
Synthesis and Characterization of Fumarate-Based
Polyesters for Use in Bioresorbable Bone
Cement Composites

GREGORY B. KHARAS,1 MARINA KAMENETSKY,1 JAMES SIMANTIRAKIS,1 KIMBERLY C. BEINLICH,1

ANN-MARIE T. RIZZO,1 GRETCHEN A. CAYWOOD,2 KENNETH WATSON3

1 DePaul University, Chemistry Department, 1036 W. Belden Avenue, Chicago, Illinois 60614

2 DynaGen, Inc., 99 Erie Street, Cambridge, Massachusetts 02139

3 Polysar Rubber Corporation, Sarnia, Ontario N7T 7M2, Canada

Received 5 March 1997; accepted 3 May 1997

ABSTRACT: Fumarate-based polyesters were prepared by the transesterification poly-
condensation of diethyl fumarate and diols: ({) -1,2-propanediol, (S)-(/ ) -1,2-propane-
diol, 2-methyl-1,3-propanediol, and 2,2-dimethyl-1,3-propanediol. Different polyester
microstructures were observed by 1H-NMR and 13C-NMR spectroscopy when the reac-
tion was conducted in the presence of p -toluenesulfonic acid monohydrate or metal
containing catalysts–aluminum trichloride, titanium tetrachloride, titanium tetrabu-
toxide, and zinc chloride. The extent of formation of branched structures associated
with hydroxyl end groups’ addition to the unsaturated polyester double bonds depends
on the acidity of the catalyst. The bone cement composites were prepared by mixing
the fumarate polyesters with an inorganic filler, CaSO4r2H2O, and N-vinyl pyrrolidone,
which crosslinks on the addition of a radical initiator, benzoyl peroxide, at ambient
temperatures. The compressive strength and hydrolytic stability of the cement composi-
tions was correlated with structure of the polyesters. q 1997 John Wiley & Sons, Inc. J
Appl Polym Sci 66: 1123–1137, 1997
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INTRODUCTION polyesters which can degrade and further resorb
in vivo, i.e., which are eliminated through natural

The field of biodegradable polymers is a fast grow- pathways either because of simple filtration of
ing area of polymer science because of the interest degradation by-products or after their metabolism
of such compounds for temporary surgical and with no residual side effects.1 Linear aliphatic
pharmacological applications. Recent reviews polyesters, especially poly(glycolide), poly(lac-
identify the family of aliphatic polyesters as the tide), and poly(e-caprolactone), have proven to
most attractive and promising among polymers be effective polymers in several surgical applica-
degradable in model aqueous media or in animal tions, including sutures, bone plate, and con-
bodies.1,2 Of particular interest are bioresorbable trolled drug delivery systems.3–5 These polymers

are biodegradable, and they produce by-products
that are completely biocompatible.

Correspondence to: G. B. Kharas.
Crosslinkable polyesters having various func-
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q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/061123-15 tional groups have been investigated as part of
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1124 KHARAS ET AL.

biodegradable composite materials for custom- bis(2-hydroxypropyl fumarate) or propylene bis-
(hydrogen maleate) as starting materials.16 Theformable fixation devices.6,7 Unsaturated polyes-

ters have been considered as potential matrices use of higher molecular weight PPF (ú104 g/mol)
is considered as important because better me-in bioresorbable composites and bone cement.8,9

Poly(methyl methacrylate) (PMMA), the current chanical properties can be realized.17

The macromolecular design of an improvedstandard for bone cement, provides immediate
structural support, but being biologically inert, polymeric material requires a control over the

polymer synthesis and an understanding of theacts as a barrier to new bone ingrowth.10,11 Fur-
thermore, an appropriately immobilized fracture effects of polymer structure on its physical proper-

ties and degradation. An aspect of these fumar-should heal within several months, after which
the PMMA-based device becomes unnecessary ate-based bioresorbable composites that has not

been probed is the polyester microstructure andand would require a second surgical procedure for
removal. A biodegradable cement would have the its relation to physical properties and hydrolysis

of the cements. In this article, we present resultssame advantages as PMMA during the initial
postoperative period. However, with the progres- of microstructure analysis of PPF and some fu-

marate-based polyesters prepared with differentsion of healing, the biodegradable cement could
slowly degrade and thereby avoid interference catalysts, as well as the impact of the microstruc-

ture on their compression strength and hydrolysiswith progressive bone regrowth. Thus, with time,
the increasing rigidity of the healing bone would of the composites.
take over the function of the resorbed cement.

One particularly promising polymer for this ap-
EXPERIMENTALplication is an unsaturated polyester, poly(pro-

pylene fumarate) (PPF), as follows:
Polymer Synthesis

Fumarate-based polyesters were synthesized by{ ({CH2{CH(CH3){OOC{CH
the transesterification polycondensation of di-

|CH{COO)n{ ethyl fumarate (DEF) (Janssen Chimica, New
Brunswick, NJ) and a diol, ({) -1,2-propanediol

Fumaric acid (HOOC{CH|CH{COOH), a (PD) (Aldrich, Milwaukee, WI); (S)-(/ ) -1,2-
naturally occurring substance, is found in the tri- propanediol (SPD) (Aldrich); 2-methyl-1,3-pro-
carboxylic acid cycle (Krebs cycle); whereas pro- panediol (MPD) (Aldrich); and 2,2-dimethyl-1,3-
pylene glycol (1,2-propanediol) is a commonly propanediol (DMD) (Aldrich) by an adaptation of
used diluent in drug formulations. The use of fu- the procedure described by Sanderson.14 DEF and
maric derivatives in the polyester synthesis the diols were used as received. The diol was used
allows introduction of an unsaturated site into the in 10 mol % excess over DEF. The reaction was
polymer; here, there is the additional feature of catalyzed with p -toluenesulfonic acid monohy-
chemical activation of the double bond by the ad- drate (PTSA), AlCl3, TiCl4, Ti(OC4H9)4, and
jacent carbonyl group, which permits ready cross- ZnCl2 (all supplied by Aldrich). A typical two-
linking. Gerhard et al. formulated a biodegrad- stage polymerization involved heating the re-
able cement using MMA to crosslink PPF and in- agents under a nitrogen sweep to 230–2407C for
corporated antibiotics into the cement before 6–8 h, during which about 75% of the expected
cure.12 The development of a biodegradable ce- ethanol was collected. A vacuum (1 torr) was then
ment was carried further by Wise et al.,13 who applied at 2107C for 6–8 h to remove any re-
utilized the polyesters prepared by bulk and sus- maining by-products. Precipitation from methyl-
pension polymerization of diethyl fumarate and ene chloride solution into diethyl ether resulted
propylene glycol. Sanderson14 reported use of a in a suspension of a polyester that was filtered,
PPF crosslinked by vinyl pyrrolidone as cement washed with fresh diethyl ether, and dried under
for controlled drug release. PPF polyesters can be vacuum at room temperature.
prepared by reacting propylene glycol with fu-
maric acid, fumaryl chloride, and dicarbodiimide

Composite Preparationfumarate.12–16 Oligomers of controlled molecular
weight, polydispersity, and polymer end groups A moldable, curable composition was prepared by

mixing of 22.7 wt % polyester, 8.5 wt % N-vinylwere prepared by step polymerization using
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SYNTHESIS OF FUMERATE-BASED POLYESTERS 1125

pyrrolidone (freshly distilled, Aldrich), 0.7 wt % 451-756 for acrylic bone cement with the MTS (Q-
TEST) materials test system interfaced with abenzoyl peroxide (Aldrich), and 68.1 wt % calcium

sulfate dihydrate (Aldrich). When mixed to- 486 laboratory computer. Samples for testing
were prepared by placing the curing compositiongether, the composition becomes a puttylike mix-

ture, which remains moldable for 15–30 min and in cylindrical Teflon molds (6 mm in diameter and
12 mm length specimens) and allowed to hardenthen cures to a rigid state.
for 48 h at 377C. Uniaxial compression tests were
conducted at a crosshead rate of 20 mm min. Com-

Characterization pressive strengths were determined from the
maximum loads achieved divided by the originalThe molecular weight of polymers was deter-

mined relative to polystyrene standards in chloro- cross-sectional area (ca. 28 mm2).
Polymers and composites were degraded inform solutions with sample concentrations 0.3%

(wt/vol) by gel permeation chromatography phosphate-buffered saline pH 7.4 in an incubator
at 377C. To determine mass loss during degrada-(GPC) using a Waters Model 510 pump at an elu-

tion rate of 1.0 mL min, and Waters Model 410 tion, preweighed disks (6 mm in diameter and 3
mm length) were each placed into a tared scintila-refractive index detector with 103 through 106 Å

ultrastyragel columns in series. Injection volumes tion vial. Periodically, the samples were removed
from the incubator, rinsed with distilled water,of 125 mL were used. Polystyrene standards of a

low dispersity (Polysciences) were used to gener- and dried in vacuo until a constant mass; and the
mass loss was recorded as the average of the threeate a calibration curve.

NMR spectra of 4–10% polymer solutions in individually degraded samples. The percentage
mass loss was determined for each sample by com-CDCl3 were recorded at ambient temperature on a

Bruker AC-200 spectrometer operating at 200.13 paring the dry weight (md ) remaining at a specific
time with the initial weight (mo ) ; % mass lossMHz for 1H and 50.33 MHz for 13C. Chemical

shifts are reported referenced to CDCl3. Proton Å (mo 0 md ) /mo 1 100.
Glass transition temperatures (Tg ) were deter-spectra utilized 16 K data points with a sweep

width of 3600 Hz adjusted so that no quaditive mined on a TA Instruments model modulated
DSC 2920 with a heating rate of 57C per minuteimages affected the spectra. A sweep width of 13.5

kHz and 32 data points were used for the 13C- in the 030 to 1207C range. The Tg was taken as
a midpoint of a straight line drawn between theNMR spectra. The distortionless enhancement by

polarization transfer (DEPT) NMR spectra were inflection of the peak’s onset and endpoint.
obtained with evolution delay of 3.704 ms to pro-
duce negative methylene and positive methine

RESULTS AND DISCUSSIONand methyl 13C resonance signals. 1H– 13C corre-
lation spectra were run using the standard

Polymer SynthesisXHCOR Bruker program.
Compressive testing for strength and modulus Fumarate-based polyesters were prepared via an

ester exchange reaction with the conditions de-was conducted according to ASTM Standard F

Table I Polycondensation of DEF and Diols

Maximum
Sample Time Temperature Yield Mw 1 1003 Tg

No. Diol Catalyst (h) (7C) (wt %) (daltons) MWD (7C)

1 PD PTSA 16 240 38 32.6 2.2 23
2 PD AlCl3 16 230 42 13.7 2.3 14
3 PD TiCl4 12 200 43 20.9 1.4 14
4 PD Ti (OC4H9)3 12 200 65 15.2 1.4 16
5 PD ZnCl2 12 200 68 26.6 1.9 16
6 SPD ZnCl2 12 200 52 67.0 1.3 17
7 MPD ZnCl2 12 200 77 39.7 1.9 02
8 DMD ZnCl2 16 200 66 12.7 1.3 06
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tailed in Table I. DEF first reacts with an excess AlCl3, TiCl4, and ZnCl2, accelerate polycondensa-
tion of DEF and PD, with least acidic ZnCl2 givingof diol (R Å CH(CH3)CH2, CH2CH(CH3)CH2,

CH2C(CH3)2CH2), liberating ethanol and forming highest yield and molecular weight of the polymer
(Table I) . Similarly effective is a weak basic cata-a bis(hydroxyalkyl) ester (eq. 1).
lyst, Ti(OC4H9)4.

The studies of the 1H- and 13C-NMR spectra of
the DEF–PD polyesters reveal marked differ-
ences in microstructure when PPF is prepared
with PTSA or less acidic catalysts, AlCl3, TiCl4,
ZnCl2, and Ti(OC4H9)4. The 1H-NMR spectra of
the polymers catalyzed with PTSA and ZnCl2 are
presented in Figure 1. Spectra of the PPF polyes-
ters prepared with AlCl3, TiCl4, and Ti(OC4H9)4

are virtually the same as the one for the polymer
In a second stage, the ester is subjected to polycon- prepared with ZnCl2. The peak’s assignment of
densation by alcoholysis,18 forming the polyester the peaks are based on the 2D 1H– 13C and DEPT
(eq. 2) NMR spectra,21 as well as spectra of model com-

pounds and literature data.22–24 The broadening
of resonances corresponding to protons of PDnHO{R{OC{CH|CH{CO{R{OH

ww ww

O O

`

units is associated with isomeric PD structures
in the polymer. Since the primary and secondary
hydroxyl groups of PD react somewhat differently
with DEF, the 1,2-propylenedioxy groups derived

HO{R{O{C{CH|CH{CO{R{O{H
ww ww

O O n from them are combined into the polyester chain
with random orientations, such that the pendent

/ (n 0 1) HO{R{OH (2) methyl groups occur at either the head or the tail
of successive repeating units, leading to an aperi-
odic spacing of the methyl groups along the chainBoth stages are inherently reversible, but the

conditions are chosen to drive each reaction in (A, B, and C ) .
forward direction by removal of the low molecular
coproduct as it is formed. A mixture of diethyl {O{CH{CH2{OCCH|

w ww

CH3 O
fumarate and a diol with a polyesterification cata-
lyst is heated with stirring in an inert atmosphere
at 150–2007C until the evolution of ethanol is
complete. The process is then continued at higher

CHCO{CH2{CH{O{

ww w

O CH3 (A )temperature and under reduced pressure (down
to ca. 0.5 mm Hg) to effect polymerization. The
diol is used in 10% mol excess over the theoretical {O{CH2{CH{OCCH|

w ww

CH3 Orequirement of the first step in order to force the
ester-exchange reaction toward completion and to
compensate for losses of the diol. Losses of glycol CHCO{CH{CH2{O{

ww w

O CH3 (B )with concurrent stoichiometric imbalances are
well established in the synthesis and manufac-
ture of propylene glycol-based unsaturated poly- {O{CH2{CH{OCCH|

w ww

CH3 O
esters for molding resins.19 The losses are typi-
cally attributed to the volatility of propylene gly-
col and its tendency to undergo side reactions such
as acid catalyzed dehydration and the formation

CHCO{CH2{CH{O{

ww w

O CH3 (C )of cyclic ethers.20 The choice of final working tem-
perature for the second stage (usually below
2107C) is governed by the need for the product to It was suggested that this disturbance of struc-

tural regularity is further compounded by the ra-be kept molten during polymerization.
Catalysts, PTSA,13,14 as well as Lewis acids like cemic character of commercial 1,2-propanediol,
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SYNTHESIS OF FUMERATE-BASED POLYESTERS 1127

which leads to a random (atactic) distribution of It was shown that the extent of the double bond
saturation increases with reaction temperature,optical configurations.

The comparison of the two 1H-NMR spectra diol concentration, strength, and concentration of
the acid catalyst.25 Studies on a model com-(Fig. 1) indicates that catalysis with PTSA results

in a polyester with more complex NMR spectrum. pound,24 bis(hydroxypropyl) fumarate indicated
that the addition reaction is reversible, favored byIn addition to absorption peaks assigned to DEF

and PD residues in structures A–C, peaks in the high temperatures and catalyzed by strong acids,
such as PTSA, via a carbocationic mechanism.262.3–4.9 ppm range reflect structural complexity

of the polyesters due to side reactions of the fu- The reaction results in the formation of side
chains and in a modification of the stoichiometrymarate double bonds. It has been observed25 that

the double bonds disappear in appreciable quanti- due to diol consumption.
Different PPF microstructures are even moreties during synthesis of unsaturated polyesters as

the result of the reaction of PD hydroxyl groups or evident from the analysis of 13C-NMR and DEPT
spectra of the polyesters obtained with PTSA andhydroxyl end groups with fumarate double bonds,

leading to a variety of branched structures, such ZnCl2 (Figs. 2 and 3). Particularly sensitive are
PD carbon resonances associated with differentas the following:
placement of PD units in the polyesters’ main
chain, i.e., for structures A, B, and C. Thus,
methyl carbon peaks at 14.2 and 16.0 ppm and
methylene carbon peaks at 61.0 and 66.3 ppm cor-
respond to PD resonances in A and B structures,
respectively.24 Peaks of PD methine carbons at
65.1 and 69.8 ppm of A and B structures, respec-
tively, which overlap with the methylene reso-
nances in the 65–75 ppm range (Fig. 2), can be
observed better in the DEPT spectra (Fig. 3). The
spectrum of PPF (ZnCl2) shows almost exclu-
sively A structures, whereas the one of PPF
(PTSA) indicates that both A and B structures
are present. There are also several peaks of lowerTwo-dimensional 1H and 13C-NMR spectra21

and studies of model compounds22 have suggested intensity in the 65–75 ppm region, which can be
assigned to methylene and methine carbons ofthat the lower and higher field bands of the two

bands centered at 2.9 ppm can be assigned to branched PD units in structures D and E. Methyl-
ene and methine carbons of succinate groups inmain chain succinic methylene protons of the

structures D and E, respectively; whereas reso- structures D and E, which appear due to the reac-
tion of hydroxyl end groups with fumarate doublenances at 3.5–3.7 ppm most likely correspond to

the CH2 and CH protons of etherified PD bonds, are observed at 36.8 and 45.4 ppm, respec-
tively. Owing to the presence of the ester groupsbranches, respectively. Broad resonances in the

4.3–5.0 ppm range correspond to succinic meth- of primary (50%) and secondary (50%) alcohols,
four main peaks of nearly equal intensities areine protons (D and E ) . Small absorption at 6.2

ppm corresponds to a small fraction of maleic dou- obtained for the unsaturated carbons of the fu-
maric unit in 132–134 ppm range. Resonancesble bond protons. It is evident that the contribu-

tion of the branched structures to the microstruc- of fumarate carbonyls appear at 163.2–164.5
ppm, whereas a broader lower field peak in theture of PPF obtained with PTSA is much higher

than in PPF obtained with ZnCl2 (Fig. 1). 167–175 ppm range is indicative of succinic car-
bonyl groups resulting from the saturation reac-Integration of the proton resonances in the

polymer spectra provided a relative estimate of tion. The comparison of 1H- and 13C-NMR data
supports the observation that less acidic cata-chemical composition as well as the relative ex-

tent of the addition side reaction. Thus, hydroxyl lysts like ZnCl2 , TiCl4 , and weak basic catalyst
Ti (OC4H9 )4 with coordinating metal atoms leadend group addition to unsaturated polyester dou-

ble bonds involved 25–30% of the fumaric ester to selective formation of structures A. In this
case, DEF has a statistical preference to formresidue for PTSA catalyzed PPF and about 3–5%

of ZnCl2, TiCl4, or Ti(C4H9)4 catalyzed PPF. esters with the primary hydroxyl group on the
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PD molecule, producing corresponding PD fu- atom and catalyze alcoholysis via acid catalysis.
Titanium butoxide converts the reacting hy-marate esters with a preponderance of terminal

secondary hydroxyl groups. Lewis acids, zinc droxyl group to the corresponding alkoxide,
which is the effective intermediate for the reac-chloride, and titanium tetrachloride form a com-

plex with the hydroxyls through association tions involved in the exchange process 27 (eq. 3) ,
as follows:with an unshared pair of electrons on the oxygen

OROCCH|CHCORO0

ww ww

O O

/

O O
ww ww

CCH|CHCORO
w

OROH

`

O0 O
w ww

OROCCH|CHCOROCCH|CHCORO
ww ww w

O O OROH

`

O O
ww ww

OROCCH|CHCOROCCH|CHCORO
ww ww

O O

/ 0O{R{OH (3)

The NMR spectra (Figs. 1–3) also indicate that a molecular weight distribution (MWD) of 1.3–
2.3. An increase in the molecular weight of ancatalysis with ZnCl2, TiCl4, and Ti(OC4H9)4 sig-

nificantly decreases addition of hydroxyl chain unsaturated polyester toward 104 g/mol improves
its hardness, tensile and flexural strength, and itsends to the fumaric double bonds.

The NMR spectra of PPF prepared with opti- glass transition temperature.28 Thus, compressive
strength of the bone cement composites consistingcally pure (S)-(/ ) -1,2-propanediol and ZnCl2 as

a catalyst were as well resolved as the spectra of of the PPF oligomer, tricalcium phosphate, cal-
cium carbonate, and methyl methacrylate in-the polyester prepared with the racemic PD, thus

indicating a similar microstructure. creased as the degree of polymerization (DP) in-
creased, showing maximum strength at 7 MPa atCommercially available diols, 2-methyl-1,3-

propanediol (MPD) and 2,2-dimethyl-1,3-pro- DP Å 15.16 The use of higher molecular weight
polyesters (ú104 daltons) is viewed as importantpanediol (DPD), were used for transesterification

with DEF (Table I) . To minimize the saturation because of increased entanglement of the polymer
chains and reduced chain end free volume leadingreaction in the case of polymerization of DEF with

MPD and DMD diols, ZnCl2 was used as a cata- to a maximum plateau in mechanical properties.29

Mechanical properties of polymeric materialslyst. Since these are symmetrical diols with pri-
mary hydroxyl groups, mostly regular polyesters are also associated with the nature of their physi-

cal state or morphology. Fumarate polyesters pre-were expected. The 1H- and 13C-NMR spectra of
the polymers are presented in Figures 4 and 5. pared from PD, MPD, and DPD diols are amor-

phous polymers. The loss of crystallinity is associ-The spectra are well resolved and indicate regular
structure. ated with increased intermolecular separation of

adjacent chain backbones due to methylene
groups and substitution of hydrogen atoms by

Polymer Properties methyl groups. Glass transition temperature of
the polyesters was studied by differential scan-The properties of polyesters are determined by

the molecular weight; the proportion of carboxyl- ning calorimetry (DSC). No melting transition
was observed for all the polyesters. The Tg forate ester groups in their structure; and the geome-

try, polarity, and segmental mobility of their re- the respective resins are reported in Table I. The
highest Tg was observed for the PTSA-catalyzedpeating units. Weight-average molecular weight

(Mw ) and the polydispersity (Mw /Mn ) are in- DEF–PD polyester. Higher Tg of this DEF–PD
polymer in comparison with the polyesters ob-cluded in Table I. The fumarate-based polyesters

formed by transesterification reaction techniques tained in the presence of metal containing cata-
lysts is apparently associated with the bulkyhave the weight-average molecular weight rang-

ing between 12 1 103 and 67 1 103 daltons with branches (structures D and E ) which restrict the

8ED3 4607/ 8ED3$$4607 09-05-97 10:29:09 polaas W: Poly Applied



SYNTHESIS OF FUMERATE-BASED POLYESTERS 1129

Figure 1 1H-NMR spectra of PPF polyesters prepared in the presence of ZnCl2 and
PTSA.

designed to mimic the viscoelastic properties ofchain mobility. Addition of a methylene group in
bone and improve fracture toughness (i.e., reducethe main chain in MPD- and DMD-based polyes-
brittleness), resulting in better performance inters results in lowering the Tg of the polymer.
mixed stress modes and improved initial molda-
bility. In preparing moldable bone replacementBone Cement Composite
material from the fumarate-based unsaturated

Polymer–ceramic composites represent recent polyesters, the polymer was mixed with a vinyl
monomer, N-vinyl pyrrolidone (NVP); a radicaladvances in resorbable bone cements,29 which are
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1130 KHARAS ET AL.

Figure 2 13C-NMR spectra of PPF polyesters prepared in the presence of ZnCl2 and
PTSA.

initiator, benzoyl peroxide; and inorganic filler, peratures.19 Crosslinking proceeds rapidly and es-
tablishes the structure of the three-dimensionalCaSO4r2H2O.

The free radicals produced by benzoyl peroxide network in which the polyester and NVP are im-
mobilized in an inorganic matrix. The mixture is(2 wt % based on polyester and NVP) initiate

crosslinking polymerization involving the fumar- workable by hand and solidifies in 15–20 min at
body temperatures (377C) to give a cured compos-ate groups in the polyester chains and the unsatu-

rated NVP monomer. As a tertiary amine, NVP, ite. Unlike the PMMA system,29 setting is only
mildly exothermic, with maximum cure tempera-in conjunction with benzoyl peroxide, apparently

accelerates free radical formation at ambient tem- tures of 457C for 20 g material. This is because
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SYNTHESIS OF FUMERATE-BASED POLYESTERS 1131

Figure 3 13C-NMR DEPT spectra of PPF polyesters prepared in the presence of ZnCl2

and PTSA.

a much lower percentage of liquid monomer is fillers are required to improve strength and modu-
lus. Additionally, the inorganic filler may act toundergoing polymerization than in the commer-

cial acrylic systems. The unmodified, cured fu- dissipate some of the polymerization heat and re-
duce shrinkage of the cement, eliminating inter-marate-based polyesters are semiflexible material

of modest strength and stuffiness. Therefore, in nal voids and cracking.19 Calcium sulfate, both as
the hemihydrate and dihydrate, has been used forbone cement applications, reinforcing inorganic
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1132 KHARAS ET AL.

Figure 4 1H- and 13C-NMR spectra of fumarate polyester prepared with 2-methyl-
1,3-propanediol and ZnCl2 as a catalyst.

many years to fill bone defects. Experiments have NVP units for each fumarate unit. Optimum com-
pression strengths were obtained around this ra-shown complete resorption in 42–72 days with

bone remodeling complete in three months.30 tio, which is close to the one for commercial fumar-
ate polyester resins usually containing 30–45%To maximize the crosslinking reaction, the

weight ratio of PPF to NVP was kept the same styrene.28 In this case, it was shown that styrene
does not enter into homopolymer formation inde-for all compositions at 2.64, which corresponds to

a stoichiometric relationship of approximately 1.2 pendent of crosslinking. No polystyrene polymers
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SYNTHESIS OF FUMERATE-BASED POLYESTERS 1133

Figure 5 1H- and 13C-NMR spectra of fumarate polyester prepared with 2,2-dimethyl-
1,3-propanediol and ZnCl2 as a catalyst.

have been extracted, even in polyester resins con- ratio, with the remainder being unreacted NVP or
low molecular poly(N-vinyl pyrrolidone), PNVP.taining 60% styrene monomer. In a recent curing

study of PPF (Mw Å 6650) –NVP–hydroxyapatite PNVP is a water-soluble polymer that was used
for decades as a blood-plasma extender and is cur-cement, Gresser et al.31 have found that through

a range of PPF/NVP weight ratios from 0.33 to rently used in various pharmaceutical composi-
tions. PNVP induces only minor storage-related2.00, over 90% of the PPF was crosslinked. The

fraction of NVP incorporated into the crosslinked functional changes in organs, and its cytotoxicity
is extremely low.32structure increases linearly with the PPF/NVP
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1134 KHARAS ET AL.

Table II Compressive Strength of the Composites with Fumarate-Based Polyesters

Peak Compressive
Sample Load Strength Modulus

No. Diol Catalyst (kg) (MPa) (MPa)

20 PD PTSA 23.5 { 2.7 8.1 { 0.4 87.4 { 16.1
14 PD TiCl4 66.5 { 3.5 23.1 { 7.3 580 { 170
13 PD ZnCl2 70.2 { 4.3 24.3 { 8.7 839 { 165
11 PD Ti (OC4H9)4 65.4 { 3.7 22.7 { 7.8 670 { 138
17 MPD ZnCl2 42.5 { 3.9 14.7 { 6.3 312 { 87
26 DMD ZnCl2 23.8 { 8.3 8.3 { 3.5 217 { 54

Mechanical properties of the cured fumarate- the polyesters prepared with the metallic cata-
lysts have a higher number of the available dou-based polyester composites are presented in

Table II. From the compressive testing of stan- ble bonds and better compressive strength and
modulus. The composites with MPD or DMDdardized cylindrical specimens, the lowest ten-

sile properties are shown by the composite pre- polyesters have lower compression strength
than PD composites, as expected due to greaterpared with the PTSA catalyzed polyester. This

polyester apparently has a diminished number backbone flexibility, as evidenced by the lower
Tg of these polymers. It was noted that strengthof the available fumarate double bonds for cross-

linking in the composite due to saturation reac- of the aliphatic polyesters is highest when un-
branched glycols are used.28tions (structures D and E ) . The composites with

Figure 6 Weight loss of fumarate-based polyesters degraded in phosphate buffered
saline: (1) PPF (ZnCl2) , (2) PPF (PTSA), (3) MPD, and (4) DMD.
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Figure 7 Weight loss of composites with fumarate-based polyesters degraded in phos-
phate buffered saline: (1) PPF (ZnCl2) , (2) PPF (PTSA), (3) MPD, and (4) DMD.

Degradation Studies Again, the polyesters’ structural differences can
account for different hydrolytic stability. TheThe biodegradability of aliphatic polyesters is at-
rates of degradation measured from the lineartributed to their ability to undergo hydrolysis
weight loss after eight days for PPF (PTSA) andback to their respective monomeric carboxylic
12 days for PPF (ZnCl2) are 9.3 and 5.9% per day,acids and diols.32 Hydrolysis can occur via the es-
respectively. More branched polyester (PTSA)ter bond, resulting in the formation of alcohol and
chains create more porous structure for water dif-carboxylic acid end groups. These monomers, in
fusion and hydrolysis. MPD- and DMD-basedturn, are shunted to metabolic pathways, where
polyesters have much higher stability due to thethey are enzymatically transformed into carbon
more hydrophobic character of their backbones.dioxide and water.
The presence of substituted diols in the polyesterIn vitro demonstration of biodegradation re-
backbone leads to hydrolysis resistance becausequires experimental conditions mimicking the
of the steric hindrance of these diols, which pre-physiological characteristics of living media, espe-
vent the attack of ester linkages.28

cially constant osmolarity and neutral pH. Thus,
Cured composites degrade much slower than0.13M phosphate buffer (pH 7.4) at 377C was

unmodified polyesters (Fig. 7). The rates of degra-used as in vitro medium in order to provide isoos-
dation for first 40 days are 0.8 and 0.3% per daymolarity and to neutralize the generated carboxyl
for PPF polyesters prepared with PTSA andgroups without changing the pH of the medium.
ZnCl2, respectively. This is probably associatedThe degradation rate by hydrolysis of fumarate-
with the embedding the polymer in filler and thebased polyesters (Fig. 6), as well as bone cement
constraining of PVP crosslinking on PPF hydroly-compositions (Fig. 7), were measured as the mass
sis. The mass loss pattern of the composites withloss over time of exposure to the buffer solution.
PTSA and ZnCl2 prepared fumarate polyesters isDegradation of PPF prepared in the presence
the same as that of uncrosslinked polyesters. Theof PTSA starts after about eight days, a few days

earlier than PPF catalyzed with ZnCl2 (Fig. 6). composite with PPF (PTSA) degrades faster than
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