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The in vitro degradation of glycine-DL-lactic
acid copolymers was studied as a function
of the composition. These polydepsipep-
tides were prepared by ring-opening
copolymerization of 6-methyl-2,5-morpho-
linedione and DL-lactide. The degradation
of discs of the copolymers was performed
in a phosphate buffer at pH 7.4 and 37°C.
The decrease in molecular weight and
weight was determined until complete
weight loss had occurred. Poly(DL-lactide)
was used as a reference material. All (co)-
polymers show an immediate decrease in
molecular weight, whereas the weight re-
mains almost unchanged during a longer
period of time. Decrease in weight started

earlier as the glycine content of the co-
polymer increased. The lactic acid content
of the residual material increased during
the weight loss showing a higher solubil-
ity of polymer fragments with a relatively
high content of glycine residues. From the
hydrolysis constants it was concluded that
the degradation was best described by hy-
drolysis of ester bonds via a bulk erosion
process, autocatalyzed by the generated
carboxylic acid end groups. The rate con-
stants varied from 4-7 x 1072 (day ) for
all (co)polymers. All (co)polymers show
an increase in the molecular weight distri-
bution upon weight loss.

INTRODUCTION

During the last few decades the use of synthetic polymers for medical
devices has rapidly expanded. Currently the great potential of biodegrad-
able polymers for application in sutures, bone plates, and other surgical
fixation devices and especially drug delivery systems is widely recognized.
Biodegradable polymers should have labile bonds, which can be cleaved in
the body forming nontoxic degradation products. Several aliphatic poly-
esters™ and poly(a-amino acids)*® meet these requirements.

The extensive literature concerning the degradation of polyesters has
been reviewed by Holland et al.> After penetration of water into the poly-
mer matrix, degradation starts through a bulk hydrolysis of ester bonds and
the molecular weight decreases. Weight loss ensues when the molecular
weight of the polymer chains has sufficiently decreased.®™ In crystalline
polymers like poly(glycolic acid) (PGA), poly(L-lactic acid) (PLLA), and
poly(e-caprolactone) (PCL) degradation first occurs in the amorphous re-
gions and later in the crystalline domains.”*™ As a result during the initial
stages of degradation the crystallinity increases. The period required for
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complete degradation depends on the type of polymer, the crystallinity, the
initial molecular weight of the samples, and the glass transition tempera-
ture. Although some enzymes were found to affect the degradation of
PGA and PLLAY in vitro, an enzymatic contribution to the initial stages
of degradation of polyesters has not been observed in vivo. ™" Most authors
come to the conclusion that enzymes do not play a role in the initial degra-
dation process of polyesters in the glassy state.****! However, enzymes are
involved in the subsequent degradation of hydrolysis products formed dur-
ing the initial degradation of polymers.””

Only a few studies about the degradation of copolymers containing both
ester and amide groups were reported.”® More recently Kaetsu et al.**
studied the in vivo degradation of several sequential polydepsipeptides.
Melt pressed films of polydepsipeptides were absorbed after several weeks’
implantation in rats** and the polydepsipeptides were more readily de-
graded than the corresponding poly(a-amino acids).? Previously we
showed that the in vive and in vitro degradation behavior of some glycine/
DL-lactic acid copolymers and poly(DL-lactic acid) appeared comparable.”

In this paper we present the results of studies on the in vitro degradation
of films of nonalternating glycine/DL-lactic acid copolymers (copoly(gly-DL-
lac)). The degradation was followed by measuring the decrease of the mo-
lecular weight, the weight loss, and the changes in polymer composition as
a function of time. The degradation of the glycine/DL-lactic acid copolymers
was compared with that of poly(DL-lactic acid) (PDLA).

MATERIALS AND METHODS

Materials

Copolymers were synthesized by ring-opening polymerization of
6-methylmorpholine-2,5-dione (cyclo(Gly-DL-Lac)) and DL-lactide in the melt
at 135°C as described previously.?® Molar percentages of DL-lactide in the
feed of 50, 60, 70, 75, 80, and 90 were used. A low-molecular-weight PDLA
sample (code 100) was a gift from CCA Biochem, Gorinchem, The Nether-
lands. A high-molecular-weight PDLA sample (code DL) was prepared
using the procedure applied for the synthesis of the copolymers.®

Preparation of polymer discs

Films were made by casting solutions of the copolymers in tetrahydro-
turan (THF, 15% w/v) onto glass surfaces, which were previously treated
with a 30% v/v solution of dichlorodimethylsilane in toluene. The THF was
slowly evaporated in air at room temperature for at least 3 days and subse-
quently at 40°C for 24 hours at reduced pressure (0.01 mm Hg). The films
were then immersed in demineralized water for 2 h to exchange residual
solvent. After removal from the water, the films were dried over P,O; at re-
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duced pressure (0.0l mm Hg) for 18 h and were then cut into discs with a
diameter of 12 mm. Subsequently, the discs were dried to constant weight
at reduced pressure (0.01 mm Hg) at 40°C for at least 18 h. The average
weight of 40 discs of each series was 52 + 12,52 £ 7,52 £ 7,58 = 13,
56 + 4, 59 = 14, and 52 * 6 mg for (co)polymers 50 to 100, respectively,
and 48 + 3 mg for polymer DL. The average thicknesses of the 40 discs were
530 + 100, 470 = 40, 460 = 70, 460 = 100, 420 = 40, 430 = 120, and
380 = 40 um for (co)polymers 50 to 100, respectively, and 350 = 20 um for
polymer DL.

Degradation studies

For each (co)polymer 40 discs were used to follow the degradation as a
function of time. Each disc was weighed and placed in a vial containing
5 mL of an aqueous buffer solution (0.1M Na,HPO,/KH,PO,, pH 7.4) with
0.03 wt% sodium azide to prevent bacterial growth. The vials were placed
in a thermostatically controlled water bath at 37 = 2°C. For each (co)poly-
mer one disc was removed after a predetermined immersion time and the
pH of the remaining buffer solution was measured. When the pH was
lower than 7.3 the buffer solutions in the remaining vials containing discs of
the same (co)polymer were replaced. Using this procedure the buffer solu-
tions never reached a pH value lower than 6.9 even when the weight loss of
the polymer samples was considerable. After removal from the buffer solu-
tion the discs were washed with distilled water and dried to constant
weight over P,O; at reduced pressure (0.01 mm Hg) for at least 48 h.

The degradation of the (co)polymers was followed by measuring the
weight and the apparent molecular weight of the residual material as a
function of time. The weight loss of each disc was determined by compar-
ing the dry weight of the degraded (co)polymer with the initial weight.

The molecular weight distributions, apparent weight average (M,, ,,,) and
number average molecular weight (M, ,..) of the undissolved (co)polymer
material were determined using high-performance Gel Permeation Choma-
tography (GPC). The GPC unit consisted of a Waters model 6000 A pump
and a Waters U6K injector, four Waters mStyragel (10°, 10%, 10°, and 500 A in
pore size) columns in series and a Waters R401 differential refractometer.
Elution was performed at 25°C with a flow rate of 2.0 mL/min using THF as
eluent. The columns were calibrated with polystyrene standards having
narrow molecular weight distributions. It has to be realized that the M, ,,,
and M,, ,,, values measured depend on the composition of the molecules.
During the degradation the molecular weight of the polymers is changing
and the chemical composition may change also.

To obtain a better estimation of the real values of the initial molecular
weights of the copolymers M, . values were determined. The M, . value
of, e.g., copolymer 75 was obtained by multiplying the M, ,,, value of
copolymer 75 with the ratio M,*/M,, ,,.* determined for a copolymer with
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the same composition but a different molecular weight. the M,* value was
measured by membrane osmometry and the M, ,,.,* value was measured
by GPC.

The overall composition of partly degraded samples was determined by
'H-NMR spectroscopy. The spectra were recorded on a Nicolet 200 MHz
NMR apparatus using CDCl, as a solvent and tetramethylsilane (TMS5) as an
internal reference. The copolymers gave distinct signals for the glycine
methylene protons at § 4.0 and for the lactic acid methine protons at 8 5.1,
respectively. The composition was calculated from the methylene and
methine proton integrations.

To investigate the microstructure of the (co)polymer discs the cross sec-
tions and surfaces were examined by scanning electron microscopy (SEM)
with a JEOL JSM 35 CF scanning electron microscope. The samples were
coated with a charge conducting layer of gold using a Balzer sputter unit.

RESULTS
Degradation profiles

Table I shows that the initial molecular weights (M, ) of the copolymers
and polymer 100 are in the same order of magnitude. The apparent weight-
average molecular weight (M, ,,,), number-average molecular weight (M,, ,;;),
and the residual weight (%wt) of the (co)polymer samples as a function of
immersion time in buffer solution are shown in Figure 1. This figure shows
that for each (co)polymer the decrease of the molecular weight starts imme-
diately after immersion of the film in the buffer solution. After the start of
weight loss the M,, ., and M, ,,, values of the (co)polymers remain almost
constant (copolymers 50-80) or are even higher ((co)polymers 90, 100, and
DL) than the values of the samples measured just before weight loss.

TABLE 1
Composition and Initial Molecular Weights of the (Co)polymers

Mol Fraction of DL-Lactide

Sample M n, appa M n, ¢:alcb Mw, appa
Code In the Feed In the Copolymer (x 107 (x 107 (x 107%
50 0.50 0.55 = 0.03 0.5 3.9 1.5
60 0.60 0.64 = 0.03 1.1 2.7 3.0
70 0.70 0.74 = 0.03 2.0 3.2 4.3
75 0.75 0.78 = 0.03 2.9 4.2 54
80 0.80 0.82 = 0.03 3.8 6.5 6.7
90 0.90 0.92 £ 0.03 4.8 4.0 9.7
100 1.00 1.00 3.8 32 8.2
DL 1.00 1.00 16.7 14.2 42.6

*Apparent molecular weights were measured by GPC.
"The M, values of these samples were calculated (see degradation studies).
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Figure 1. M, ,p; (0), My, app (@), and residual weight (o) of copolymer 50 (a),
60 (b), 70 (c), 75 (d), 80 (e), 90 (f), 100 (g), and DL (h) as a function of time.

All (co)polymers show a similar pattern for the residual weight as a func-
tion of immersion time. During the first 3 days a fast, but small decrease of
the weight is observed. Thereafter the weight of the samples remains
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almost constant for a longer period. Finally a rapid decrease in weight is
seen. From Figure 1 it can be seen that the time-interval, where the weight
of the polymers remains almost constant, increases with increasing copoly-
mer lactic acid content. The rates of weight loss from 90 to 20% residual
weight have been plotted as a function of the mol fraction DL-lactide in the
(co)polymers in Figure 2. A minimum in the rate of weight loss is observed
for (co)polymers 75 and 80. Both increasing lactic acid or glycine contents
of the copolymers increases the rate of weight loss. After the beginning of
weight loss the discs started to fragment.

Molecular weight distributions

The changes in molecular weight distributions for copolymers 80 and 100
as a function of immersion time are shown in Figures 3 and 4, respectively.
Initially the molecular weight distribution of copolymer 80 is broadened. In
later stages of the degradation, the distribution is narrowed by dissolution
of low-molecular-weight fractions. The molecular weight distribution is
continuously shifted to lower molecular weights. Copolymers 50, 60, 70,
and 75 show a similar profile as copolymer 80. The distribution of poly-
mer 100 just after the start of weight loss shows two peaks. Copolymer 90
and polymer DL show similar molecular weight distribution patterns in time
as found for polymer 100.

Compositional changes

Table II represents the overall composition of copolymers 50, 60, 70, and 75
after different degradation times. The data show that the lactic acid content
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Figure 2, Rate of weight loss as a function of the mol fraction DL-lactide in
the (co)polymers.
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Figure 3. GPC of copolymer 80 after 1, 14, 28, 45, and 77 days immersion
in buffer solution.

of the residual material increases after the start of weight loss. Furthermore,
it can be observed that just before complete dissolution the remaining parts

of the films still contain glycine residues.
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Figure 4. GPC of polymer DL after 1, 7, 29, 50, 64, and 78 days immersion

in buffer solution,
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Composition and Residual Weight of the Copolymers 50, 60, 70, and 75 after
Different Degradation Times

TABLE II

HELDER, DIJKSTRA, AND FEIJEN

50 60 70 75
Time Time Time Time
(daysy F* %wt (days) F* %wt (days) F* %wt (days) F* %wt
0 77 100 0 83 100 0 87 100 0 89 100
1 78 92 1 83 95 1 87 94 1 88 94
7 77 91 7 83 92 7 86 91 7 89 92
14 81 80 14 83 92 21 87 90 24 90 90
21 87 48 31 86 62 38 92 54 59 91 64
31 89 14 45 91 29 59 92 23
38 90 2 63 94 10 73 95 12

°F is the percentage of lactic acid units in the copolymer.

SEM analysis

Scanning electron micrographs of cross sections of discs of copolymers 50
and 90, which had been immersed in buffer solution for 1 day, are shown in
Figures 5 and 6, respectively. These pictures are also representative exam-
ples for copolymers 60-80 and polymers 100 and DL, respectively. Many
small pores near the surfaces and a dense inner structure can be distin-
guished. Copolymer 50 as well as copolymers 60, 70, 75, and 80 (not shown)

15KV X200

Figure 5. SEM micrograph of the cross section of a dried disc of copoly-
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mer 50 after 1 day immersion in buffer solution.
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Figure 6. SEM micrograph of the cross section of a dried disc of copoly-
mer 90 after 1 day immersion in buffer solution.

show voids of about 100 um diameter near the surfaces. These voids are not
observed for (co)polymers 90, 100, and DL, which have a dense inner struc-
ture and small pores near the surface. After longer immersion times the
number of pores in the copolymer films had increased. This is illustrated by
the SEM picture of a cross section of a disc of copolymer 50, which had
been immersed in buffer solution for 7 days (Fig. 7). A similar behavior was
seen for the other polymers after long immersion times.

DISCUSSION

The plots of the residual weight of the discs as a function of time all ex-
hibit a period in which the weight remains constant while the molecular
weight decreases (Fig. 1). This indicates that the degradation of the glycine/
DL-lactic acid copolymers and PDLA is a bulk erosion process. The immedi-
ate decrease of the molecular weight after immersion of the (co)polymer
films indicates that water is able to penetrate rapidly into the film.

The glycine/DL-lactic acid copolymers may degrade via amide bond scission,
ester bond scission or both. Generally polyamides are quite stable under
physiological conditions.” It has also been described that the principle
mechanism of the in vivo degradation of poly(ester-amides) is the hydrolysis
of the ester bonds.” On the basis of these results we hypothesize that amide
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Figure 7. SEM micrograph of the cross section of a dried disc of copoly-
mer 50 after 7 days immersion in buffer solution.

bond cleavage is less important for.the degradation of the (co)polymers
here described.

The mechanism of the hydrolysis reaction can be analyzed by deter-
mining the molecular weight and weight of the different (co)polymers as a
function of time. Recently several investigators reported equations describ-
ing the hydrolysis of polyesters.”"*"

Pitt and Gu’ derived two expressions, one for autocatalytic hydrolysis
and one for uncatalyzed hydrolysis. For the hydrolysis autocatalyzed by the
generated carboxylic end groups (== COOH) the following equation pertains:

d[COOH]/dt = k,[COOH][ester][water] 1)
Assuming [ester] = [water] = constant and [COOH] = 1/M, gives:
ln(Mn) = ln(Mno) - kZ ot (2)

in which: M, = number average molecular weight at the start of the hydro-
lysis, k, = rate constant, and ¢ = time. The authors’ assume that the gener-
ated carboxyl acid end groups are not ionized in the hydrophobic bulk and
catalyze the hydrolysis by hydrogen bonding to ester links. However, it can
also be imagined that the carboxylic acid end groups are ionized and still
catalyze the hydrolysis.

For uncatalyzed hydrolysis Eq. (3) applies:

d[COOH]/dt = k,Jester][water] 3)
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Provided the degree of polymerization is high, [ester] and [water] may be con-
sidered as constant during the initial stages of hydrolysis. Integration gives:

1/M, = 1/M,o + k, - (4)

Mason et al.? reported that Eq. (2) was valid for the description of the
random chain scission of PDLA chains, disregarding changes in molecular
weight distributions. They derived Eq. (2) by integration of Eq. (5):

~d(M,)/dt = —k - M, (5)

Kenley et al." studied the kinetics of the random chain scission of glycolic/
lactic acid copolymer using the kinetic model derived by Inokuti.” However,
Kenley et al. confounded the weight average degree of polymerization in
the model of Inokuti for the number average degree of polymerization.

We have used the approach of Pitt and Gu’ to analyze the changes in M, ,,
during degradation of the glycine/DL-lactic acid copolymers and PDLA be-
fore the start of weight loss. Measuring the M, ,yparen: a0 M, wpparen: Values
appeared one of the few ways to obtain information about the rate of degra-
dation of the (co)polymers described in this study. As stated in the section
Materials and Methods the M, ,,, and M, ,,, values do not give the actual
molecular weights. However, as shown in Table I the apparent and calculated
values only vary by a factor <2. The rate of degradation of the (co)polymers
was determined during the period before weight loss occurs and in this
period the molecular weight distribution (M, ,,,/M,, .,p) and overall compo-
sition did not change. Using this methodology the calculated rates of degra-
dation may not be absolute, but an impression of the order of magnitude is
given. Finally, only copolymers which do not differ to a large extent in their
compositions are compared.

Figure 8 shows a plot of In(M,, ,,,) versus immersion time for (co)poly-
mers 50, 70, 80, and DL, according to autocatalytic hydrolysis (Eq. (2)).
Figure 9 gives a plot of 1/M,, ,,, versus the immersion time for the same
(co)polymers based on uncatalyzed hydrolysis (Eq. (4)). In order to decide
which mechanism is more appropriate the data of Figures 8 and 9 were
compared by measuring the correlation coefficients (Table IIT). From Table III
it appears that the changes in M, ,,,, of the glycine/DL-lactic acid copolymers
in time are more consistent with an autocatalytic hydrolysis process.

The rate constants k, (Eq. (2)) for the different copolymers are in the same
order of magnitude. These data confirm the earlier hypothesis that hydrolysis
of the glycine/DL-lactic acid copolymers occurs mainly by ester bond scission.

Pitt et al.” determined the rate constants for the autocatalytic degradation
of melt-pressed films of several polyesters in buffer at pH 7.4. They found
values of the rate constants of 1.8 X 10 day ™" for PCL and PLLA and 2.9 X
107 day ' for a 3/7 glycolic/t-lactic acid copolymer. The rate constants of
the hydrolysis of glycine/DL-lactic acid copolymers (5-7 x 1072 day ™) are
higher probably due to the absence of crystallinity in the polydepsipep-
tides. This is supported by the finding that the hydrolysis constants of
PDLA films with molecular Welghts of 3.2 X 10* and 14.2 x 10* were 4 X
102 day ™" and 5 x 107> day ', respectively.
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Figure 8. Plot of In{(M,, .,p) as a function of immersion time (consistent with
Eq. (2)) for (co)polymers 50, 70, 80, and DL.

The GPC patterns of (co)polymers 90, 100 and DL became bimodal just be-
fore the start of weight loss (Fig. 4). Recently Ming et al.* reported that the
GPC patterns of polymer plates of glycolic/L-lactic acid copolymers and
PLLA also became bimodal after several weeks in vitro degradation. The
molecular weight of the central part of the plates were much lower than at
the surface. These authors assigned this feature to the fact that the degrada-
tion is acid-catalyzed and controlled by ion-exchange at the surface. Acidic
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Figure 9. Plot of 1/M,, . as a function of immersion time (consistent with
Eq. (4)) for (co)polymers 50, 70, 80, and DL.
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TABLE III
Slopes and Correlation Coefficients of the Plots of In(M, ,;;) and 1/M, ,,, vs. Time
Consistent with Eq. (2) and (4), Respectively

Autocatalytic Hydrolysis Uncatalyzed Hydrolysis
Code Slope = k, (x 10?, day™") r Slope = k, (x 107%, day™) r
50 5 0.93 12 0.94
60 7 0.98 9 0.98
70 6 0.99 7 0.99
75 5 0.99 4 0.96
80 7 0.98 7 0.90
90 5 0.98 3 0.95
100 5 0.99 6 0.90
DL 4 0.99 2 0.86

polymeric fragments, which are formed inside the polymer mass cannot
escape before their molecular weight and solubility become such that sol-
uble low-molecular-weight species can diffuse to the aqueous surround-
ing medium. This may also explain the bimodal GPC pattern of the films of
(co)polymers 90, 100, and DL, which have a dense inner structure (Fig. 6).
The transport of the acidic polymeric fragments to the surrounding medium
is more facile in the glycine/DL-lactic acid copolymers, which contain voids
(Fig. 5) and show an increasing porosity during the degradation (Fig. 7).

The weight loss during the first few days is probably due to loss of re-
sidual solvent (THF), which is still present even after the extensive drying
procedure.” The presence of residual solvent was confirmed by NMR spec-
troscopy. The retention of a few percent of solvent is a general feature for
solvent-cast polymer films. The only way of eliminating retained solvent is
heating the polymer films above the melting point.”

Although the hydrolysis constants and initial molecular weights are com-
parable for the different copolymers, weight loss was found to occur sooner
for copolymers with a higher content of glycine units (Fig. 1). This can be
explained by the higher solubility of the fractions rich in glycine residues,
which have a more hydrophylic character as compared to fractions contain-
ing a low percentage of glycine units. Further evidence was obtained from
the NMR analysis of the composition of partly degraded copolymers (Table II)
showing that residual material contains relatively more DL-lactic acid, which
is caused by early dissolution of low molecular weight fractions rich in
glycine units.

The rate of weight loss for different (co)polymers appears to be dependent
on the composition and shows a minimum for copolymers containing a mol
fraction of DL-lactide units of 0.7-0.8 (Fig. 2). The differences in the rates of
dissolution of the (co)polymers can be explained as follows. In the course
of the degradation of polymers 100 and DL, the molecular weight distribu-
tions gradually shift to lower molecular weights. Apparently at this stage a
few more chain scissions are sufficient to solubilize all the material. Copoly-
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mer 90 containing less that 5% glycine units shows a degradation behavior
very similar to PDLA. For copolymers 75 and 80 the low-molecular-weight
fractions rich in glycine units become much earlier soluble than the frac-
tions rich in lactic acid units due to the higher solubility of the glycine rich
fractions. For the copolymers containing a higher percentage of glycine
residues than copolymers 75 and 80 the differences in composition in the
fractions will be less pronounced.

CONCLUSIONS

The in vitro degradation of glycine/DL-lactic acid copolymers and poly(DL-
lactic acid) is best described by hydrolysis, autocatalyzed by the generated
carboxylic end groups. It was shown that the hydrolysis rate constants are
in the same order of magnitude. This implies that only ester bond scission
occurs and that the rate of hydrolysis is not significantly influenced by the
composition of the copolymer. Copolymers containing a high glycine con-
tent show weight loss at an earlier stage than copolymers with a low glycine
content. After the start of weight loss; the lactic acid content in the remain-
ing material increases in time indicating early dissolution of fragments rich
in glycine residues. The rate of weight loss shows a minimum for copoly-
mers containing 20-25% (Gly-DL-Lac) residues. The differences in degrada-
tion times must be ascribed to the higher solubility of the fractions rich in
glycine units.
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