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Disclaimer

The views, opinions, and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy, or decision, unless so
designated by other official documentation. Citation of trade
names in this report does not constitute an official Department
of the Army endorsement or approval of the use of such commercial
items.

In conducting research described in this report, the
investigators achered to the "Guide for the Care and Use of
Laboratory Animals® as promulgated by the Committee on Revision
of the Guide for Laboratory Animal Facilities and Care of the
Institute of Laboratory Animal Resources National Research
Council.
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TYNTHEZTIS AND CHARACTERIZATION OF CROSS-LINKED I7LY(PROPYLEINE FUMARATE)
TNTRAT Ve T
Fazy 2fforts in the daveiopment of t:iccompaz:ible and biodegradable
materialz for use as temporary replacement Ior l:-ft zoft %Yrgsue and/or bone

owing “rauma have produced homo- and co-polymers 2f lactic and giycolic

2 ©.-3), Qver the vears, -he polvesterz from “hese organic ac:ds have

v

5

sv [~und application as bioresorbable sutures and controlled-release devices
frrobrioiszicallly active agents (4-7). Thear biodegradability 1s largely

wwhribused o the chemical property of ester l:nkages %0 undergo hyvdroliysis in

YA ZueNUI envirconment. n3 the poivmer :Z hvdreivced %2 oligomers o>r mono-
“oarz, these low molecular-welght, water-soluble rroducts d:ffuse and can be

LN

~.iminated by the excretory mechanisms of <he hos Secondary degra-

o
5]
-3

o
W
=
ot
(2]
3

{ation mechanisms can also take effect as the smaller molecules become
fubgtrates of enzymes. Fhagocytic activity can aiso contribute to biodegrada-
tion, 1f{ the polymer 13 not compietely biocompatible and is considered by the
hest Lo be a foreign substance.

While copolymers of lactic and glycolic acids have been found to be
n1ghly effective as bone replacement materials (8), their chemical nature
dictate that they be used as solids which are pre-shaped and/or carved to fit
a bone defect at the time of surgery. This can be time consuming procedure.
Thus, research and development of a biocompatible polymer which could be
prepared in a putty-like consistency, easily formed into a bone defect and
rapidly hardened in situ, is highly desirable. In this regard, poly(propylene
{-imaratel, or PPF for short, is a desirable polymer because 1t is derived from
“wo known biocompatible compounds, fumaric acid and propyiene glycol. Fumaraic
acid 1z a Kreb's cycle intermediate which has an un;aturation in addition to

tte carboxylic acid functionalities, whereas propylene glycol is a diol which




can be enzymatically converted to pyruvic and acetic acids (9) befcre being
shunted to the Kreb's cycle. Because of the presence of an unsaturatiocn 1in
the fumarate moei1ty, “he solid polymer can be prepared 1nto a puttv-like
consistency by the addition of a i1quid cross-linking agent. [ n this form,
incorporation of particulate osteogenlC maierlals :nto the polymer :5 facili-
tated to afford a tiodegracable bone-forming i1mplant which can bte chaped and
{ormed at the time of surgery.

Although the f:.rst deliterate synthesis of PPF was :n [|981 ty Wise (10)
under contract to the U.S. Army Institute of Dental Research, some 1crm of PPF

zynthes1s was 1nit.ated .n 196! when Szmercsanyi (1)) reported the gua.:tative

results of the reacti.on of maleic anhydride with propylene glyco: IZguation
N
0

0=c” “c=0 i i g '3

\ Cﬁ 4 HO-CH—CHZOH —_—> HO-(-C-CH=CH-C-0-CH-CH,0-)-H

CH= 2" 'n

PPF
Equation 1}

Andreis (12, 13), later determined and confirmed that §5% of maleic anhydride
was converted under certain conditions to fumarate as 1t reacted with
propylene glycol. The para-toluenesulfonic acid-catalyzed synthesis of PPF
developed by Wigse, which reacts the diethyl ester of fumaric acid with
propylene glycol to liberate ethanol, proved to be irreproducible (Equation

2). Thus, synthetic efforts were undertaken at USAIDR.

0 0 G, )] o) ai,
] I [ PTSA Il il |
EtO-C-CH=Qi-C-OEt + HOCH,CHOH > -—C-QRai-C-0aq1,aI0—  + EtOH
PPP
? Equation 2
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The po.ivme

behaviour

~? fumariec acid o

ren* synthev:c methods ize2e TABLE (! for FPT have teen

1.8) where the acid cataivced gcoliwvcendensaticon (Equaticn

vith propylene glycol to iiberates water 135 the most repro-
L s =

r {roam +he reacticn was uzed ;n mode. studies to determine

in order o develop formulations fer the moldable implant.

TABLE !
quation
o
o MG 2 5 ony
IOC-OH-H-C-OH  +  HCCH,CHOH $ HO —3— C-CHaCH-C-COMLCHO —ki
1 n
~
R 3 9 :HJ CHy 2 2 CHy |
1-L-CreCH-C-C1 L4 HOCHZCHOH _—— HOCHZCHO —T— C-CH'CH-C-CCHZCHO —‘I—“ e HCl ¢
M n
. . . CHy >
0 ! W] 0 ol
- ‘ . s01 . HOCH, CHOH o3 .
: HO-C-HCH=C- 08t ot (18- CHeH-0E) o HO-CHON,0-C-CHeCH-E-0E —_!
~»
CH
? ¢ occ Ry O o M HOCH Enén !
N b {
5 HO-C-CHaCH-CoOH ——BCC o p.C.0-E-CHeCH-C-0-C-NHR 2 =2 ¢ mmmconmr
oce . Ou-c-no R .O
P o I T o &)
- HO-C-CHeCH-C-ON ¢ HOOH,OH-OH ——H20_____ no-cncuz-o-c-cn-m-E-o-cuzcu-ou Skibhaic el
A -~
EXFERIMENTAL
MATERIALS. The chemicals whose commercial sources are not given were

purchased from Aldrich Chemical Co.

recrystallization
from 4A molecular si
INSTRUMENTATION.

spectrophotometer

Model 7500 professional computer for spectral enhan‘cement.

recorded on a Varian

from methanol.

Fumaric acid was purified by
Propylene glycol was fractionally distilled
eves under reduced pressure.

IR specta were recorded on a FTIR Ferkin-Elmer Model 1550

using a diffuse reflectante accessory and a Perkin-Elmer

NMR spectra were

EM360 spectrometer. Chemical shifts are reported relative




(. A

2 Me,Si. GPFC was performed :n 0.2M LiZ2r :n dimethyl formamide at a flow
rate =7 | mbL per minute with a Waters 6000A i:gu:d chromatograprh using a
i ; r ~ o : 1 - [N 7
mixed bed Jordi-Gel polystyrenesdivinyibenczene -2lumn :in <he 12 4. 10’ per-

meab:il:2v range which 135 heated %o 80°C. Thermal analysis by DSC was performed
'n a Terkin Elmer D3C-4 differential scanning calorimeter equipped with a
“*ntrol and programming unlt and a calorimetr:ic cell that allows scans from
ambilent temperatures %o 400° %5 determine *“he glass transition and melting
“amperaturaes, %the heat related *s *he during and post-.uring fprocesses, and
*he rinetics of the overail reaction. Thermograms were produced by scanning
-ne saimpies from £D to 250°C at four different scan rates (10 - 40°C-min” D).
The I celi was calibrated for temperature and heat of fusicn using indium as
s%andard. The sampie weight used was 5.0 mg. rRuns were alwavs made using an

empty sample holder as reference.

SYNTHESIS OF PPF. Ail the polymerization reactions were carried out under a

dry nitrogen atmosphere wusing various fumaric acid derivatives with one
equivalient or, in certain cases, varying excesses of prcpylene glycal. One of
the ob;ectives in the synthesis was to develop a means of controiling number
average molecular weight Mn and molecular weight distribution. Since these
parameters have a direct effect on the degradation rate of the polymer and on
1ts cross-linking properties, several methods of polycondensation were
investigated. Table 2 in the next page is a summary of the polycondensation
methods. Since Equation 3 was the most fruitful and reproducible of all the
methods, its synthesis will be degscribed in detail: The polycondensation
reaction was performed by a comonomer-feed technique in which fumaric acid was
added in portions to the reaction mixture. The apparatus for conducting the
reaction was set up as shown in Figure 1 (Page 6). At a one mole scale. 117 g

of fumaric acid was added with a powder addition funnel to a mechanically
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TABLE 2. SUMMARY OF POLYCONDENSATION METHODS

METHOD FUMARATE DERIVATIVE SOLVENT TEMPERATURE TIME CATALYST
Transesterification (fq. 2)'° Diethyl Fumarate Bulk 200°C 24 b PTsad
Acid Chloride (£q. 4) Fumaryl Chloride® Bulk 0°C 24 h None
Acid Chlcride-Semiester (Eq. 5) ﬁcamawg-n:uowmam-wo:o-mn:k_ Bulk 0°,then 200°C 24 h None

ester®
Carbodiimide (£q. 6) Fumarate Dicarbodiimide®*S THF 67°C 24 h None
Esterification (Eq. 3,7) Fumaric Acid Propylene 200°C 28 h None
Glycol
a. Synthesized by treating fuma-ic acid-mono-ethyl ester with thionyl chloride.
b. Generated in sisu from fumaric acid and dicyclohexyl carbodiimide.
c. Comonomer-feed technique used.
d. Para-toluene sulfonic acid.
a8 rr—— —pT b I —
N e i ——— *




. Distillation Assemblv
Lo Yound-Bottom Flask
S, odieating Mantle

. Variable Transtormer

Figure 1. Schematic ot Apparatus for Polvmer Svnthesis

stirrer Motor
Powder Addition Funnel

1

Jigreaux Column

0. Temperature Controller
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zvirred mixture of 730 mg of rara-toluenesulfon:ic acid and 80 mlL o: propylene
slycoi; with the stirring and temperature set at 62 rpm and .75, respective-
.y, The addition of fumar:: ac:d was at such a rate that the previcus portion
né{ the powder dissoived tefore the next psrtion was added.  When “he powder no

longer “dissolved. iidditicn wis interrupted, and the reaction temperature was

increased %Yo 153%C. The :umaric acid re-d:

ssolved, and condensate, which is
composed of water and propylene glycol, .3 distiiled over a toil:ng point
range o¢ 1229 <5 137°C.  When <he addition was completed, the powder addition

tinne. was replaced with a 2.3ss stopper, and heating was continued for (5
Lours Nithout terminating the heaving and the [l5w o! niirc2en., “Le appara-
s was reconfigured f:r s:mple vacuum distillaticon by the remcval of the
Vigreaux column arnd the graduated pressure-equilibrating add:<::n {unnel.
Wwith the stirring and temperature maintalned at 60 rpm and 1589C, respective-
iv, nitrogen flow was terminated, and vacuum (imm Hg) was appi:ed for 2 hours
to remove unreacted propylene glycol. At the end of the reaction, stirring
and heating were discontinued and vacuum was released by purging with dry
nitrogen gas. Before the raw polymer became solidified from cocling, the
stirrer motur was raised to suspena the stirrer blade above the suiiace of the
contents of the flask. When a temperature of 30°C or lower was reached, the
raw polymer was dissolved with mechanical stirring 1n methylene chloride,
treated with decolorizing charcoal, and vacuum-filtered through a Celite pad
in a medium fritted funnel. The filtrate was then shaken with 500 mL of 80%
aqueous methanol 1n a separatory funnel to extract unreacted starting
material. After the layers separated, the top layer was discarded and the
extraction was repeated with the same volume of 80% aqueous methanol. The
lower methylene chloride layer was 1solatéd, dried over anhydrous calcium

chloride and rotary evaporated. The remaining syrup was transferred into a

crystallizing dish and dried under vacuum overnight at room temperature. The
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mer itamed, aing er 24 hours under vacuum ne Tolymer was oSruzhed with
more 3 pestie nd then zstared noa Ir-cwn Tontl2 o inoa vacuum deszitasor
CROSS-LINKING OF PPF.  rosz-..n4in per:ments were fer:ormed on the puritfied

TFF <o optimize the handling properties of the putty. Zefore proceecing 1nvo
"he isvelorpment -f an ogten genls camposite, tha2 1nitiidl sbyective in Yhis
Sestidn waz o determine the optimum MiX1ng rati:s o: the initiator, the cross-
..rKind 1denv, and +he polymer. Thus. accord:ng -2 the amounts given .n Table

oA s

Sample
Number

HoOoo~~TOuUbs&a W

0

1.
2.

Poly

reroxide

TFD) was d:issoived in N-vinvi-I-pvrroli:idone (NVP).
TABL:z 2

Composition of Samples
PPFl NVP2 BPO3 Group
(ng) (uL) (mg) Number
500 12.5 5.0 II
500 25.0 5.0 II, I
500 37.5 5.0 II
500 50.0 5.0 I1, III
500 25.0 4.0 I
500 25.0 2.5 III, I
500 25.0 1.0 I
500 25.0 0 I
500 12.5 1.25 III
500 37.5 3.75 III

(propylene fumarate)
N-vinyl-2-pyrrolidone

3. Benzoyl peroxide

Group I:

Group II:

Constant NVP:PPF ratio

(5%) and variable

BPO concentration (0 to 1%).

Group III:

Constant BPO:PPF ratio (l1%) and variable
NVP concentration
Variable NVP and BPO concentrations,
but constant NVP:BPO ratio (10:1).

(2.5 to 10%).




¥hen - e BPFO was observed to be 1n sclu-:ion. -he pclvmer was added and
wechanicaliy mixed 1n%o the solution with a spatuja. When the solution was
-~mc.avely embi:bed by the polymer, *he nmixture was worked by hand into a

W

mo.danie mass. Tabie 4 is a summary of the ctservations made during the

MAXInE.

TABLE 1

Mixture Characteristics

Sample Mixingl Tacky Elastic Setting2
Yjumber Time (min) (Yes/No) {(Yes/No) Time (min)

1 5 No No <1

2 4 No N¢ <1

3 4 No No 4

4 2 Yes No 20

5 5 No No <1

b 5 No No <1

7 5 No No <1

8 5 No No <1

9 S No No <1

10 2 Yes Yes 25

1. Mixing time is the time required for the components to be

agglomerated.
2. Setting time is the time required after complete mixing to
achieve a difficultly moldable state.

1IN VITRO DEGRADATION. The unused amounts {rom the thermal analysis were
weilghed, placed in 20 mL of phosphate buffer (pH 7.2), and kept at ambient
conditions. Periodically, the samples were removed from the buffer, dabbed on
absorbent paper to rid of excess fluids, weighed, and replaced in a fresh
amount of buffer solution to continue its course of degradation before the
next weighing. Degradation and re-weighing were performed until no solid
matter can be obtained for weighing. Figures 2-4 are a summary of the data

sbtained from this portion of *the investigation.
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FIGURE 2

DEGRADATION OF GROUP I SAMPLES
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FIGURE 3. DEGRADATION OF GROUP II SAMPLES
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FIGURE 4 DEGRADATION OF GROUP I1I SAMPLES
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IN VIVO EVALUATION. Cross linked polypropylene fumarate alone and in
cambination with demineralized bone matrix(DBM) was evaluated in rats and
rabbits. At the time of surgery powdered PPF was mixed with
N~vinyl-2-pyrolidone (NVP)and benzoyl peroxide (BPO) in the ratio and mixing
time shown for sample number 4 tables 3 and 4. If the PPF mixture alone
was used the mixture was allowed to reach a non-tacky, putty-like
oonsistency before placing the mixture in a prepared bone defect in an
experimental animal. Mixtures were made in ratios of either 50:50 by
weight or 70:30 by weight of the PPF mixture to DBM. The DBM used was
prepared fram rat or rabbit bone according to Urist (17). When a PPF-IBM
mixture was used the PPF-NVP-BPO mixture was first prepared and allowed to
set for 2 to 3 minutes. The DBM was then folded into the PPF mixture until
a consistent mix was obtained. The DBM particles were in the size range of
50 to 300 microns. The setting times for the PPF mixture versus the PFF
mixture plus DBM were approximately the same (+1-2 minutes).

After achieving suitable anesthesia using sodium pentobarbital
(3-5mg/100gm of body weight,ip) 3 cranitomy defect of 2.5ma diameter were
made in the parietal bones of 36 rats. One defect remained untreated, one
defect received the PPF mixture alone and the third defect received the PPF
mixture with DBM added in a 50:50 ratio. Six animals were sacrificed at 7,
14, 21, 28, 60 and 75 days. Bone recovered from each site on each animal
was imbedded in polymethyl methacrylate and stained with goldners trichrome
stain. In every case the animal was not closed ét initial surgery until
the mixtures placed in the experimental sites resisted mild pressure with a
metal probe. It was noted that care had to be taken to minimize bleeding
during placing of the experimental mixtures. Excessive mixing with blood

tended to inhibit the setting process. Samples of freshly set mixtures of

13




PPF and PPF plus [BM were also placed in the gluteal muscle of each rat and
recovered at the time of sacrifice for a qualitative evalutation of
consistency and size.

Tissues taken at 7 to 28 days post implantation did not show an
immunogenic response. However, bone fill and implant degradation were
extremely slow. At 56 days the control defects show good bone fill with
healing nearly complete. The experimental sites show small amounts of bone
beginning to fill the defects with the site containing DBM displaying
samewnat more bone than the sites containing only the PPF mixture. At 75
days post-implantation there was still a great deal of the implant mate-
rials left in the experimental sites. The apparent lack of degradation in
vivo appears to be in agreement with the in-vitro results shown in Figure 3
for sample #4 (The sample #4 formulation was used in this study for all
implants).

There is same indication that the addition of DBM to the PPF mixture
may stimulate bone regeneration. A subsequent study done in rabbits used
implants consisting of a 70:30 mix of DBM to PPF mixture .

Ten adult male New Zealand white rabbits randomly selected were
anesthelized using xylocaine/ketamine supplemented with 1.8ml 2% lidocaine
HCL with 1:100,000 epenephrine. The hair around the inferior border of the
right and left mandiular ramis was removed with a depilatory agent and the
area scrubbed with povidone iodine. Before surgery 150,000 units of
E‘locillinR were administered intra-muscularly. An Iincision was made over
the lower end of each ramus of the mandible to expose a free, flat bone
surface. An 8mm diameter defect was made in each ramus. One side was used
as an untreated control and the other received a 70:30 mixture of DBM plus

PPF mixture prepared at the time of surgery and allowed to set to a stiff

14




putty-like consistency before insertion into the defects. Two Animals were
sacrificed at 14, 28, S6, and 112 days after implantation. Bone recovered
from.each defect site was imbedded iq polymethiyl methacrylate and stained
with Goldners trichrome stain.

Tissues taken at 14 and 28 days show good bone fill in the control
sites with approximately 50% fill at 56 days. The experimental site showed
mostly connective tissue up to 28 days post-implantation and some bone fill
at 56 days around the periphery of the defect. The central portion of the
implants looked like oatmeal and could be easily crumbled out of the defect

starting at 28 davs after implantation. At 112 days post-implantation

about 30 to 40% of the defect had bone fill with the remainders of the
defect containing dense connective tissue. Remains of the implants could

still be seen.




RESULTS AND DISCUSSION
All the procedures attempied produced the polymer, tut only the comonomer
{2ed “echnique produced *“he PPF in 1t5 usable form and was =2asily duplicated.

The polymer appears as a light yellow free ilowing powder. it 15 soluble 1n

chlorcform, methylene chlor:de, acetone, dimethylformamide, and ethyl acetate,

Sttt 15 1nsoluble 1n water and methanol. Following 1ts synthesis, ‘he polymer
was characterized by thermal, chromatographic and spectroscopic means. The

FPF zynthesized by the above procedure generally has a number-average molecu-
ar welght of 3,000. Attempts <o produce polvmerz :n 1%ts pur: form above this
molecuiar weight have proven to be difficult bSecause of viscosity and gelation
probiems. When the raction 1s observed o be gelling, stirring becomes almost
impossible and the polymer is no longer soluble for work-up. However, lower
molecular weights have been obtained by changing reaction parameters such as
temperature, time, and concentration. Figure 5 is a typical chromatogram of
the polymer. Note that the GPC curve 1s not completely symmetr:cal and that
1t 1s skewed towards the lower molecular wei1ghts. This causes th? number
average molecular weight to be lower. Continuous extraction and re-precipita-
“icn techniques have bteen attempted and have not been 3uccessful at removing
the lower molecular weights. There are preparative liquid chromatographic
techniques available, but they are not cost effective and can accept sample
loads of only a few grams.

The NMR spectrum of PPF indicates that the methyl groups of the propylene
moeity, which are the pendant groups of the polymer, are not evenly spaced
along the polymer chain. Note in the spectrum (Figure 6) that the methyl peaks
at 1.30 ppm appears as a triplet. This is the result of two doublets that are
over-lapping. In poly(d,l-lactic acid) where the methyl groups are equidistant

along the polymer chain, the NMR spectrum of this polymer shows two distinct

16




— ey ~ <
FIGURE 5
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SANMPLE POSITIOM 21 SINGLE MOUE HISP REPORT
THJECTIOH VOLUNE 9835
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16.70 266219 0.324613E4 8.112812E3 F
16.90 329886 8.344348E4 9.9580801E£2 F
17.10 305228 9.376271E4 #.811170€2 F
. 17.39 274769 9.426380E4 B.644422€£2 ¥
v 17.59 24743) B.496901E4 0.497948E2 F
( 17.78 229839 0.600287F4 8.3682081€£2 F
g 17.98 2198153 9.731771E4 0.279543E2 F
101818 192371 9.976332E4 8.196994€2 £
b0 19,30 176225 8.1317835E5 8.133721E2 F
b 18.50 160133 9. 184993E5 8.863616E1 F
y {g.76 146623 9.27B447ES B.5421S7E1 F
F

1g.9@ 131425 8. 412451E5

110-aYG  0.439808E4
HT-aUGC 0.630843E4
Z-AUG 0.139892E3
UIS-aUGC B.629963€4

UISPERSITY A.146246€E1
[HTRINSIC VISCOSITY @,629839€-2

B.318643E1
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types of methyl doublets which accounis for the two types of methvl Zroups 1in
“he syndictact:ic poiymer (14, (%) Previous NMR aralysis by Andre:z 12, 13)
1 a similar polycondensation react:ion where ma.eic¢ anhydride was poiyester:i-
‘ired with propylene glycasi confirms the NMR ciservation on PPF. Secause of

whe lack ¢f order :n the spat:ial 1nterval of the pendant methy! froups, and

emi1c mlxture, PPF cann

(o]
o
a
(2]
7]
[
3
(]
[

~hat the propyiene glycol used was a ra

0n

rrystalline structure, and thus, 1t 1s amorphous. This :s confirmed by DSC
when no glass trans:it:on temperature (Tg) was observed (Figure 7. The
acsence ¢f a T4 can also be atiributed %o part:ial cross-link:ing during the
reacticn and/or work-up. There 13 an indicaticn in the NMR srectrum that
fartial cross-linking may Se occurring because o! a .Jower-*than-expected integ-
ration of the fumarate protons at 6.8 ppm. Although 1t was expected that the
molar ratio of fumarate to propylene glycol may be less than one because of a
lower degree c¢f polymerization, the ratio calculated from the NMR spectrum
does not equate to a degree of polymerization that 13 consistent with the
molecular weight obtained by GPC.

Although the molecular weight of the polymer was low and despite 1ts
other inherent properties observed by NMR and DSC, PPF was {ound to be
processable under the conditions prescribed. As shown in Table 4 earlier, the
formulations had more or less.different handling properties. For example, 1n
the Group II samples where only the amounts of NVP used varied, an insuffi-
cient amount of the cross-linking agent resulted in a longer mixing time but
shorter secting time. In the other extreme, excess N-vinyl-2-pyrrolidone added
resulted 1n quicker agglomeration, but longer setting time. This was to be
expected because there was more liquid available to coat the particles of
polymer. The N-vinyl-2-pyrrolidone also écts as a plasticizer which would
make the composition softer with increasing concentrations. In the Group I

samples where only the amounts of BPO used varied, the trend was not as

.19
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prerounced.  In this group, there was l:ittle =r no variation in the mixing and

cetring times. Therefore, :@ would appear -l.at thase LweC time-varlabies were
more I2pendent on NVP -oncentrations. The UGroup DI zamples, where NVF to EFO
rallc was kept ccnstant but were varied :n conceniration relative uo PFF, osniy
reinisrced the apparent Zependency of *he mix1in and cetting =n NVP
A comprehens:ve thermal anaiys!s was performed on the Iormulations to
ietermine the extent :of cross-linking. Table © :n the next fage 13 a ccocmpiete

summary 2t the data cottairea from CC experimentz.  Aithough the actual curing

i the tnermceset was fonduTted av room tamperature, lata rom the fou

o]

EEREE S

{ti{fsrens heat rates -an t2 extrapoiated -5 IZ

By -
2 . . . -

-min neat rate I determine
whether curing could stiil >ccur at rcom tlemperature. :n the Group [ series,
variation in the BFO concentrations has .:.ttie elfect on the three curing
parameters (temperatures c¢f 1nitiation, peak, and completion) with the excep-
tion cof the sample wilth no BPC. The absence of an 1nitiator forces “he
mechanism of cross-linking to proceed through a different pathway because of
the iack of initiator-generated free radicals. In the Group II series, in-
creasing NVP amounts generally decreases all three curing parameters. In the
Group III series, increasing amounts of NVP and BPO has little or no effect on
the completion temperature of curing, whereas the peak and initiation tempera-
tures of curing are lowest at 10% NVP and !% BPO. In comparing the curing
times of each sample at different heat rates (Figures 8-10), Group [ samples
seem to indicate that increased BPO concentrations are not desirable because
1t was accompanied by an increase in curing times. In the Group Il sampies, a
minimum curing time was observed at 7.5% NVP. Therefore, this concentration
of NVP would be the baseline from which the development of a moldable i1mplant

would begin. The plot of the cure times of the Group 1] samples appears to be




TABLE 5. Curing Characteristics of PPF:NVP at Various Scan Rates

Sample Heating Initiation Peak Comgletion Cure Cure AH
(

Number Rate of Suring (GC) C) Range Time {cal/q)

(°c/min) (°c) °c) (sec)

132 162 72 432 50.1
143 170 73 219 43.8
146 180 88 177 50.6
150 188 88 132 40.9

136 164 444 22.2
140 170 240 42.2
144 180 177 41.4
146 182 129 40.0

130 152 384 17.7
136 167 216 25.9
140 150
144 117

127 438
128 236
134 165
136 129

129 432
135 232
140 160
142 126

127 408
137 210
140 156
142 123

127 - 354
132 210
140 147
142 98

110 240
117 160
140 88
134 78

132
140
144
148

130
134
142
146
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FIGURE 9. CURING TIME OF GROUP II SAMPLES
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FIGURE 10. CURING TIME OF GROUP III SAMPLES
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» ayorid of the Groups I and II cure time plo%s, Lyy it is more characteristic
% the Group II plot, which again 1ndicates a Zreater dependence on NVP
Toncentrations. The cure ranges plots (Figure (1) parallels the cure time
.0t since these two parameters are lnterre:ated. :n choosing the most
irsirable concentrations of NVP and BFO, one must consider the thermodynamics
~{ the c¢ross-linking reaction. The concentration of the initiator and cross-
+inking agent must be at a level such that the heat of curing 13 maximized
‘requires least energyl. By plotting the heats of curing (Figure 12) of the
~hree groups and locating a region where their heats of curing are maximized
with regard to each osther., :% would appear that “he most desirable concentra-
“:ons for NVP and BPO are 5 to 10% and 0.6 to 1.C%, repectively.

In the in vitro degradation experiments, the degradation data as
summarized in Figures 2-4 (Pages 10-12) on the three groups i1ndicate that
thermoset does not have a constant degradation rate. With the exception of
Sample 8 1n Group I, which was absent of BPO, all the samples undergo periods
of wei1ght gain and weight loss. The swelling behaviour i1s evidence of a
cross-linked system, but its absence 1n Sample 8 ddes not necessarily mean the
absence of cross-linking. When comparing samples with Group I, 1t should be
noted that only Sample 2, which had the greatest amount of BPO (1%), gained
weight during the first day. This observation supports the use of BPO in less
than 1% concentrations. It would appear that the concentration of NVP should
not be above 5% because all the samples in Group Il above thig concentration
exhibited wieght gains during the first day. However, Sample 10 in Group III,
which had 7.5% NVP and 0.75% BPO, showed neglible (<0.2%) weight increase on
the first day, which is misleading because it would subsequently gain weight
until its weight has increased by 13%. Since some of the samples would break

apart into several pieces, 1t is difficult to measure the dimensions of a

degrading sample, and thus, weighing became the obvious alternative. It
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FIGURE iz2. HEAT OF CURING OF EACH GROUP
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ippears that as a sample sweiled, 115 densi1ty decreased as evidenced by 1ts
more Ioyuyant tendency. Therefore, an 1increase 1n welght coupled by a decrease
in density translates to a greator 1increase :n volume relative to that of the
welght. Thus, the moldabie i1mplant must be formulated such that the degrada-
“1on rate would negate volume increases due to swell.ng. With this considera-
vi1on, none of the f{ormulations are 1deal tecause of either %oo rapid or
fluctuations in their degradation rate.
SCNCLUSIONS

TPF appears t> be a good candidate for developing biodegradable, moldable
mp.ant. The polymer synthetic procedure :s reproducible and efficient.
Althcugh the procedure :1s only for producing PPF at a iow molecular weight,
polymer engineering becomes a more 1mportant aspect in the development of the
moldable 1mplant because adjusting formulations 15 more facile than changing
reaction conditions. By adjusting the cross-linking agent, initiator, and
poclymer ratio, one can tailor the properties of the composite. For example,
increasing the initiator concentration, relative to the other coﬁponents,
would increase the cross-link density and decrease the distance between cross-
linked chains. This would affect the amount of water that the mixture can
absorb, and thus, 1ts degradation rate. Furthermore, the higher cross-link
density translates to a higher number of fumarate residues that have become
saturated at their carbon-carbon double bond. As a result of this saturation,
the adjacent ester linkages become deactivated towards hydrolysis. On the
other hand where the amount of cross-linking agent is increased, the result is
an increagse in the cross-link distance between the bonded polymer chains.
This allows the composite to swell to a larger extent 1n an aqueous environ-
ment. Thus, in the development of the moldable-implant, fine tuning the

balance of the components to achieve the desirable property is a more advanta-
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seous route because of its simplicity, instead of adjusting reaction
conditions to achieve the same effect. The in vivo experiments done to
date did not have a favorable outcome. The degradation rate of the PPF
mixture was too slow and apparently after a length of time the material
begins to crumble. This may be related to fluid imbibition which seems to
cause swelling of the polymer with concomitant disintegration. The tendecy
to crumble was particularly noticeable in mixtures of PPF with DBM. The
inclusion of DBM in the polymer appears to be conducive to bone ingrowth
into the implants, but the control defects which remained untreated healed
far better than the experimental defects. There does not appear to be any
significant advantage to using the PPF to fill defects that would heal if
left untreated. However, in the case of non-healing defects the PPF may
have an application . It is obvious from the in vivo work that the
degradation rate of PPF with or without added DBM must be improved. While
PPF shows potential for the applications we have intended, it has not yet

been configured into an acceptable formulation.
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