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Abstract 

Poly( L-lactide) (PLLA), poly( D.L-lactide) (PDLLA). poly( 1.5-dioxepan-2-one) (PDXO) and six different types 
of copolymers of L-LA-DXO and D,L-LA-DXO (80:20, 50:50 and 20:80) were hydrolysed in vitro in phosphate 
buffer (pH 7.4) at 37°C for periods of up to 20 months and the degradation products were identified by headspace 
gas chromatography-ion trap mass spectrometry. A suitable method to identify the decarboxylic acids and hydroxy 
acids formed was developed using derivatization with N-terr.-butyldimethylsilyl-N-methyltrifluoroacetamide re- 
agent. The derivatives gave a single chromatographic peak with no tailing in the mass spectra. The main products 

identified in the in vitro buffers are lactic acid and 2-hydroxyethoxypropionic acid, which are the linear forms of the 
monomers D,L- or L-lactide and 1,5-dioxepan-2-one. The amount of degradation products formed depends on the 
copolymer composition and the degradation time. 

1. Introduction 

The detection and identification of low-molec- 
ular-mass compounds formed in aged inert and 
degradable polymers are means of determining 
the interaction of polymers with the environ- 
ment. By headspace gas chromatography-mass 
spectrometric Hs-GC-MS, GC-MS and LC 
techniques, different natural and synthetic poly- 
mers have been studied. Natural polyhydroxy- 
alkanoates are interesting polymeric materials 
for application in packaging and in biomedical 
materials and considerable research efforts are 
being made to explore their characteristics and 
long-term properties mainly due to their source, 

* Corresponding author, 

0021-Y)673iY4:$07.c)0 0 IY9-1 Elscvier Science R V. All rights 
SSDI 0021-~673( 94 )OOX.SY-o 

a renewable carbon source in contrast to the 

traditional qil-based bulk polymers. Alkaline 
hydrolysis products of poly( /3-hydroxybutyrate) 
(PHB) and poly(P-hydroxybutyrate-co-P_hy- 

droxyvalerate) (PHB/PHV) have been detected 
using LC [l]. Monomers, oiigomers and some of 

their derivatives, mainly produced by dehydra- 

tion at the OH terminus, were present in the 
hydrolysed samples. In thermally oxidized PHB 
samples the amount of crotonic acid formed 

increases as the molecular mass decreases [Z]. 
In another study of thermally oxidized inert 

low-density polyethylene (LDPE), we identified 

hydrocarbons, ketones, aldehydes and alcohols 
in various amounts and patterns [3]. Degradable 
polymers using PE as the matrix and different 

additives promoting degradation are also materi- 

reserx.ed 
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als under study in our department [4]. LDPE 
with corn starch and a pro-oxidant is one formu- 
lation which gives an increased susceptibility to 

photo-oxidation and thermolysis and also to 
biodegradation. Using GC-MS we have ana- 
lysed the subsequent degradation products 
formed after photo-oxidation, thermolysis and 

biodegradation of the samples [5-71. Inert 
LDPE was degraded in an accelerated environ- 
ment (water at 95”C), resulting in the formation 

of 2-butanol, propionic acid, 1-pentanol, butyric 
acid, valeric acid, caproic acid, n-octane, n- 
nonane , n-decane, n-dodecane, n- tridecane and 
n-tetradecane as monitored by GC-MS [8]. 
Similar types of compounds (butane, ethanol, 
pentane, formic acid, butanal, 2-butanone, l- 

butanol, 3-hexanone and higher alkanes) were 
also identified in LDPE containing starch filler 

[51. 
Environmental interaction was also demon- 

strated in connection with the “sick building” 
syndrome, where we discovered a problem ex- 

perienced in connection with the use of self- 
levelling floor-covering material [9]. The bad 
odour was related to emission of volatile mono-, 

di- and polyamines formed during putrefactive 
degradation of casein, a natural polymer present 
in floor covering material [ 101. GC and LC 

techniques were adapted to this special applica- 
tion, resulting in detection of ppm-ppb levels of 
amines and organic acids in the degraded casein- 

containing concrete [9-111. 
Many synthetic polymers used inside the body 

are subject to biodegradation (generally a simple 
hydrolysis reaction). In many instances these 
polymers are deliberately designed to be degrad- 

able to meet specific end-uses. Aliphatic polyes- 
ters are the largest group of biodegradable 
polymers, and poly(lactic acid) (PLA) and poly- 

(glycolic acid) (PGA) are the most widely 
studied of these synthetic biodegradable poly- 
mers. The PLAs have been investigated for 
controlled-release devices [ 121, degradable su- 

tures [ 131, absorbable fibres [ 131 and implants for 
bone fixation [ 141. There is also increasing inter- 
est in using PLA for disposable packages and 

table-ware and techniques are under develop- 
ment to produce PLA from renewable resources. 

High-molecular-mass PLA is normally ob- 

tained by ring-opening polymerization of the 

lactide monomer. The polymer stereochemistry 
is controlled by the original lactide stereochem- 
istry. The resulting stereopolymer has widely 

different physical characteristics, e.g. poly(L-lac- 
tide) (PLLA) is a semicrystalline polymer with a 
glass transition temperature (T,) of 67”C, while 
poly (DL-lactide) (PDLLA) is amorphous (T, = 
58°C). High-molecular-mass copolymers of gly- 
colic and lactic acid have T, values above body 

temperature [15] and usually a crystalline charac- 
ter with little elasticity. 

Copolymerization of lactide with monomers 
with different values of T, and crystallinity 
creates opportunities for designing polymers with 
widely different properties. One interesting 

monomer is 1,5-dioxepan-2-one, synthesized by 
Albertsson and co-workers 116,171 in ongoing 
studies focused round the design of new mono- 

mers used in ring-opening polymerization for 
creating degradable biomedical materials. 1,5- 
Dioxepan-2-one (DXO) copolymerized with lac- 

tide yields materials with an amorphous charac- 
ter and interesting properties for new degradable 

biomedical polymers [ 181. 
The aliphatic polyesters all belong to a group 

with hydrolytically unstable linear aliphatic ester 
bonds which is very useful for in vivo degra- 

dation in the body. From the literature it is 
difficult to determine the precise mechanism of 

degradation of polyesters in the body. It has 
been proposed that chain scission occurs through 
simple hydrolysis, although the presence of cat- 
ions or anions and also enzymes may influence 
the kinetics [19]. The kinetics of chain scission 
are indicative of an autocatalytic process in 

which the carboxylic acid and groups generated 
by ester hydrolysis participate in the transition 
state. Water preferentially penetrates the amor- 

phous parts, but crystalline domains are also 
affected [20]. 

The increased use of polyesters in a variety of 

implant devices and drug-release systems has 
resulted in the need to develop analytical meth- 
ods to identify the degradation products. All 

implants cause a foreign body reaction due to the 
surgical trauma and most often also due to 
differences in mechanical properties in compari- 

son with the tissue surrounding the implant. For 
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degradable polymers, especially those with short 
service times, leakage of degradation products 
may be significant and contribute to the local 

tissue response at the implantation site. 
The objective of this work was to find suitable 

methods to identify low-molecular-mass com- 

pounds formed by hydrolysis of new degradable 
biomedical polymers. Degradable homopolymers 
of 1,5-dioxepan-2-one (DXO), L-dilactide, D,L- 

dilactide and DXO-LLA and DXO-DLLA co- 
polymers were made by ring-opening polymeri- 

zation and subsequently hydrolysed in vitro. The 

degradation products were identified by Hs-GC 
with detection by ion trap mass spectrometry 
(ITD-MS). Molecular mass changes were moni- 
tored by size-exclusion chromatography (SEC). 

2. Experimental 

2.1. Polymerization and copolymer 
compositions 

Simplified reactions for the formation and 
subsequent hydrolysis of (a) PDXO, (b) PLA 
and (c) the hydrolysis of LA-DXO copolymer 
are shown in Fig. 1. PLLA, PDLLA, PDXO and 

three different compositions of both L-LA-DXO 

1, S-DIOXCPIN-2-ONE 

(DXO) 

and D,L-LA-DXO copolymers were hydrolysed 
in vitro. The copolymer compositions (molar 

ratios) were 80:20, SO:50 and 20:80 LA:DXO in 
both instances. All the polymers were synthe- 
sized by ring-opening polymerization. The de- 

tailed synthesis and characterization of these 
polymers have been described previously [21,22]. 

2.2. In vitro degradation 

In vitro degradation was performed in phos- 

phate buffer at 37°C and pH 7.4 using melt- 
pressed films of 0.5 mm thickness. Circular discs 
with a diameter of 13 mm were punched from 
the films. The discs were immersed in serum 
bottles with 20 ml of phosphate buffer consisting 

of 7.57 g of Na,HPO,, 1.61 g of NaH,PO, and 

4.4 g of NaCl in 1000 ml of water. The buffer 
was filtered (0.46 pm) before use. Aliquots were 
withdrawn after different periods of time and 

subsequently analysed. 

2.3. Solvent extraction and TBDMS 
derivatization 

lLlTBSTFA (N - tert. - butyldimethylsilyl - N- 

methyltrifluoroacetamide) (98%; Aldrich), iso- 
octane (99%; Aldrich), diethyl ether (99.9%; 
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Fig. I. Reactions for formation of aliphatic polyesters and tentative hydrolysis. (a) PLA; (b) PDXO; (c) PDXO-PLA. 
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Merck) and chloroform (Y9.0-99.4%, Riedel-de 
Ha&) were used as received. Acidified (pH 2-3) 
in vitro buffer solutions were extracted three 

times with diethyl ether (analytical-reagent 
grade). The extracts were combined and evapo- 
rated with a stream of nitrogen. The derivatiza- 

tion reactions were carried out in 4-ml glass vials 
with PTFE-lined plastic screw-caps. MTBSTFA 
was added to the dry residue from solvent 

extraction and the solution was diluted with 0.1 
ml of isooctane. When too little reagent was 
used, one of the reagent peaks was missing in the 

chromatograrns and the unreacted acid was re- 
tained in the column. By injecting mixture of 
isooctane and MTBSTFA it was possible to elute 

the retained acids. Therefore, the influence of 
the amount of reagent and the reaction tempera- 
ture and time were studied and optimum con- 

ditions were found to be 20 ~1 of MTBSTFA 
with reaction at 60°C for 30 min. After de- 
rivatization the samples were stored in a re- 
frigerator or injected directly into the GC sys- 
tem. Fig. 2 shows the formation of tert.-butyl- 
dimethylsilyl (TBDMS) derivatives of acids and 

alcohols with MTBSTFA reagent. 

2.4. Gas chromatography -mass spectrometry 

The gas chromatograph used was a Perkin- 
Elmer Model 8500 with a split-splitless injector. 

It was connected to a Perkin-Elmer ITD mass 
spectrometer with the ITD 4.10 data handling 
program (Finnegan), The gas chromatograph 

Table I 

Operating conditions for ITD 

Mass range 

Seconds per scan 

Multiplier voltage 

Transfer temperature 

Peak threshold 

Mass defect 

Scan mode 

20-500 

1.0 

16OOv 

250°C 

1 

30 mmu/ 100 amu 

Full 

was equipped with a WCOT fused-silica CP-Sil- 
43 CB or CP-Sil-19 CB capillary column from 
Chrompack (25 m x 0.32 mm I.D.). Helium was 
used as the carrier gas. Samples were introduced 
in the splitless injection mode at 250°C. The 
oven temperature was initially held at 40°C for 1 
min, programmed to 200°C at lO”C/min and 

then held at 200°C for 8 min. The operating 
conditions for ITD are given in Table 1. All 
TBDMS derivatives were separated in the CP- 
Sil-15 CB column. 

2.5. Headspace gas chromatography-mass 
spectrometry 

The above equipment was connected to a 
Perkin-Elmer HS 101 headspace autosampler 
and a WCOT fused-silica CP-Sil-19 CB column 
from Chrompack (25 m x 0.32 mm I.D.). Sam- 
ples were thermostated at 90°C for 12 min. The 
oven temperature was held at 40°C for 1 min, 
then programmed to 200°C at 10”Clmin and held 

HO-R-C-OH + 
2 CF iv:’ 

3 -C - CH, 

I 1 
CH, CH, CH, 

MTBSTFA 

CH, CH, 

I I i YH3 YH3 
* CH,- C- Si- O-R- C- 0 -Si-C- CH, 

I I I 1 
CH, CHa CH, -3 

Fig. 2. Derivatization of acids and alcohols with MTBSTFA. 
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there for 8 min. The operating conditions for 
ITD are given in Table 1. 

2.6. SEC analysis 

SEC was used for monitoring molecular mass 
changes in the residual polymer. The measure- 
ments were made at 30°C with five PStyragel 
columns (105, 104. 5000, 1000, 100 A). A Waters 

Model 510 instrument Waters Model 410 with a 
refractive index detector and tetrahydrofuran 

(THF) as solvent at a flow rate of 1.0 ml/min 
was used. Polystyrene standards were used for 
calibration. 

3. Results and discussion 

3.1. Development of analysis 

Two different type of columns were tested 
(CP-Sil-43 CB and CP-Sil-19 CB) in the Hs-GC- 
MS analysis. The capacity to separate polar 

compounds was higher with the latter column. 
Using the CP-Sil-43 CB column no degradation 
products were detected in the extract from the in 

vitro solutions. CP-Sil-19 CB was better but part 
of the polar compounds were retained in the 
columns and peak tailing was observed for the 
remaining compounds. It can also be expected 
that underivatized compounds of low concen- 
trations would be absorbed in the injection port 

line or in the column. Aliquots from the in vitro 
solutions were therefore derivatized in order to 
improve the separation and to avoid retention in 

the GC system. 
N - tert. - Butyldimethylsilyl - N - methyltrifluoro- 

acetamide (MTBSTFA) was chosen because it 

can be applied to all components with proton 
donor capacity (e.g.. decarboxylic acids and 
hydroxy acids) and the subsequent tert.-butyl- 
dimethylsilyl (TBDMS) derivatives have high 
hydrolytic stability and superior GC and MS 

properties 123-251. 
A single chromatographic peak with no tailing 

was usually obtained for TBDMS derivatives 
separated in the CP-Sil-19 CB column. It is 
typical of mass spectra of TBDMS derivatives 

that the molecular ions and [M-15]’ ions are 
absent or of low intensity. The characteristic 
[M-57] + ions, due to the loss of a tert.-butyl 
group, are, however, very intense, and thus 
permitted the easy identification of acids. The 
ion at m/z 73 corresponding to (CH3),Si+ is of 
high intensity, as is expected for the bis-TBDMS 

derivatives of dicarboxylic acids and hydroxy 
acids. Other prominent ions were observed at 
m/z 75, 115, 147 and 189, corresponding 

to HO’ = Si(CH,),, KCH,),CI(CH,),Si+ 9 
(CH,),SiO+=Si(CH,) and [(CH,),CI(CH,), 
SIC>’ = Si(CH,),, resbectively. All the deriva- 

tives are stable for at least 3 months, as shown 
when freshly derivatized standards were com- 
pared with those kept in a refrigerator for that 

time. GC and MS data are summarized in Table 
2. 

3.2. In vitro degradation 

Immediately after placing the amorphous 
PLA-PDXO polymer in the in vitro phosphate 
buffer, absorption of water could be observed as 
the transparent appearance of the samples 

changed to opaque. PLA-PDXO (2O:SO) also 
changed its shape, whereas PLA-PDXO (80:20) 
showed a smaller water uptake and very small 

changes in dimension, which can be attributed to 
the higher crystallinity of this copolymer. 

Fig. 3 shows the Hs-GC-MS of derivatized 

degradation products of PDXO hydrolysed for 
three different periods of time. Prolonged degra- 
dation leads to a continuous increase in the 

amount 2-hydroxyethoxypropanoic acid formed. 
The monomer DXO was also identified in the in 
vitro solutions of PDXO. The amount of DXO 

is, however, the same irrespective of the degra- 
dation time and hence this DXO is a residual 
mo.nomer originating from the polymerization. 

For biomedical application the amount of re- 
sidual compounds must be minimized by careful 
purification steps, otherwise the in vivo behav- 

iour will be affected. In the chromatograms 
unidentified peaks also appear, and the amounts 
of these products tend to increase with the 

exposure time, which is an indication that these 
are degradation products of the polymer, or 



Table 2 
Retention times and prominent ions from the mass spectra of 
leaf.-buty~dimethyt (TDMS) derivatives of lactic acid, dimer 
of lactic acid and 2-hydroxyethoxypropanoic acid. 

Compound Retention m/r Relative Fragment 
time (min) intensity 

(%) 

Lactic acid 12.4 
(43 cEqa 

Dimer of 17.5 
lactic acid (43 CB)a 

Z-Hydroxy- 
ethoxy- 

propanoic 

acid 

18.0 
(43 CBja 

17.4 
(19 CB)” 

318 
303 
‘51 
233 
189 
147 
133 
75 
73 

380 
375 
333 
285 
261 
159 
103 
75 
73 

362 
347 
305 
187 
159 
103 
99 
8Y 
75 
73 

5 

72 

71 
38 
99 
24 
22 

f QO 

10 
100 
51 
69 
x3 
68 
43 
83 

8 

92 

60 

40 
48 
41 
78 
21 

I&I 

M 
M- 15 
M- 57 

M 
M- 15 
M - 57 

M 
M- I.5 
M-57 

a CP-Sil-43 CB or CP-nil-19 CB coiumn. 

products of further reaction of the initial degra- 
dation products. 

Fig. 4 shows GC-MS analyses of PLLA and 
LLA-DXO copolymers hydrolysed for 20 

months. Lactic acid and 2_hydruxyethoxy- 
propanoic acid were identified. In the SO:50 
composition the dilactide was also identified, 

which is the dimer of the lactic acid. 
The molecular mass decrease of the samples 

starts as soon as they are incubated in the in 

vitro solution [26]. Table 3 gives the initial and 

final molecular masses [M,) after 20 months for 

I 
1 1 I , 3 i 

-1 

600 700 600 900 loo0 1100 1200 
lOXI 11:41 13:21 15:Ol 16:41 16:21 2o:Ol 

Fig. 3. Hs-GC-MS analysis of degradation products of 
PDXO. Polymers were hydrolysed in phosphate buffer (pH 
7.4) at 37°C for (a) 7, (b) I3 and (c) 27 weeks. S= system 
peak: TBDMS derivatives of (2) 2-hydro~ye~hox~ropano~c 
acid and (4) DXO. Upper scale: scan; lower scale: time in 
minx 

- 
1 I I I 1 

xl 700 800 900 1ooo 1100 121 
:Ol 11:41 13:21 15:01 16:41 x8:21 20: 

Fig. 4. CC-MS of degradation products of (a) PLLA and 
(b)-(d f L-LA-DXO copolymers with molar ratios (b) 80:20, 
(c) 5O:SO and [d) 20:8cI. Samples were hydroiysed in phos- 
phate buffer (pH 7.4) at 37°C for 20 months. S = system 
peak; TBDMS derivatives of (1) lactic acid, (2) Z-hydroxy- 
ethoxyaropanoic acid and (3) dilactide. Upper scale: scan: 

.1 ’ 
_ , . - 

Lower scale: time in min:s. 
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Table 3 
Molecular masses (M,) of copolymers of (D), L-LA and 
DXO before and after 20 months of hydrolysis in vitro 

Copolymer Composition M, Wmol) 

Initial Final 

PLLA-PDXO 80:20 68000 7OQO 
so:50 70 500 1300 
2O:SO 76000 23 000 

PDLLA-PDXO 8020 68 loo 7001) 
50:50 66 700 Iloo 
20: 80 70 300 20 000 

the PLLA-PDXO and PDLLA-PDXO copoly- 
mers as obtained by SEC analysis. The amount 
of L-LA influences the molecular mass changes; 
thus the molecular mass of the 80:2O PLLA- 
PDXO decreased from 68 000 to 7000 after 
exposure fur 2U months whereas that of the 2ff:80 
copolymer decreased from 76 000 to 23 UOO dur- 
ing the same period. Many aliphatic polyester 
show a phenomenon where the initial degra- 
dation is slow, indicating a bulk hydrolysis where 
the induction period is associated with a Iack of 
significant mass loss. This induction period has 
been observed to range from 5 to 9 weeks 
depending on the composition of the copolymer 
[18]. This mass loss behaviour occurs simulta- 
neousIy with a broadening of the molecular mass 
distributiofl (MMD). This can be explained by 
an initial chain cleavage after water absorption, 
which produces shorter chains and broadens the 
MMD. When the molecular masses of the chain 
are sufficiently small, the oligomers can diffuse 
through the bulk and dissolve, causing mass loss. 

Fig. 5 shows GC-MS of hydrolysed PDLLA 
and the copolymer of DLLA with DXO. The 
same type of products could be identified as in 
Fig. 4, although the absence af a dilactide (the 
dimer) for the 50150 DLLA-DXO copolymer 
must be noted, 

The same type of behaviour with maximum 
lactic acid formed in the 50:50 copolymer can be 
observed for both PLLA-PDXO and PDLLA- 
PDXO (Figs. 4c and SC). The molecular mass 
changes in the PDLLA-PDXO are generally 

P 

1o:ot 11:41 1321 IS:01 16:41 l&21 2om 

Fig. 5. CC-MS af degradation products of (a) PDLLA and 
(b)-(d) D,L-LA-DXU with molar ratios of (b) 80:2O, (c) 
SO:50 and (d) 20~80. Samples were hydrolysed in phosphate 
buffer (pH 7.4) at 37°C for 20 months. S= system peak; 
TBDMS derivatives of (1) lactic acid and (2) Z-hydroxy- 
ethoxypropanoic acid. Upper scale: scan; lower scale: time in 
min:s. 

larger than those observed in the PLLA-PDXO 
samples, although the same induction period was 
experienced [26]. Mass spectra for the lactic 
acid, dilactic acid and 2-hydroxyethoxypropanoic 
acid are shown in Fig. 6. 

The pH of the buffer solutions was monitored 
continuously and a constant pH was observed 
during the first 2 weeks in all samples. The 
rapidly degrading lactide-rich copolymers pro- 
duced acidic degradation products, in excess of 
the buffer capacity, and lowered the pH to 6+4 
for the 80:20 PDLLA-PDXO, which is the 
largest ptf change observed. The pH change 
correlates well with the molecular mass changes 
and the total amount of degradation products in 
the most degraded p,L-LA-rich copolymer. 

The higher the content uf tactic acid units in 
the copolymer, the faster is the degradation. Pitt 
and Gu [27] investigated the kinetics of the 
hydrolysis and derived two equations based on 
uncatalysed and autocatalysed hydrolysis. Al- 
bertsson and Liifgren 1181 showed that the co- 



:I) 

73 147 
233 251 

303 
N.---r-*-‘1 

(2) 73 305 

Fig. 6. Mass spectra of TBDMS derivatives of (1) lactic acid, 
(2) 2-hydraxyethoxypropanaic acid and (3) dilactic acid. 
Scale: m/s. 

polymers with a high content of t-LA have 
almost identical fits to both models, whereas for 
the 50:5Q and 2O:SO PLLA-PDXO and PDLLA- 
PDXO the uncatalysed mechanism fits slightly 
better. Fig. 7 shows the hydrolysis mechanism 
for the two copolymers, The degradation prod- 
ucts of the copolymers as identified by GC-MS 

are consistent with the ester hydrolysis mecha- 
nism, although deviations were observed in the 
chromatograms. 

The in viva reaction to biomedical implants is 
a major issue determining the usability of the 
materials. A significant difference in tissue re- 
sponse has been demonstrated between the semi- 
crystalline L-LA-DXO copolymer and the amor- 
phous D,L-LA-DXU copolymer. The amorphous 
D,L-LA-DXO (7723) degraded at a fastster rate, 
causing a less pronounced foreign body reaction 
than the corresponding L-LA-DXO (80:20) [28]. 
This investigation provides a means to predict 
the long-term properties of the degradable bio- 
medical homo- and copolymers as manifested by 
the type of degradation products formed and a 
starting point for the discussion of in vivo re- 
actions to new biomedical degradable polyesters. 

4, Conelusiuns 

Hs-GC-MS and GC-MS techniques were 
developed that allow the identification of hy- 
drolysis products of new degradable biomedical 
aliphatic po,lyesters. By Hs-GC-MS, N-W&- 

LA/DXO Copolymer 

Fig. 7. Hydrolysis mechanism of PLLA-PDXO copolymer. 
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butyldimethylsilyl-N-methyltrifluoroacetamide 
derivatives were demonstrated to give a single 
chromatographic peak with no tailing when sepa- 
rated in a CP-Sil-19 CB column. This method 
proved to be suitable for the separation and 
identification of the highly polar degradation 

products of homo- and copolymers of L- or D,L- 
lactide and 1,5-dioxepan-2-one. The main prod- 
ucts formed in amounts depending on composi- 
tion and degradation time were lactic acid and 
2-hydroxyethoxypropionic acid. We could also 
demonstrate a higher amount of lactic acid 
formed in the 50:50 copolymers of PLLA- 
PDXO and PDLLA-PDXO than in the 80:20 
copolymers. 
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