. This is case in the rubber industry Where 
carbon black nanoparticles can be added to greatly increase 
the mechanical properties The nanoparticles act as 
additional crosslink points to reinforce the netWork chains 
and in general, the increase in mechanical properties is 
inversely proportional to the nanoparticle diameter 

[0030] Since poly(diol citrates) are targeted for soft tissue 
engineering, the nanophase used to reinforce the material 
must be made from a biodegradable and biocompatible 
polymer. TWo polymers Were chosen, poly(L-lactic acid) 
(PLLA) and poly(lactic-co-glycolic acid) (PLGA). These 
polymers Were chosen as they are rigid and strong and have 
been used in many tissue engineering applications [19]. 
Furthermore, the rate of degradation could be tailored to 
match that of the surrounding elastomeric matrix. Poly(L 
lactic acid) has a degradation time of greater than tWo years 
While poly(glycolic acid) has a degradation time of 1-2 
months [20]. By changing the ratio of lactic to glycolic acid, 
the degradation rate could be varied from fast (1-2 months) 
to sloW (>2 years). For tissue engineering, the rate of 
degradation of the polymer scalfold should match that of 
tissue regroWth. 
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[0031] TWo methods Were used to create biodegradable 
nanocomposites: (A) Nanoscalfolds of PLLA, (B) Nanopar 
ticles of PLGA. The nanoscalfold method Was chosen 
because it Was believed that a rigid nano-?ber could scalfold 
could provide reinforcement to the material. Furthermore, a 
method to produce synthetic nano?brous matrices Was 
already developed elseWhere [21]. The nanoparticle method 
Was chosen as it analogous to What is commonly done With 
elastomers to increase the mechanical properties of rubber 
[2-4, 18]. In addition, a simple method Was found to produce 
large quantities of nanoparticles [22, 23]. Furthermore, it has 
been demonstrated that nanoparticles are a viable method by 
Which drugs can be incorporated and released, thus alloWing 
the possibility for drug release from nanocomposite mate 
rials [9-12]. These methods are exempli?ed in Example 2 
beloW. 

[0032] Thus, in order to enhance the mechanical proper 
ties of poly(diol citrates) nanocomposite materials Were 
created using completely biodegradable and biocompatible 
polymers. This is the ?rst report of nanocomposites for 
tissue engineering Where the macro and nano phases are 
completely made from biodegradable and biocompatible 
synthetic co-polymers. Composites Were created using 
nanoscaffolds and nanoparticles. The nanoparticle method is 
analogous to What is commonly done With rubber materials 
Which are often doped With silica or carbon black nanopar 
ticles to greatly increase their mechanical properties. HoW 
ever, because poly(diol citrates) are being targeted for tissue 
engineering, nondegradable carbon black or silica nanopar 
ticles are not appropriate for the reinforcing nanophase. 
Poly(L-lactic acid) and poly(lactic-co-glycolic acid), tWo 
commonly used polymers for tissue engineering Were used. 
These polymers Were selected for their biocompatibility, 
rigid mechanical properties, and ease of fabrication into 
nanoscaffolds and nanoparticles. Creation of nanocompos 
ites signi?cantly increased the tensile strength and modulus 
compared to control materials. In particular, it should be 
noted that the tensile strength and elongation at break of the 
most preferred compositions of the present invention are 
greater than the strength and elongation at break of either of 
the polymer components individually. Since the materials 
are fabricated from tWo biodegradable and biocompatible 
materials, it is believed that the resulting nanocomposites 
could be used for tissue engineering applications. Further 
more, drug encapsulation and release has from nanoparticles 
has been demonstrated, thus raising the possibility of drug 
release from nanocomposites. 

[0033] In preferred embodiments, the compositions of the 
present invention can be reinforced With a biocompatible, 
biodegradable mesh reinforcement component and/or With a 
three dimensional matrix comprised of nano?bers. The 
compositions of the present invention are such that they 
have a tensile strength and elasticity that is similar to soft 
tissue. For example, the compositions of the invention are 
prepared from a nanostructure that could be mesh or nano? 
ber matrix that has a tensile strength similar to that of human 
cartilage, human coronary arteries, or human ligament. As 
used herein, the term “nano-structure” is intended to encom 
pass an object With at least one characteristic length betWeen 
about 10 nm and about 500 nm. In speci?c embodiments of 
the invention, the biodegradable polymeric nano-structure is 
a nanoparticle. In a preferred embodiment the nano-structure 
is a nano?ber. In the most preferred embodiment, the 
nano-structure is a nano?brillar netWork. Uses for such 



US 2007/0071790 A1 

networks are described in for example, US. Pat. No. 6,599, 
323 and US. Pat. No. 6,146,892 (each incorporated herein 
by reference). 

[0034] The compositions described herein in some aspects 
comprise a biodegradable elastomeric polymeric component 
and a biodegradable polymeric nano-structure. In certain 
embodiments, the nanocomposites of the invention are com 
prised of poly(diol citrate) molecules and a polymer that 
strengthens the poly(diol citrate) matrix. The polymer may 
be a biodegradable polymer or a non-biodegradable poly 
mer, but preferably is a biodegradable polymer. Biodegrad 
able polymers include, but are not limited to collagen, 
elastin, hyaluronic acid and derivatives, sodium alginate and 
derivatives, chitosan and derivatives gelatin, starch, cellu 
lose polymers (for example methylcellulose, hydroxypropy 
lcellulose, hydroxypropylmethylcellulose, carboxymethyl 
cellulose, cellulose acetate phthalate, cellulose acetate 
succinate, hydroxypropylmethylcellulose phthalate), casein, 
dextran and derivatives, polysaccharides, poly(caprolac 
tone), ?brinogen, poly(hydroxyl acids), poly(L-lactide) 
poly(D,L lactide), poly(D,L-lactide-co-glycolide), poly(L 
lactide-co-glycolide), copolymers of lactic acid and glycolic 
acid, copolymers of .epsilon.-caprolactone and lactide, 
copolymers of glycolide and epsilon-caprolactone, copoly 
mers of lactide and 1,4-dioxane-2-one, polymers and 
copolymers that include one or more of the residue units of 
the monomers D-lactide, L-lactide, D,L-lactide, glycolide, 
.epsilon.-caprolactone, trimethylene carbonate, 1,4-dioxane 
2-one or 1,5-dioxepan-2-one, poly(glycolide), poly(hy 
droxybutyrate), poly(alkylcarbonate) and poly(orthoesters), 
polyesters, poly(hydroxyvaleric acid), polydioxanone, poly 
(ethylene terephthalate), poly(malic acid), poly(tartronic 
acid), polyanhydrides, polyphosphaZenes, poly(amino 
acids). The biodegradeable polymers used herein may be 
copolymers of the above polymers as Well as blends and 
combinations of the above polymers. (see generally, Illum, 
L., Davids, S. S. (eds.) “Polymers in Controlled Drug 
Delivery” Wright, Bristol, 1987; Arshady, J. Controlled 
Release 17:1-22, 1991; Pitt, Int. J. Phar. 59:173-196, 1990; 
Holland et al., J. Controlled Release 4:155-0180, 1986). 

[0035] In particular preferred embodiments, the biode 
gradable or resorbable polymer is one that is formed from 
one or more monomers selected from the group consisting of 
lactide, glycolide, e-caprolactone, trimethylene carbonate, 
1,4-dioxan-2-one, 1,5-dioxepan-2-one, 1,4-dioxepan-2-one, 
hydroxyvalerate, and hydroxybutyrate. In one aspect, the 
polymer may include, for example, a copolymer of a lactide 
and a glycolide. In another aspect, the polymer includes a 
poly(caprolactone). In yet another aspect, the polymer 
includes a poly(lactic acid), poly(L-lactide)/poly(D,-L-Lac 
tide) blends or copolymers of L-lactide and D,L-lactide. In 
yet another aspect, the polymer includes a copolymer of 
lactide and e-caprolactone. In yet another aspect, the poly 
mer includes a polyester (e.g., a poly(lactide-co-glycolide). 
The poly(lactide-co-glycolide) may have a lactide:glycolide 
ratio ranges from about 20:80 to about 2:98, a lactide:gly 
colide ratio of about 10:90, or a lactide:glycolide ratio of 
about 5:95. In one aspect, the poly(lactide-co-glycolide) is 
poly(L-lactide-co-glycolide; see e.g., US. Pat. No. 6,531, 
146 and US. application No. 2004/0137033.). Other 
examples of biodegradable materials include polyglactin, 
and polyglycolic acid. 

Mar. 29, 2007 

[0036] Representative examples of non-biodegradable 
compositions include ethylene-co-vinyl acetate copolymers, 
acrylic-based and methacrylic-based polymers (e.g., poly 
(acrylic acid), poly(methylacrylic acid), poly(methyl 
methacrylate), poly(hydroxyethyl methacrylate), poly(alky 
lcynoacrylate), poly(alkyl acrylates), poly(alkyl 
methacrylates)), polyole?ns such as poly(ethylene) or 
poly(propylene), polyamides (e.g., nylon 6,6), poly(ure 
thanes) (e.g., poly(ester urethanes), poly(ether urethanes), 
poly(carbonate urethanes), poly(ester-urea)), polyesters 
(e.g., PET, polybutyleneterephthalate, and polyhexylene 
terephthalate), olyethers(poly(ethylene oxide), poly(propy 
lene oxide), poly(ethylene oxide)-poly(propylene oxide) 
copolymers, diblock and triblock copolymers, poly(tetram 
ethylene glycol)), silicone containing polymers and vinyl 
based polymers (polyvinylpyrrolidone, poly(vinyl alcohol), 
poly(vinyl acetate phthalate), poly(styrene-co-isobutylene 
co-styrene), ?uorine containing polymers (?uoropolymers) 
such as ?uorinated ethylene propylene (FEP) or polytet 
ra?uoroethylene (e.g., expanded PTFE). 
[0037] The polymers may be combinations of biodegrad 
able polymers, and also may be combinations of biodegrad 
able and non-biodegradable polymers. Further examples of 
polymers that may be used are either anionic (e.g., alginate, 
carrageenin, hyaluronic acid, dextran sulfate, chondroitin 
sulfate, carboxymethyl dextran, caboxymethyl cellulose and 
poly(acrylic acid)), or cationic (e.g., chitosan, poly-I-lysine, 
polyethylenimine, and poly(allyl amine)) (see generally, 
Dunn et al., J. Applied Polymer Sci. 50:353, 1993; Cascone 
et al., J. Materials Sci.: Materials in Medicine 5:770, 1994; 
Shiraishi et al., Biol. Pharm. Bull. 16:1164, 1993; Thachar 
odi and Rao, Int’l J. Pharm. 120:115, 1995; MiyaZaki et al., 
Int’l J. Pharm. 118:257, 1995). Preferred polymers (includ 
ing copolymers and blends of these polymers) include 
poly(ethylene-co-vinyl acetate), poly(carbonate urethanes), 
poly(hydroxyl acids) (e.g., poly(D,L-lactic acid) oligomers 
and polymers, poly(L-lactic acid) oligomers and polymers, 
poly(D-lactic acid) oligomers and polymers, poly(glycolic 
acid), copolymers of lactic acid and glycolic acid, copoly 
mers of lactide and glycolide, poly(caprolactone), copoly 
mers of lactide or glycolide and e-caprolactone), poly(vale 
rolactone), poly(anhydrides), copolymers prepared from 
caprolactone and/or lactide and/or glycolide and/or polyeth 
ylene glycol. 

[0038] In speci?c embodiments, the compositions of the 
invention (i.e., the compositions that are made up of a 
poly(diol citrate) polymer and a polymer that stilfens the 
poly diol citrate polymer) are molded or otherWise formed 
into ?exible compositions that can be used as “patches.” 
Such “patches” may be comprises of just the poly(diol 
citrate) polymer and a polymer, or they may be impregnated 
or otherWise loaded With a drug or other biologically active 
agent to be delivered (e.g., in a controlled-release manner) 
or they may be seeded With cells so that they can act as 
cellular tissue patches or tissue grafts. 

[0039] In speci?c embodiments, the elastomeric compos 
ites made according to the methods of the present invention 
Will be useful both as substrata for the groWth and propa 
gation of tissues cells that may be seeded on the substrata 
and also as implantable devices. In those embodiments 
Where the elastomeric composites are used as bioimplant 
able devices, the substrate may be formulated into a shape 
suitable for implantation. For example, as described in US. 
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Pat. No. 6,423,092 (incorporated herein by reference), it 
may be desirable to fabricate a biodegradable stent for 
implantation into a lumen. The composites of the invention 
may also be used in craniofacial applications, for example, 
as an alternative to spring-mediated cranial reshaping for the 
treatment of craniosynostosis [27]. In certain embodiments 
of the invention, it may be desirable to produce prosthetic 
organ tissue for implantation into an animal, such as e.g., 
testicular tissue described in US. Pat. No. 6,620,203(incor 
porated herein by reference). Other organs for Which tissue 
implantation patches may be generated include, but are not 
limited to skin tissue for skin grafts, myocardial tissue, bone 
tissue for bone regeneration, testicular tissue, endothelial 
cells, blood vessels, and any other cells from Which a tissue 
patch may be generated. Thus, those of skill in the art Would 
understand that the aforementioned organs/cells are merely 
exemplary organs/ cell types and it should be understood that 
cells from any organ may be seeded onto the biocompatible 
elastomeric composites of the invention to produce useful 
tissue for implantation and/or study. 

[0040] The cells that may be seeded onto the elastomeric 
composites of the present invention may be derived from 
commercially available cell lines, or alternatively may be 
primary cells, Which can be isolated from a given tissue by 
disaggregating an appropriate organ or tissue Which is to 
serve as the source of the cells being groWn. This may be 
readily accomplished using techniques knoWn to those 
skilled in the art. Such techniques include disaggregation 
through the use of mechanically forces either alone or in 
combination With digestive enZymes and/ or chelating agents 
that Weaken cell-cell connections betWeen neighboring cells 
to make it possible to disperse the tissue into a suspension 
of individual cells Without appreciable cell breakage. Enzy 
matic dissociation can be accomplished by mincing the 
tissue and treating the minced tissue With any of a number 
of digestive enZymes either alone or in combination. Diges 
tive enZymes include but are not limited to trypsin, chymot 
rypsin, collagenase, elastase, and/or hyaluronidase, Dnase, 
pronase, etc. Mechanical disruption can also be accom 
plished by a number of methods including, but not limited 
to the use of grinders, blenders, sieves, homogeniZers, 
pressure cells, or sonicators to name but a feW. For a revieW 
of tissue disaggregation techniques, see Freshney, Culture of 
Animal Cells. A Manual of Basic Technique, 2d Ed., A. R. 
Liss, Inc., NeW York, 1987, Ch. 9, pp. 107-126. 

[0041] Once the primary cells are disaggregated, the cells 
are separated into individual cell types using techniques 
knoWn to those of skill in the art. For a revieW of clonal 
selection and cell separation techniques, see Freshney, Cul 
ture of Animal Cells. A Manual of Basic Techniques, 2d Ed., 
A. R. Liss, Inc., NeW York, 1987, Ch. 11 and 12, pp. 
137-168. Media and buffer conditions for groWth of the cells 
Will depend on the type of cell and such conditions are 
knoWn to those of skill in the art. 

[0042] In certain embodiments, it is contemplated that the 
cells attached to the biocompatible elastomeric composite 
substrates of the invention are groWn in bioreactors. A 
bioreactor may be of any class, siZe or have any one or 
number of desired features, depending on the product to be 
achieved. Different types of bioreactors include tank biore 
actors, immobiliZed cell bioreactors, holloW ?ber and mem 
brane bioreactors as Well as digesters. There are three classes 
of immobiliZed bioreactors, Which alloW cells to be groWn: 
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membrane bioreactors, ?lter or mesh bioreactors, and carrier 
particle systems. Membrane bioreactors groW the cells on or 
behind a permeable membrane, alloWing the nutrients to 
leave the cell, While preventing the cells from escaping. 
Filter or mesh bioreactors groW the cells on an open mesh of 
an inert material, alloWing the culture medium to How past, 
While preventing the cells from escaping. Carrier particle 
systems groW the cells on something very small, such as 
small nylon or gelatin beads. The bioreactor can be a 
?uidized bed or a solid bed. Other types of bioreactors 
include pond reactors and toWer fermentors. Any of these 
bioreactors may be used in the present application for 
regenerating/engineering tissues on the citric acid based 
elastomeric composites of the present invention. 

[0043] Certain tissues that are regenerated by use of the 
citric acid based elastomeric composites of the invention 
may be encapsulated so as to alloW the release of desired 
biological materials produced by the cells at the site of 
implantation, While sequestering the implanted cells from 
the surrounding site. Cell encapsulation can be applied to all 
cell types secreting a bioactive substance either naturally or 
through genetic engineering means. In practice, the main 
Work has been performed With insulin secreting tissue. 

[0044] Encapsulation procedures are most commonly dis 
tinguished by their geometrical appearance, i.e. micro- or 
macro-capsules. Typically, in microencapsulation, the cells 
are sequestered in a small permselective spherical container, 
Whereas in macroencapsulation the cells are entrapped in a 
larger non-spherical membrane, Lim et al. (US. Pat. Nos. 
4,409,331 and 4,352,883) discloses the use of microencap 
sulation methods to produce biological materials generated 
by cells in vitro, Wherein the capsules have varying perme 
abilities depending upon the biological materials of interest 
being produced, Wu et al, Int. J. Pancreatology, 3:91-100 
(1988), disclose the transplantation of insulin-producing, 
microencapsulated pancreatic islets into diabetic rats. 

[0045] As indicated above, the cells that are seeded on the 
elastomeric composites of the present invention may be cell 
lines or primary cells. In certain preferred embodiments, the 
cells are genetically engineered cells that have been modi 
?ed to express a biologically active or therapeutically effec 
tive protein product. Techniques for modifying cells to 
produce the recombinant expression of such protein prod 
ucts are Well knoWn to those of skill in the art. In particular 
preferred embodiments, the compositions of the invention 
may be used to form of a tissue graft or tissue patch. Such 
a tissue graft may be an autograft, allograft, biograft, bio 
genic graft or xenograft. Tissue grafts may be derived from 
various tissue types. Representative examples of tissues that 
may be used to prepare biografts include, but are not limited 
to, rectus sheaths, peritoneum, bladder, pericardium, veins, 
arteries, diaphragm and pleura. For such grafts the cells may 
be endothelial cells, ligament tissue, muscle cells, bone 
cells, cartilage cells. Such cells may be grafted into the 
compositions of the invention alone or in combination With 
a drug or biologically active agent to be delivered to an in 
vivo site. For example, such cells for the biograft may be 
harvested from a host, loaded With the agent of interest and 
then applied in a perivascular manner at the site Where 
lesions and intimal hyperplasia can develop. Once 
implanted, the agent of interest (e.g., paclitaxel) is released 
from the graft and can penetrate the vessel Wall to prevent 
the formation of intimal hyperplasia at the treatment site. In 
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certain embodiments, the biograft may be used as a backing 
layer to enclose a composition (e.g., a gel or paste loaded 
With anti-scarring agent). 
[0046] The patches made of the compositions of the 
present invention may be combined With drugs for delivery 
or therapeutic agents that can form part of a tissue patch 
prepared from the polymers of the invention. For example, 
the compositions of the invention may be used to form a 
mesh or a patch made of the biodegradable polymeric matrix 
that conforms to the tissue and releases the agent (e.g., a 
therapeutic agent such as a drug or a diagnostic agent such 
as a marker, dye or other marker of that Will alloW visual 
iZation of a diseased state). In preferred examples, the 
compositions are fashioned into a mesh or patch that incor 
porates a drug that can be released in a controlled release 
manner. See, e.g., U.S. Pat. No. 6,461,640. The mesh or 
patch made of the compositions of the invention may be 
impregnated With an antioxidant and/ or antimicrobial. See, 
e.g., U.S. Pat. No. 6,572,878. The mesh or patch may be a 
tissue patch that is adapted to cover a bony dissection in the 
spine. See, e.g., U.S. Pat. No. 5,868,745 and Us. patent 
application No. 2003/0078588. The tissue patch made of the 
compositions of the invention may be prepared to be 
Wrapped around a nerve in a canal to reduce ?broplasia. See, 
e.g., U.S. Pat. No. 6,106,558. The tissue patch may be a 
resorbable collagen membrane that is Wrapped around the 
spinal chord to inhibit cell adhesions. See, e.g., U.S. Pat. No. 
6,221,109. The tissue patch may be used as a dressing to 
cover a Wound and promote Wound healing. See, e.g., US. 
Pat. No. 6,548,728. The compositions of the present inven 
tion may be prepared as a bandage that contains a scar 
treatment pad With a layer of silicone elastomer or silicone 
gel. See, e.g., U.S. Pat. Nos. 6,284,941 and 5,891,076. The 
compositions may be used to incorporate a biologically 
active compound. See, e.g., U.S. Pat. Nos. 6,323,278; 6,166, 
130; 6,051,648 and 5,874,500. 
[0047] Methods for incorporating the a biologically active 
material onto or into the mesh or patch of the invention 
include: (a) affixing (directly or indirectly) to the patch such 
a biologically active material (e.g., by either a spraying 
process or dipping process as described above, With or 
Without a carrier), (b) incorporating or impregnating into the 
patch made With the composition With a biologically actice 
material (e.g., by either a spraying process or dipping 
process as described above, With or Without a carrier (c) by 
coating the patch made With the composition With a sub 
stance such as a hydrogel Which Will in turn absorb the 
biologically active material, (d) constructing the patch made 
With the composition itself With the biologically active 
material in either the biodegradable polymer, the poly(diol 
citrate) polymer, or in the mixture of the tWo, or (e) by 
covalently binding the biologically active material directly 
to the surface of the composition of the invention. 

[0048] The compositions of the present invention also may 
be used to coat devices such as medical stents and the like. 
For devices that are coated, the coating process can be 
performed in such a manner as to (a) coat only one surface 
of device With the compositions of the invention or (b) 
coating all or parts of the device With the compositions of the 
invention. 

[0049] The nanocomposites of the present invention also 
Will be useful in soft tissue engineering as described in the 
examples herein beloW. 
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[0050] The patches prepared from the compositions of the 
invention or a device coated With the same may be made 
sterile either by preparing them under aseptic environment 
and/or they may be terminally steriliZed using methods 
knoWn in the art, such as gamma radiation or electron beam 
sterilization methods or a combination of both of these 
methods. 

[0051] Patches made With the compositions of the inven 
tion may be applied to any bodily conduit or any tissue. Prior 
to implantation, the patch may be trimmed or cut from a 
sheet of bulk material to match the con?guration of the 
Widened foramen, canal, or dissection region, or at a mini 
mum, to overlay the exposed tissue area. Such a patch may 
be shaped to match the particular con?guration of the 
placement region. For example, the patch may be rolled in 
a culf shape or cylindrical shape and placed around the 
exterior periphery of the desired tissue. It may be provided 
in a relatively large bulk sheet and then cut into shapes to 
mold the particular structure and surface topography of the 
tissue or device to be Wrapped. Alternatively, it may be 
pre-shaped into one or more patterns for subsequent use. The 
patches made from the compositions of the invention may be 
typically rectangular in shape and be placed at the desired 
location Within the surgical site by direct surgical placement 
or by endoscopic techniques. The patches may be secured 
into place by Wrapping it onto itself (i.e., self-adhesive), or 
by securing it With sutures, staples, sealant, and the like. 
Alternatively, the ?lm or mesh may adhere readily to tissue 
and therefore, additional securing mechanisms may not be 
required. 

[0052] The patches made from the compositions of the 
invention may be used for a variety of indications, including, 
Without limitation: (a) prevention of surgical adhesions 
betWeen tissues folloWing surgery (e.g., gynecologic sur 
gery, vasovasostomy, hernia repair, nerve root decompres 
sion surgery and laminectomy); (b) prevention of hyper 
trophic scars or keloids (e.g., resulting from tissue burns or 
other Wounds); (c) prevention of intimal hyperplasia and/or 
restenosis (e.g., resulting from insertion of vascular grafts or 
hemodialysis access devices); (d) may be used in af?liation 
With devices and implants that lead to scarring as described 
herein (e.g., as a sleeve or mesh around a breast implant to 
reduce or inhibit scarring); (e) prevention of infection (e.g., 
resulting from tissue bums, surgery or other Wounds); or (f) 
may be used in af?liate With devices and implants that lead 
to infection as described herein. 

[0053] The patches made of the compositions of the 
invention may be used for hernia repair surgery or in other 
types of surgical procedures as discussed in Us. Pat. Nos. 
6,638,284; 5,292,328; 4,769,038 and 2,671,444. Thus, the 
patches made from the compositions of the invention also 
may be used to prepare hernia meshes, Which support the 
repaired hernia or other body structures during the healing 
process. Hernias are often repaired surgically to prevent 
complications. Conditions in Which a hernia mesh may need 
to be used include, Without limitation, the repair of inguinal 
(i.e., groin), umbilical, ventral, femoral, abdominal, dia 
phragmatic, epigastric, gastroesophageal, hiatal, intermus 
cular, mesenteric, paraperitoneal, rectovaginal, rectocecal, 
uterine, and vesical hernias. Hernia repair typically involves 
returning the viscera to its normal location and the defect in 
the Wall is primarily closed With sutures, but for bigger gaps, 
a mesh is placed over the defect to close the hernia opening. 



US 2007/0071790 A1 

In?ltration of the subject polymer composition comprising 
an anti-scarring agent into tissue adjacent to a hernia repair 
mesh may reduce or prevent ?brosis proximate to the 
implanted hernia mesh, thereby minimizing the possibility 
of adhesions betWeen the abdominal Wall or other tissues 
and the mesh itself, and reducing further complications and 
abdominal pain. 

[0054] In yet another aspect, the patches made from the 
compositions of the invention may be used for delivering a 
speci?c therapeutic or other agent to an external portion 
(surface) of a body passageWay or cavity. Examples of body 
passageWays include arteries, veins, the heart, the esopha 
gus, the stomach, the duodenum, the small intestine, the 
large intestine, biliary tracts, the ureter, the bladder, the 
urethra, lacrimal ducts, the trachea, bronchi, bronchiole, 
nasal airWays, Eustachian tubes, the external auditory 
mayal, vas deferens and fallopian tubes. Examples of cavi 
ties include the abdominal cavity, the buccal cavity, the 
peritoneal cavity, the pericardial cavity, the pelvic cavity, 
perivisceral cavity, pleural cavity and uterine cavity. 

[0055] In the folloWing Examples, Example 1 is directed 
to teachings of methods of producing various poly(diol) 
citrate molecules. Example 2 provides teachings of hoW to 
strengthen and stilfen biocompatible membranes made from 
such poly(diol) citrate molecules. These nanocomposite 
materials described herein can be used in tissue engineering, 
drug delivery, or any application Where strong biodegrad 
able and ?exible elastomeric materials may be necessary. 
The increasing and fast development of tissue engineering 
applications Will require this type of technology to maximiZe 
?exibility for design requirements of scaffolds for tissue 
engineering or drug delivery devices. 

EXAMPLE 1 

Biodegradable Elastomeric Polymers 

[0056] The nanoparticle compositions of the invention are 
based on biodegradable elastomeric polymers of poly(diol) 
citrate molecules. Such molecules typically comprising a 
polyester netWork of citric acid copolymeriZed With a linear 
aliphatic di-OH monomer in Which the number of carbon 
atoms ranges from 2 to 20. Polymer synthesis conditions for 
the preparation of these molecules vary from mild condi 
tions, even at loW temperature (less than 100° C.) and no 
vacuum, to tough conditions (high temperature and high 
vacuum) according the requirements for the materials prop 
er‘ties. By changing the synthesis conditions (including, but 
not limited to, post-polymerization temperature, time, 
vacuum, the initial monomer molar ratio, and the di-OH 
monomer chain length) the mechanical properties of the 
polymer can be modulated over a Wide range. This series of 
polymers exhibit a soft, tough, biodegradable, hydrophilic 
properties and excellent biocompatibility in vitro. 

[0057] The poly(diol)citrate polymers used herein have a 
general structure of: 

(A-B-CL. 

[0058] Where A is a linear, aliphatic diol and C also is a 
linear aliphatic diol. B is citric acid. The citric acid co 
polymers of the present invention are made up of multiples 
of the above formula, as de?ned by the integer n, Which may 
be any integer greater than 1. It is contemplated that n may 
range from 1 to about 1000 or more. It is particularly 
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contemplated that n may be 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 
12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 
28, 29, 30, 31, 31, 32, 33, 34, 35, 36, 37, 38, 39 40, 41, 42, 
43, 44, 45, 46, 47, 48, 49, 50, or more. 

[0059] In preferred embodiments, the identity of “A” 
above is poly 1,10-decanediol and in another preferred 
embodiment the identity of A is 1,8-octanediol. HoWever, it 
should be understood that this is merely an exemplary linear, 
aliphatic diol. Those of skill are aWare of other aliphatic 
alcohols that Will be useful in polycondensation reactions to 
produce poly citric acid polymers. Exemplary such aliphatic 
diols include any diols of betWeen about 2 carbons and about 
20 carbons. While the diols are preferably aliphatic, linear, 
unsaturated diols, With the hydroxyl moiety being present at 
the C l and CK position (Where x is the terminal carbon of the 
diol), it is contemplated that the diol may be an unsaturated 
diol in Which the aliphatic chain contains one or more double 
bonds. The preferred identity for “C” in one embodiment is 
1,8, octanediol, hoWever as With moiety “A,”“C” may be 
any other aliphatic alcohols. While in speci?c embodiments, 
both A and C are both the same diol, e.g., 1,8-octanediol, it 
should be understood that A and C may have different carbon 
lengths. For example, Amaybe 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 
12, 13, 14, 15, 16, 17, 18, 19, 20 or more carbons in length, 
and C may independently be 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 
13, 14, 15, 16, 17, 18, 19, 20 or more carbons in length. 
Exemplary methods for the polycondensation of the citric 
acid With the linear diols are provided in this Example. 
These materials are then used as starting materials for the 
composites described in Example 2. 

[0060] Synthesis of Poly(1,10-decanediol-co-citric acid) 
(PDC) In a typical experiment, 19.212 g citric acid and 
17.428 g 1,10-decanediol Were added to a 250 ml three-neck 
round-bottom ?ask, ?tted With an inlet adapter and an outlet 
adapter. The mixture Was melted Within 15 min by stirring 
at 160-165° C. in silicon oil bath, and then the temperature 
of the system Was loWered to 120° C. The mixture Was 
stirred for half an hour at 120° C. to get the pre-polymer. 
Nitrogen Was vented throughout the above procedures. The 
pre-polymer Was post-polymerized at 60° C., 80° C. or 120° 
C. With and Without vacuum for predetermined time from 
one day to 3 Weeks depending on the temperature to achieve 
the Poly(1,10-decanediol-co-citric acid). Nitrogen Was 
introduced into the reaction system before the polymer Was 
taken out from reaction system. 

[0061] Preparation of Poly(1,8-Octanediol-co-citric acid) 
(POC) In a typical experiment, 19.212 g citric acid and 
14.623 g Octanediol Were added to a 250 mL three-neck 
round-bottom ?ask, ?tted With an inlet adapter and an outlet 
adapter. The mixture Was melted Within 15 min by stirring 
at 160-165° C. in silicon oil bath, and then the temperature 
of the system Was loWered to 140° C. The mixture Was 
stirred for another 1 hr at 140° C. to get the pre-polymer. 
Nitrogen Was vented throughout the above procedures. The 
pre-polymer Was post-polymerized at 60° C., 80° C. or 120° 
C. With and Without vacuum for predetermined time (from 
one day to 3 Weeks depending on the temperature, With the 
loWer temperatures requiring longer times) to achieve the 
Poly(1,8-octanediol-co-citric acid). Nitrogen Was intro 
duced into the reaction system before the polymer Was taken 
out from reaction system. 

[0062] Porous scaffolds of POC (tubular and ?at sheets) 
Were prepared via a salt leaching technique as folloWs: POC 
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pre-polymer Was dissolved into dioxane to form 25 Wt % 
solution, and then the sieved salt (90-120 microns) Was 
added into pre-polymer solution to serve as a porogen. The 
resulting slurry Was cast into a poly(tetra?uoroethylene) 
(PTFE) mold (square and tubular shape). After solvent 
evaporation for 72 h, the mold Was transferred into a vacuum 
oven for post-polymerization. The salt in the resulting 
composite Was leached out by successive incubations in 
Water (produced by Milli-Q Water puri?cation system every 
12 h for a total 96 h. The resulting porous scalfold Was 
air-dried for 24 hr and then vacuum dried for another 24 hrs. 
The resulting scalfold Was stored in a dessicator under 
vacuum before use. Porous scaffolds are typically preferred 
When cells are expected to migrate through a 3-dimensional 
space in order to create a tissue slice. Solid ?lms Would be 
used When a homogenous surface or substrate for cell 
groWth is required such as an endothelial cell monolayer 
Within the lumen of a vascular graft. 

[0063] Using similar techniques porous scalfold of PDC or 
other poly(diol)citrates can be prepared. 

[0064] Synthesis of Poly(l,6-hexanediol-co-citric acid) 
(PHC). In a typical experiment, 19.212 g citric acid and 
11.817 g 1,6-hexanediol Were added to a 250 ml three-neck 
round-bottom ?ask, ?tted With an inlet adapter and an outlet 
adapter. The mixture Was melted Within 15 min by stirring 
at 160-165° C. in a silicon oil bath, and then the temperature 
of the system Was loWered to 120° C. The mixture Was 
stirred for half an hour at 120° C. to get the pre-polymer. 
Nitrogen Was vented throughout the above procedures. The 
pre-polymer Was post-polymerized at 60° C., 80° C. or 120° 
C. With and Without vacuum for a predetermined time from 
one day to 3 Weeks, depending on the temperature, to 
achieve the Poly(l,6-hexanediol-co-citric acid). Nitrogen 
Was introduced into the reaction system before the polymer 
Was taken out from reaction system. 

[0065] Synthesis of Poly(l,12-dodecanediol-co-citric 
acid) PDDC. In a typical experiment, 19.212 g citric acid 
and 20.234 g 1,12-dodecanediol Were added to a 250 ml 
three-neck round-bottom ?ask, ?tted With an inlet adapter 
and an outlet adapter. The mixture Was melted Within 15 min 
by stirring at 160-165° C. in silicon oil bath, and then the 
temperature of the system Was loWered to 120° C. The 
mixture Was stirred for half an hour at 120° C. to get the 
pre-polymer. Nitrogen Was vented throughout the above 
procedures. The pre-polymer Was post-polymerized at 60° 
C., 80° C. or 120° C. With and Without vacuum for prede 
termined time from one day to 3 Weeks depending on the 
temperature to achieve the Poly(l,12-dodecanediol-co-citric 
acid). Nitrogen Was introduced into the reaction system 
before the polymer Was taken out from reaction system. 

[0066] Synthesis of Poly(l,8-octanediol-co-citric acid-co 
glycerol) In a typical experiment (Poly(l,8-octanediol-co 
citric acid-co-1% glycerol), 23.0544 g citric acid, 16.5154 g 
1,8-octanediol and 0.2167 g glycerol Were added to a 250 ml 
three-neck round-bottom ?ask, ?tted With an inlet adapter 
and an outlet adapter. The mixture Was melted Within 15 min 
by stirring at 160-165° C. in silicon oil bath, and then the 
temperature of the system Was loWered to 120° C. The 
mixture Was stirred for another hour at 140° C. to get the 
pre-polymer. Nitrogen Was vented throughout the above 
procedures. The pre-polymer Was post-polymerized at 60° 
C., 80° C. or 120° C. With and Without vacuum for prede 
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termined time from one day to 3 Weeks depending on the 
temperature to achieve the Poly(l,8-octanediol-co-citric 
acid-co-1% glycerol). Nitrogen Was introduced into the 
reaction system before the polymer Was taken out from 
reaction system. 

[0067] Synthesis of Poly(l,8-octanediol-citric acid-co 
polyethylene oxide). In a typical experiment, 38.424 g citric 
acid, 14.623 g 1,8-octanediol and 40 g polyethylene oxide 
With molecular Weight 400 (PEO400)(100 g PEO1000 and 
200 g PEO2000 respectively) (molar ratio: citric acid/1,8 
octanediol/PEO400=1/0.5/0.5) Were added to a 250 ml or 
500 ml three-neck round-bottom ?ask, ?tted With an inlet 
adapter and an outlet adapter. The mixture Was melted 
Within 15 min by stirring at 160-165° C. in silicon oil bath, 
and then the temperature of the system Was loWered to 135° 
C. The mixture Was stirred for 2 hours at 135° C. to get the 
pre-polymer. Nitrogen Was vented throughout the above 
procedures. The pre-polymer Was post-polymerized at 120° 
C. under vacuum for predetermined time from one day to 3 
dyas to achieve the Poly(l,8-octanediol-citric acid-co-poly 
ethylene oxide). Nitrogen Was introduced into the reaction 
system before the polymer Was taken out from reaction 
system. The molar ratios can be altered to achieve a series 
of polymers with different properties. 

[0068] Synthesis of Poly(l,12-dodecanediol-citric acid 
co-polyethylene oxide). In a typical experiment, 38.424 g 
citric acid, 20.234 g 1,12-dodecanediol and 40 g polyethyl 
ene oxide With molecular Weight 400 (PEO400)(100 g 
PEO1000 and 200 g PEO2000 respectively) (molar ratio: 
citric acid/1,8-octanediol/PEO400=1/0.5/0.5) Were added to 
a 250 ml or 500 ml three-neck round-bottom ?ask, ?tted 
With an inlet adapter and an outlet adapter. The mixture Was 
melted Within 15 min by stirring at 160-165° C. in silicon oil 
bath, and then the temperature of the system Was loWered to 
120° C. The mixture Was stirred for half an hour at 120° C. 
to get the pre-polymer. Nitrogen Was vented throughout the 
above procedures. The pre-polymer Was post-polymerized at 
120° C. under vacuum for predetermined time from one day 
to 3 days to achieve the Poly(l,12-dodecanediol-citric acid 
co-polyethylene oxide). Nitrogen Was introduced into the 
reaction system before the polymer Was taken out from 
reaction system. The molar ratios can be altered to achieve 
a series of polymers with different properties. 

[0069] Synthesis of Poly(l,8-octanediol-citric acid-co-N 
methyldiethanoamine) POCM. In a typical experiment, 
38.424 g citric acid, 26.321 g 1,8-octanediol and 2.3832 g 
N-methyldiethanoamine (MDEA) (molar ratio: citric acid/ 
1,8-octanediol/MDEA=1/0.90/0.10) Were added to a 250 ml 
or 500 ml three-neck round-bottom ?ask, ?tted With an inlet 
adapter and an outlet adapter. The mixture Was melted 
Within 15 min by stirring at 160-165° C. in silicon oil bath, 
and then the temperature of the system Was loWered to 
13520° C. The mixture Was stirred for half an hour at 120° 
C. to get the pre-polymer. Nitrogen Was vented throughout 
the above procedures. The pre-polymer Was post-polymer 
iZed at 80° C. for 6 hours, 120° C. for 4 hours Without 
vacuum and then 120° C. for 14 hours under vacuum to 
achieve the Poly(l,8-octanediol-citric acid-co-N-methyldi 
ethanoamine). Nitrogen Was introduced into the reaction 
system before the polymer Was taken out from reaction 
system. The molar ratios can be altered to citric acid/1,8 
octanediol/MDEA=1/0.95/0.05. 


















