
Polymer Bulletin 50. 69-75 (2003) 
Po I y m e r Bu I I et i n 
0 Springer-Verlag 2003 

Physicochemical properties of high-molecular-weight 
poly(a,,P-malic acid) synthesized by direct polycondensation 

Tetsuto Kajiyama(m )I, Tetsushi Taguchi’, Hisatoshi Kobayashi’, Kazunori 
Kataoka”*, Junzo Tanaka’ 

Biomaterials Center, National Institute for Materials Science, 1 - 1 Namiki, Tsukuba, 
Ibaraki 305-0044, Japan 
Department of Materials Science, Graduate School of Engineering, The University of 
Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan 
e-mail: KAJIYAMA.Tetsuto@nims.go.jp, Fax +8 1-29-854-7037 

Received: 20 December 2002iRevised version: 18 February 2003/ Accepted: 22 February 2003 

1 

2 

Summary 

We studied high-molecular-weight a,P-PMA synthesized by polycondensation in 
order to find possible applications for biomaterials. Its solubility in different solvents, 
its hydrolysis and its acidity were also examined. The a,P-PMA molecular weight 
increased markedly up to 20 h and then decreased showing that the molecular weights 
for synthesized a,P-PMA depends on the reaction time. We prepared high-yield a$- 
PMA with a molecular weight of 3600 by direct polycondensation using tin(I1) 
chloride as a catalyst at 130’C for 20 hours and concluded that our method is suitable 
to synthesize higher molecular weight compounds of a,P-PMA. 

Introduction 

Poly( a-hydroxy acid) is attracting attention for use as a biodegradable polymer. 
Poly(1actic acid) (PLA), poly(glyco1ic acid) (PGA), and their copolymers are 
commercially available for medical applications [ 1-31 such as scaffolds and sutures. 
Poly(ma1ic acid) (PMA), known as the L-malic acid polymer contained in grapes and 
apples,[4] is water-soluble, biodegradable, and bioabsorbable,[5, 61 and has two 
remarkable advantages in medical applications: its easy metabolization in vivo 
through a tricarboxylic acid (TCA) cycle [7] and the presence of a modifiable pendant 
carboxylic group on the molecule that binds easily to other functional groups, leading 
to the introduction of drugs into its polymeric chain. It is thus important to develop an 
easy, high-yield way of producing this functional polyester. 
Whereas most PMA compounds are synthetic, though PMA is also available from 
natural resources [8-121. PMA is synthesized 2 ways: ring-opening polymerization 
and direct polycondensation. Many researchers have synthesized poly(P-malic acid 
benzyl ester) by polymerizing benzyl malolactonate through ring-opening 
polymerization [6, 13-17]. This polymer is difficult to synthesize, because of several 
steps involved in the reaction cycle and much time required for repeated purification. 
In contrast, direct polycondensation is possible in a 1-step reaction. It also has an 
advantage in “green” chemistry as this method uses fewer organic solvents compared 



70 

to other pol! merization such as nng-opemng pol>merization, nith nater being its onl! 
b! -product Tlns makes this method attractir e for environmental consen atlon 
Olztam et al sjnthesized a,,D-PMA with a molecular r.teight of 1900 bj  direct11 
pol! condensahon of L-inahc acid and detailed its phj sicochemical properties [ 121 
Such a ST nthesis is not > et practical because the molecular r\ eight of the s! nthesized 
pol~iner is too 101% for medical applications and its properties such as !ield are not 
sufficient enough for industnal use More basic studies are needed to establish a ma], 
of SJ nthesizing high-inolecular-1% eight PMA We prel iously in\ estigated the reaction 
conditions of a,,P-PMA (soh ents catal! sts and temperatures) bj  direct 
pol! condensation (inanuscnpt iiz preparation) These results suggested possible 
applicafions of PMA for drug delirerl, svstems (DDS) and leadmg to the two 
adr antages mentioned abor e [ 18 191 
Here, v e  present some new ii~orination on u,,D-PMA qnthesis bj  direct 
pol! condensation and detail some phj sicocheinical propemes such as acidih . 
h! droll sis rate. and solubilih 111 different soh ents 

Experimental 

.\ fatenal Y 

L-malic acid (Aldrich. Miln aukee. USA). citnc acid (Wako Chemicals. Osaka. 
Japan). &ethyl ether (Wako Chemicals). petroleum ether (Kanto Chemicals. Tok! o 
Japan). tetrah!drofuraii (THF) (Wako Chemicals). tin(I1) chloride (Wako Chemicals). 
acetone-d6 (Canibndge Isotope Laboratories. Andoh er. USA). and deuterium oxide 
(Aldrich) were purchased coininerciallj and used 1% ithout further punfication. as n ere 
other reagents 

Ilfethou'r 

H NMR spectra nere recorded on a Bruker ARX300 using TMS as the internal 
reference The inolecular neight of the obtained PMA mas estiinated in a citnc acid 
0 1M THF solution b! gel permeation chromatograph) (GPC) (apparatus Tohso 
HLC-8220GPC. column TSK Gel SuperHz2000 and SuperHL.1.000 standard 
pol! stqrenes) Pol! mer glass traisit~oii temperature (T,) mas measured b! differential 
scamng caloninetn (DSC) using a Bgaku DSC82.1.0 in air and heating at 10"C/niin 

I 

Svitlieri r of rx,,G-P,\U 

7OOH 

H O 3 - H  YH2 Tin(ll) chloride f-TLof-cbzL$ (1) 
COOH COOH 

L-malic acid uc-type unit ,&type unit 

A inivture of 0 2 in01 L-malic acid (28 g) and 0 36 w-t% Tiii(I1) chlonde (0 1 g) nas 
stirred at 1 10-140°C for 20 h in a I acuuin under a N2 stream (1 iinnHg) The resultant 
pollester mas dmolred in 150 in1 of THF solution and precipitated in a mixture of 
1.000 in1 of diethjl ether and 1.000 inl of petroleum ether H NMR (acetone-& 1 
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hppm) 5 5-5 3(d. 1 H. methjlidine uut) 3 0-2 9(d, 2 H methjleiie unit) In regard to 
the obtained poljiner. although not described as a 'H NMR result since the peak vas 
slightlj seen to be in the neighborhood of 6 6 ppm-7 0 ppm. some termnal groups are 
considered to be double bonds As vell. tie conclude that these poljmers hale 
random sequences of both a-and ,&type uiuts in the equal ratio as reported bJ Ohtani 
et a1 [ 121 . T,= 1 "C (reaction time for 20 11) 

Results and discussion 

Efject,s ojrerrctiori time 

Table 1 shows the features of c*,/-PMAs sjnthesized at 130°C such as neiglit alerage 
inolecular 1% eight (L\Ix\). number average molecular M eight molecular weight 
distnbuhon (Af\JAifn). and jield (amount of recovery) nas  found betneen 1700 
and 3600. betneen 1100 and 2000. L\f\l/A\&l betneen 1 5  and 18. and the jield 
bet\$ een 7 1 and 99% 

Table 1. Direct pohcondensatioii of L-inalic a u d  for s~ iithesiziiig crp-PMA 

Reactioii time (11) J I\\ Z K  *\ /J 6, Yield (YO) 
5 1700 1100 1 5  >99 

1 0 3200 1800 1 8  89 
15 3300 1800 1 8  75 
2oa 3600 2000 1 8  75 
25 2800 1600 1 8  71 

Molecular aeights n ere detemiied b! GPC (coluimi TSK Gel SuperI-lz400(1+ SuperHz2000 
+ SuperI-IZ2000) iii ~ i t r i c  acid 0 1 M THF solutioii usiiig pol\ stIrene as tlie standard * Talmi 
trom our prek ious stud\ (mmusLript m preparation) 

Fig 1 shoms the relationslup betueen A\f\, and reaction ume based on the results in 
Table 1 2\fTT increased markedl? to 3600 up to 20 h then decreased In t h s  reaction 
s~stein mhen the reaction tiine exceeded 20 h tlie alreadj forined pol~iiiers 
decomposed suggesting that the molecular ueiglit of u,,B-PMA did not increase even 
i i  the reaction time exceeded 20 h Fig 2 shows the relationslup betueen the jield 
and the reaction time based on Table 1 In the earl! stages of the reaction. although 
the inolecular \\eight mas 101%. the Jield mas lugh As the reacaon progressed 01 er 
time and the iiiolecular ueiglit became high. the jield graduallj decreased indicating 
that the side reactlons, such as depoly inerization and iiitramolecular deli! drauon. for 
pol> condensation reaction of L-malic acid increase n ith the reaction time 
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Fig. 1. Relationship between reaction tiine 
aiid inolecular weight. The reaction 
temperature \?-as 130°C. The molecular 
\<.eight was estimated by GPC. 

Fig. 2. Relationship betx-eeii reaction tiiiie 
aiid yield. The reaction temperature was 
130°C. The yield is equal to the amount of 
recover!’. 

Clir’omatoparn 5 of a,,&P.\k4 5 

Chroinatograms of a,P-PMA s!nthesized at different reactioii tunes (5 .  10 15. 20 and 
25 h) are shown in Fig 3 Focusing on the main peak. n e  can obsene that the peak at 
10 11 or later shoned faster retention time than that at 5 h The rapid increase In the 
molecular Neight of the main a,,BPMA fraction occurred at 5-10 h 

I 1 I 
1.1 2 0 25 

Retention time (mm) 

Figure 3. Chromatograins of s!nthesized u.,b’-PMA (column TSK Gel SuperHz4000 + 
SuperHz2000 + SuperHz2000) The elueiit contained citnc acid 
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In a previous study. we found that a,,O-PMA synthesis depended on the reaction 
temperature (manuscript in preparation) We also found that the reaction depended on 
the reaction time 

Acidrry test 

The pH of the 0 IM a,,.F-PMA solution mas 2 6. shghtlj hgher tlian tlie 2 2 reported 
bj Ohtani el a1 1171 but loner than the 3 2. reported b: Braud et a1 [20] Regardmg 
to the applicahon of a,,O-PMA to biomaterials the question reinruns 011 liov to 
iiicrease the pH to neutral 

a,,B-PMA was dissoh ed iii a 1% deutenuni oude solution We studied the lij drol! sis 
of t h s  inolecule at 37°C using 'H NMR 
It is iiiiportant to clarifi li?drolj sis at tlus temperature (37°C) because of in 7 11 o use 
When the ester coinpouiid of the pol! iner main chain R as h j  droh zed. the ineth! lidine 
signal shfis froin 5 5 ppm (*) to 3 4.5 ppin (**) as the inmi chain ester was 
decoinposed The hjdrolysis rate is estimated from the point at \nhich it becoiiies an 
dlcoliohc h) droxj I group and the groups increase using the follom ing forinula 

[ S  5 ppm rdtio] ( 3 )  
y 100 [Estei unit] [Total iiialic dLld umt] n 

[ 5  5 p p  l a t~o]  [ 4 45 ppin iatio] 

The half-life of the ester coinpound \\as 1.5 daJs. and mas 80% hydrol!zed after 30 
da! s (Fig 4) This 111 drol! SIS as faster tlian tlie ones of coininerciall! a1 ailable PLA 
[21-301. PGA 1231. and their copolj mers 123.26.3 1.321 or bacterial pol~esters. such as 
pol! (1i~ droq  but! rate) (PHB) aiid pol! (h j  drox! but! rate-co-hj d r o q i  alerate) (PHBV) 
[33.33] To inake its use iiiore attractne. a,,P-PMA should be degradable in about one 
month 
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Fig. 1. Hydrolysis of aJ-PMA at 37°C in deuteriuin oxide. 

Solubility teri 

a,,L-PMA was dissohed in sohents at a concentration of 1% to determine its 
solubilitJ Iiiterestingl!, u,,L-PMA mas iiot &ssol\ ed 111 the halogen soh ents in ahich 
pol! esters are general11 dissoh ed Its easj reaction and fabrication suggest that &us 
coinpound ma! be applicable in man! fields in addhon to biomedical materials 

Table 2. Solubilit\ of n/l-PMA 

Solvent Incubation time 
8 h  3 da\s 

I-le*dlle -- NC 
Tol~ieiie _- 
ni-cresol -- NC 
1 3-diinelho\\ benzene __  NC 
I ,  7 -dichlorobeilzene _ _  NC 
Dipheni 1 ether _ _  NC 
Dietlij 1 ether + ++ 
E t h l  acetate + NC 
Chlorofonn _ _  NC 
Methi leiie Lhlonde _ _  NC 
Ethi lene &loride _ _  NC 
THF ++ NC 
14-dioxane ++ NC 
Acetone ++ NC 
Dimetln ltonnainide ++ NC 
Dinletlit 1 sulfoude ++ NC 
Acetonitnle _ _  NC 
Ethanol ++ NC 
Methanol ++ NC 
Water ++ NC 

++ completel? dissohed. + partiallj dissohed. - swelled -- insoluble NC no 
change 



Conclusions 

We synthesized high-j-ield and high-molecular-neight a,,b-PMA. determined the 
acidity and hydrolysis rate of the a,,O-PMA solution and its solubilio- in different 
solvents. Giiren its biodegradable. bioabsorbable properties, synthesized a.,b-PMA is 
applicable in such uses as DDSs and the fabrication of scaffolds. 
AcknoMile~lgenients. We thank the staff at the Biomaterials Center, National Institute for 
Materials Science, for their invaluable advice and Dr. €1. Watanabe for his aid in preparing t h s  
paper. 
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