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ABSTRACT: Novel maleic anhydride (MAH), ethylene
glycol oligomer-modified poly(D,L-lactide acid) (PEMLA),
and crosslinked-PEMLA were synthesized via a series of
chemical bulk modification. Briefly, MAH copolymerized
with ethylene oligomer [EGO (including EG, PEG200,
PEG400)] to give the PEMA; thereafter, D,L-lactide (DLLA)
and prepolymers (PEMA) copolymerized to produce the
PEMLA; at last, the crosslinked-PEMLA was synthesized
by free radical reaction of the PEMLA. The characteriza-
tion of PEMLA and crosslinked-PEMLA showed that the
introduction of hydrophilic group AOA and ACH¼¼CHA
increased the flexibility and hydrophilicity of PDLLA.

Moreover, the degradation of PEMLA and crosslinked-
PEMLA were determined by molar weight changes and
weight loss rate, and a special method, analysis of degra-
dation positions via 1H-NMR, which indicated that the
PEMLA and crosslinked-PEMLA have nice degradation,
and the change of content of MAH, EGO can regulate the
degradation rate of PDLLA. VC 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 118: 3460–3470, 2010
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INTRODUCTION

Poly(lactic acid) (PLA) is a well-known FDA-
approved biodegradable material.1,2 It has been
widely used as surgical sutures, scaffolds, and drug
delivery carriers for drug-controlled release.1–5 How-
ever, when it was used as a drug delivery carrier for
bone morphogenetic protein (BMP), poly(lactic acid)
(PLA) has such disadvantages as high brittleness
and low release rate due to its strong hydrophobicity
and thus slow degradation rate the weak hydrophi-
licity.4–7 To overcome these problems, many research
groups focused on the chemical modifications of
PLA. Common approaches involved in introducing
various kinds of reactive groups by copolymeriza-
tion of lactide with chemicals containing functional
groups in its side chain (e.g., amino group,8 carboxyl
group,9,10 or hydroxyl group11). Our group has pre-

viously grafted maleic anhydride (MAH) onto pol-
y(D,L-lactic acid) (PDLLA) backbone via melt free
radical copolymerization, by which highly reactive
anhydride groups were incorporated to give MAH-
grafted PDLLA (MPLA).6,7 Then our group used a
new method to graft PLA with PEG, and prepared
the nanoparticles for hydrophilic drug delivery.12,13

All above chemical modifications are featured by the
introduction of some functional groups on the side
chain of PLA.6–11

Another important approach is coupling chemicals
such as poly(ethylene glycol) and its derivatives,14,15

or acrylate16,17 with the end groups of PLA or the
backbone of the PLA.18 The acrylate can couple with
the end groups of PLA,17 moreover, the coupled
CAC double bonds were subsequently cross-linked,
producing network with pendant functional groups.
This is good for formation of hydrogel and applica-
tions in drug-controlled release. Compared with ac-
rylate, MAH, which contains CAC double bond too,
attracted more interests due to its better biocompati-
bility, highly reactive anhydride group and unique
surface erosion characteristics.19 Saito et al.20,21 syn-
thesized the PLA-PEG-PLA, exhibited improved
flexibility compared to PLA because of the introduc-
tion of ether bonds into PLA backbone. However,
the degradation rate of PLA-PEG-PLA was still
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somewhat slow for BMP release. Thereafter, Saito
et al.22 synthesized the poly-D,L-lactic acid-p-dioxa-
none-polyethylene glycol block copolymer. Based on
previous information, the combination of hydro-
philic MAH and PEG together with PLA with
copolymerization reaction will hopefully create
copolymers as BMP carriers that possess all advan-
tages including improved flexibility, speeded and
tunable hydrophilicity and degradation rate and
thus BMP release rate.

In this study, MAH and ethylene glycol oligomer
(EGO) were employed to modify the PDLLA,
assuming that increasing the hydrophilic and flexi-
ble groups to PDLLA could assign good hydrophi-
licity, flexibility, controllable degradation, and intro-
ducing reactive groups for crosslinked reaction. The
biodegradable PEMLA and crosslinked-PEMLA are
potential for hydrophilic BMP delivery.

EXPERIMENTAL

Materials

D,L-lactide (DLLA) was prepared from D,L-lactic acid
and purified through recrystallization with ethyl ace-
tate in our laboratory, with a purity of greater than
99.9% (determined on model TP2080 gas chromato-

graph using TP-5 capillary column and hydrogen
flame ionization detector. Carrier gas: N2, flow rate:
30 mL/min). MAH, benzoyl peroxide (BPO)
(Chongqing Oriental Chemical Factory) were dried
at room temperature in vacuum before used. Tolu-
ene (Chongqing Oriental Chemical Factory) was
treated with calcium hydride, and distilled under
reduced pressure at 70�C. Ethylene glycol oligomer
(EGO) containing ethylene glycol (EG), poly(ethylene
glycol) (PEG) 200 or 400 (Mn ¼ 200 or 400), p-toluene
sulphonic acid (Chongqing Oriental Chemical Fac-
tory) were used as received. Tin(II)-2-ethylhexanoate
(Sn(Oct)2) was purchased from Sigma-Aldrich.

Preparation of prepolymer PEMA based on MAH
and EGO

Prepolymer, poly(ethylene glycol oligomer-co-maleic
anhydride) (PEMA) was synthesized by ring-open-
ing polymerization of MAH with p-toluene sul-
phonic acid (Scheme 1). Predetermined amounts of
MAH, EGO, p-toluene sulphonic acid, and toluene
were added into a 250 mL three-neck round-bot-
tomed flask, equipped with a thermometer, a mag-
netic stirrer and a drying tube. In addition, a purge
flow of dry nitrogen was continuously introduced
into the flask. Molar feed ratios of MAH to EGO

Scheme 1 Synthesis of the PEMA, PEMLA, and crosslinked-PEMLA.
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were 1/1.05, 1/1.2, 1/2, and p-toluene sulphonic
acid was added by 0.12 mol % of molar amount of
MAH and EGO. The mixture was heated and kept
at 120�C for 24 h to give a viscous polymer. Ether
was added to dissolve the unreacted MAH and then
filtered the products to yield crude PEMA. The
crude PEMA was rinsed thrice with ether and vac-
uum dried at room temperature to constant weight
to give the purified prepolymer. The purified PEMA
was used in following reactions, and for conven-
ience, when the molar ratios of MAH to EGO were
x/y, the obtained PEMA were recorded as PEMA
Mx/EGy or PEMA Mx/PEG200y, PEMA Mx/
PEG400y.

Preparation of ABA-type copolymers PEMLA
based on DLLA and PEMA

Different weight ratios of PEMA M1/EG1.2 to
DLLA (1/10, 1/5, 1/3, 1/2, 1/1) were mixed evenly
in dichloromethane, and then 1/7000 Sn(Oct)2 on a
DLLA molar basis was added. The mixtures were
vacuum dried at room temperature and then reacted
at 145–150�C for 24 h. The obtained crude products
were purified through coprecipitation in chloroform-
alcohol system. Purified polymers were then vac-
uum dried at room temperature for 48 h to give the
highly viscous brown ABA-type copolymer PEMLA.
To simply, when the weight ratio of PEMA to DLLA
was x/y, the obtained PEMLA was recorded as
PEMLA Px/Dy.

Crosslinking of PEMLA

PEMLA, 3 wt % of BPO were added into a 100 mL
three-neck flask with a mechanical stirrer and a dry-
ing tube, and then DMF was added into flask. The
reaction was allowed to last for 8–12 h under the
nitrogen atmosphere at 80–110�C. After the reaction,

the solution was dropped into excessive deionized
water, the filtered fibrous solid was precipitated
thrice and then dried at room temperature to con-
stant weight to yield the desired crosslinked-
PEMLA.

Characterization

Nuclear magnetic resonance (NMR) spectra were
recorded at 500 MHz on a Bruker AV-500 nuclear
magnetic resonance spectrometer with Bruker soft-
ware using CDCl3 (Fluka chemica, deuteration
degree not less than 99.8%) as a solvent. Monomer
compositions and number-average molecular weight
(Mn(NMR)) of obtained polymers were calculated
from peaks area of 1H NMR spectra. The characteris-
tic peaks include Ia, Ia0 (Fig. 1) from unsaturated
group of MAH, and Ic (Fig. 1) from ACH2A of EG
or PEG200/PEG400.
Molecular weights of PEMA and PEMLA were

also determined by other methods. Based on molar
feed ratios of EGO [including EG, PEG200 (Mn ¼
200) and PEG 400 (Mn ¼ 400)] to MAH and PEMA
to DLLA, Mn(Theo) of PEMA and PEMLA were cal-
culated with the eqs. (1) and (2), respectively.

MnðTheoÞðPEMAÞ ¼ 98
1

n�1
þMnðEGOÞð 1

n�1
þ 1Þ

� 18
1

n�1
ð1Þ

MnðTheoÞðPEMLAÞ ¼ MnðTheoÞðPEMAÞ þ 144m ð2Þ

where n means the ratio of EGO to MAH, and m is
the molar ratio of DLLA to PEMA, 98 and 18 are the
Mn of MAH and H2O (the by-product in the pro-
gress of synthesis of PEM A), 144 is the Mn of
DLLA. equation (1) is established, according to the
theoretical hypothesis: MAH and EGO reacted com-
pletely, and formed the ABA-type block copolymer.
equation (2) is established, according to catalytic
mechanism of Sn(Oct)2, EG.23 Mn(Titr) is determined
with hydroxyl value trimetric method. Number-av-
erage molecular weights (Mn), weight-average mo-
lecular weights (Mw), and polydisperity (PD) were
determined from gel permeation chromatography
with multiangle laser light scattering (GPC-MALLS)
(laser photometer Dawn EOSTM, Wyatt Technology
Corporation. The dn/dc value is the 0.065. The
ASTRA5.1.5.0 (Wyatt technology coporation, Amer-
ica) and SPSS were used to calculate above parame-
ters.). Three Agilent 1100 HPLC columns (300 � 8.0
mm) were used in series with THF as the eluent at a
flow rate of 1 mL/min.
The conversion of MAH was determined on

Model TP2080 gas chromatograph using TP-5 capil-
lary column and hydrogen flame ionization detector.

Figure 1 H-NMR of PEMA M1/EG1.2.
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Carrier gas: N2; flow rate: 30 mL/min; solvent:
CHCl3.

Glass transition temperature (Tg) was determined
by NETZSCH STA 449C differential scanning calo-
rimetry (DSC) in a 50 mL/min flow of N2 at a heat-
ing rate of 20�C/min ranging from �50 to 300�C.

Study of hydrophilicity of PEMLA and
crosslinked-PEMLA

The hydrophilicity of PEMLA and crosslinked-
PEMLA were characterized by static water contact
angle and water absorption rate. For static water
contact angle measurement, the polymer samples
were of a dimension of 50 mm � 15 mm � 1 mm
(length � width � thickness). A water-drop contact
angle goniometer (Taiwan Company, Contract NO:
06IMO80) was employed to measure the static water
contact angles at 25�C with a water drop of 5 lL,
and the tangent leaning method was used to calcu-
late the contact angles for all measurements.

For water absorption rate measurement, films
were prepared as following method: solutions of
PEMLA and crosslinked-PEMLA in CHCl3 were
added into glass vials (2.0 cm in diameter, 3.0 cm in
height) with lids (100 mg/vial). The solution was
allowed to evaporate for 72 h, and then dried in vac-
uum for 12 h to form film. Then the obtained circu-
lar films (2.0 cm in diameter and 250 6 10 lm in
thickness) were UV sterilized for 30 min before use
for water absorption rate test. All experiments were
performed at room temperature. Finally, 4 mL sterile
distilled water was added to the glass vials contain-
ing films. All the vials were lidded and kept in a
shaking incubator of 37 6 0.5�C (50 strokes per
min). The water absorption rate was calculated from
eq. (3):

Water absorption rate% ¼ W2 �W1

W1
� 100% (3)

where W2 and W1 are weights of the sample before
and after the water absorption, respectively.

Biodegradation of PEMLA and crosslinked-PEMLA

Weight loss ratio change and molar weight change

In the study of biodegradation of polymers, sterile
PBS solution (0.1 M, pH 7.4) was used as a medium,
and 24 samples were prepared for each polymer.
The preparation method of is same with that sam-
ples for water absorption rate measurement in
‘‘Study of hydrophilicity of PEMLA and crosslinked-
PEMLA’’ section. PBS solution (4 mL) was added to
the glass vials containing films. All the vials were
lidded and kept in a shaking incubator of 37�C 6
0.5�C (50 strokes per min). The PBS solution was
refreshed every week in the whole 8 weeks. Three
vials of each polymer were taken out every week to
discharge the PBS solution, and then were rinsed
with distilled water and dried to constant weight in
vacuum for weight loss rate measurement. The
weight loss rate was calculated according to eq. (4):

Water loss rate% ¼ W0 �Wt

W0
� 100% (4)

where W0 and Wt are weights of the sample before
and after hydrolytic degradation, respectively.
The reported weight loss was the average of the

three samples.
The molar weight of PEMLA and crosslinked-

PEMLA at different degradation time were deter-
mined by Gel permeation chromatography with
multiangle laser light scattering (laser photometer
Dawn EOSTM, Wyatt Technology Corporation)
(GPC-MALLS). The conditions are same with the
measure of Mw in ‘‘Characterization’’ section.

Analysis of degradation positions

To investigate the degradation mechanism of
PEMLA more clearly, the degradation positions of
PEMLA were determined precisely by comparing
the characteristic peaks area of PEMLA and its deg-
radation products in 1H-NMR spectra (Fig. 2). The
characteristic peaks include the a and a0 (Fig. 2) from
maleate units and fumarate units (recorded Ia and
Ia0), e and e0 from methyl proton within the chain
segment of DLLA units (Ie), and methyl proton in
the end of the chain segment of DLLA units (Ie0), c
and b from methylene adjacent to AOAC(¼¼O)A and
adjacent to AOA of EGO (including EG, PEG200,
PEG400) units (Ic and Ib). During degradation, the
characteristic peaks value would change, so compar-
ing the change of peaks value can determined the
degradation positions of PEMLA. Considering the
reaction materials and hydrolysis of chemical bonds,

Figure 2 1H-NMR of PEMLA-1.
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we determined the possible degradation positions of
PEMLA (Fig. 7). To simply the calculation, (Ia þ Ia0)/
(Ie þ Ie0), Ic/(Ie þ Ie0), Ib/(Ie þ Ie0), and Ia/Ic were
chose.

RESULTS AND DISCUSSION

Synthesis of prepolymers PEMA

In the study, the molar feed ratios of MAH to EGO
[including EG, PEG200 (Mn ¼ 200) and PEG 400 (Mn

¼ 400)] (MAH/EGO) were 1/1.05, 1/1.2, and 1/2,
and the obtained prepolymers were characterized
with 1H-NMR. Figure 1 is the 1H-NMR spectrum of
PEMA M1/EG1.2, which means that the molar feed
of MAH and EG in the PEMA was 1 and 1.2. The sig-
nals at 6.4 ppm (a) and 6.9 ppm (a0) were assigned to
the methine of maleate units and fumarate units
yielded by isomerization of maleate units, respec-
tively, which is in agreement with the results from
Nazumi et al.3 The different structure of PEMA with
maleate units and fumarate units was shown in Fig-
ure 1. The peaks at 4.2 ppm (b) and 3.8 ppm (c) were
attributed to the methylene adjacent to AOA and ad-
jacent to AOAC(¼¼O) A of EG units, respectively.24

Based on Ia, Ia0 and Ic (Fig. 1), the unsaturated group
content per EG unit in PEMA, which is recorded with
Nun/EG, was calculated according to eq. (5).

Nun=EG ¼ Ia þ I0a
Ic

(5)

Nun=EGO ¼ Ia þ I0a
Ic

(6)

In addition, Nun/EGO (EGO include PEG200 and
PEG400) was calculated by eq. (6) and listed in Table
I, while the Mn(Theo) and Mn(Titr) were listed in Ta-
ble I.

Nun/EG or Nun/EGO was always lower than the
molar feed ratio of MAH/EG or MAH/EGO, and

Mn(Titr) was not conformed to the theoretical num-
ber-average molecular weight [Mn(Theo)] (Table I).
We can see that when the molar feed ratio of MAH
to EG is 1/1.05 (Table I), Mn(Titr) is lower than
Mn(Theo) (Table I), however, when the feeding
MAH/EG are 1/1.2 and 1/2, Mn(Titr) is more than
Mn(Theo) (Table I), and with the MAH/EG decreas-
ing, the Mn(Titr) much larger than the Mn(Theo) (Ta-
ble I). Moreover, the fact showed that the Mn(Titr) of
the PEMA from MAH and PEG200 or PEG400
(PEMA M/PEG200/PEMA M/PEG400) are much
more agreement with the Mn(Theo) than the PEMA
from MAH and EG. These results could be attrib-
uted to two reasons. One is that when the content of
MAH is high, the MAH molecule reacts with two
EG molecules by condensation reaction or the ester
exchange reaction. The obtained diols are less reac-
tive than EG for further reaction with MAH, which
results in the actual molecular weight decreasing
and excessive MAH remaining. Alternatively, when
the content of EGO (including EG, PEG200, PEG400)
is high, the maleate or fumarate units attached at the
end of EGO (including EG, PEG200, PEG400) par-
tially reacted to yield EGO dimmer or trimer. From
above facts, we tentatively put forward that the EG
is apt to yield dimmer, trimer or oligomer and the
degree of polymerization increased with the
decrease of weight feed ratio of MAH to EG.
The structure of PEMA also was determined. First,

the macrodiol structure can be confirmed based on
the ratio of unsaturated group to EG units, which is
always lower than one, and the chemical titration,
including hydroxyl-value titration and carboxyl
group titration, which showed the carboxyl group is
near zero. Furthermore, the data in Table I and the
analysis as above showed that the homo-polymeriza-
tion existed in the reaction system with MAH and
EG. Over the all, the structure of PEMA can be
speculated, to a high extent, which is agreement
with the feeding composition. The structure of
PEMA M1/EG1.2 is shown in Figure 1.

TABLE I
CAC Double Bond Contents and Molecular Weights of PEMA

Samples
Nun/EG

a and
(Nun/ EGO) (mol/mol)

Nun/EG
b and

(Nun/ EGO) (mol/mol) Mn
c

Mn

(Theo)d
Conversion
of MAH (%) Physical state

PEMA M1/EG1.05 0.6 0.8 1216 2900 78 Semisolid
PEMA M1/EG1.2 0.7 0.83 1050 772 86 Semisolid
PEMA M 1/EG2 0.4 0.5 772 204 84 Viscous, liquid
PEMA M1/PEG4001.2 0.8 0.83 1021 1456 91 Viscous, semisolid
PEMA M1/PEG4002 0.5 0.5 940 880 88 Viscous, liquid
PEMA M1/PEG2002 0.5 0.5 912 480 90 Viscous, liquid

a Calculated by Ia, Ia0, and Ic.
b Calculated by the molar feed ratio of MAH to EGO.
c Measured by the hydroxyl value from methanol solution of NaOH (NaOH/methanol) titration.
d Calculated by the molar feed ratio of MAH to EGO.
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Synthesis and characterization of PEMLA

PEMLA was synthesized by melt polymerization of
DLLA and PEMA with Sn(Oct)2 as an initiator at
150�C. The amount of Sn(Oct)2 was 1/7000 molar ra-
tio of DLLA. Figure 2 is the 1H-NMR spectrum of
PEMLA P1/D10 from PEMA M1/EG1.2, recorded
PEMLA-1, which means that the molar feed of
PEMA and DLLA in the copolymerization was 1/10.
The signals at 5.1 ppm(d) and 1.5 ppm(e) were
assigned to the methine proton and methyl proton
within the chain segment of DLLA units, respec-
tively, and the peak at 1.2 ppm (e0) was assigned to
the methyl proton at the end of the chain segment of
DLLA units,1 while other characteristic peaks were
assigned to the protons of PEMA M1/EG1.2. The
DLLA composition in PEMLA-1 Mn (NMR),
Mn(Theo), Mn Mw and PD from MALLS-GPC were
summarized in Table II, and the detailed calculation
was labeled below of Table II.

The number average molecular weight (Mn) of
PEMLA from MALLS-GPC were approximately
agreement with the number average molecular
weights determined from 1H-NMR spectra [Mn

(NMR)] (Table II). However, they were disagreement
with the theoretical molecular weights [Mn(Theo)],
calculated from the weight feed ratios of PEMA to
DLLA. When weight feed ratio of PEMA to DLLA
increased from 1/10 to 1/1, and discrepancy
increased from 1.122 to 4.251 (Table II). PEMA is
used as prepolymer and coinitiator, so when the
content of PEMA increase, the content of HO-R-OH
is more than the necessary content of Sn(Oct)2, and

then the superfluous PEMA, as the chain transfer
agent, can terminate the chain propagating reaction
and introduce the transesterification, which may
result in more than one PEMA inserting in the
PEMLA chain segment, and the different Mw, PD of
polymers. The transesterification in the reaction can
induce more activity position and the alcoholysis,
thereupon the number average molecular weight
(Mn) of polymer decreased. Zhao et al. reported the
similar regularity.25–28

Considering above analysis of PEMLA, the struc-
ture of PEMLA can be determined. Generally, the
ring-opening polymerization of DLLA proceeded
mostly as random copolymerization. However,
because of the mechanism of the initiation, the

TABLE II
Monomer Composition and Molecular Weights of PEMLA

Samples Prepolymer

Molecular weight

Mw
a Mn

a PDa Mn(NMR)b Mn(Theo)
c

PDLLA – 1.78Eþ4 1.59Eþ4 1.122 – –
PEMLA-1 PEMLA P1/D10 PEMA M1/EG1.2 1.10Eþ4 8.61Eþ3 1.274 8.53Eþ3 8.492Eþ3
PEMLA-2 PEMLA P1/D 5 PEMA M1/EG1.2 1.05Eþ4 7.29Eþ3 1.435 6.98Eþ3 4.63Eþ3
PEMLA-3 PEMLA P1/D 3 PEMA M1/EG1.2 8.91Eþ3 6.21Eþ3 1.434 6.12Eþ3 3.09Eþ3
PEMLA-4 PEMLA P1/D 2 PEMA M1/EG1.2 1.03Eþ4 7.45Eþ3 1.38 6.59Eþ3 2.32Eþ3
PEMLA-5 PEMLA P1/D 1 PEMA M1/EG1.2 2.23Eþ4 5.26Eþ3 4.251 4.32Eþ3 1.51Eþ3
PEMLA-6 PEMLA P1/D 10 PEMA M1/PEG400 1.2 2.12Eþ4 1.81Eþ4 1.174 1.68Eþ4 1.03Eþ4
PEMLA-7 PEMLA P1/D 5 PEMA M1/PEG400 1.2 2.09Eþ4 1.66Eþ4 1.261 1.43Eþ4 5.64Eþ3
PEMLA-8 PEMLA P1/D 3 PEMA M1/PEG400 1.2 2.09Eþ4 1.66Eþ4 1.261 1.43Eþ4 5.64Eþ3

Crosslinked PEMLA-1 4.63Eþ4 2.88Eþ4 1.6 – –
Crosslinked PEMLA-2 3.60Eþ4 2.57Eþ4- 1.482 – –
Crosslinked PEMLA-3 3.80Eþ4 2.26Eþ4- 1.68 – –
Crosslinked PEMLA-6 5.01Eþ4 3.57Eþ4 1.4 – –
Crosslinked PEMLA-7 4.2Eþ4 2.36Eþ4- 1.782 – –
Crosslinked PEMLA-8 3.7Eþ4 2.68Eþ4- 1.38 – –

a Determined from the MALLS-GPC.
b Determined from 1H-NMR. Mn(NMR) ¼ 72 (I1.5/I1.2) þ 98 (I1.5/3)/I(6.4þ6.9) þ 62 (I(3.8þ4.2)/4) or Mn(NMR) ¼ 72 (I1.5/

I1.2) þ 98 (I5.1)/I(6.4þ6.9) þ 62 (I(3.8þ4.2)/4).
c Mn(Theo) represents the theoretical molecular weight calculated from the monomer feed ratio and molecular weights

of repeating units.

Figure 3 1H-NMR of crosslinked-PEMLA-1.
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PEMLA most possible is block structure, and the
PDLLA structure connected to the two terminals.14,29

Since the weight feed ratio of PEMA to DLLA
decreased from 1/1 to 1/10, PEMLA was expected
to have increasing lactic acid repeating units on the
both ends of PEMA block. The sequence of PEMLA
P1/D10 (PEMLA-1 in Table II) was analyzed with
1H-NMR spectrum. Considering signals at 1.2–1.5
ppm were assigned to the methyl proton, we calcu-
late the block length, and then the average block
length that 53.4 were calculated. At last, the struc-
ture of PEMLA was showed in Figure 2.

Crosslinking of PEMLA

Scheme 1 showed the crosslinked-PEMLA, the dif-
ferent PEMLA chain were crosslinked by free radical
reaction with BPO as the initiator at 80�C for 8 h.
The crosslinked specimens were white powder. The
solubility of crosslinked specimens decreased. The
insoluble fraction of crosslinked-PEMLA was 40 wt
% after soaked in chloroform at room temperature
for 1 day at standing. This may be attributed to the
formation of cyclobutane. Figure 3 is the 1H-NMR

spectrum of the soluble fraction in deuterated chlo-
roform of crosslinked-PEMLA-1, which showed
small signal at 6.4–6.9 ppm (e and e0). The results
implied that the intermolecular crosslinking had
occurred on the unsaturated group.
Furthermore, the degree of crosslinking of

PEMLA-1, PEMLA-2, PEMLA-3, PEMLA-6, PEMLA-
7, and PEMLA-8 were determined to be 3.34, 3.52,
3.63, 1.97, 1.42, and 1.61 by eq. (7), respectively. The
results showed that more unsaturated and low mo-
lecular weights are beneficial to the crosslinking
reaction. Therefore, we preliminarily conjectured
that the crosslinking reaction was affected by two
reasons: the content of unsaturated groups, and the
molecular weighs (Mn) of PEMLA.

D ¼ Mn�crosslinked PEMLA

Mn�PEMLA

(7)

TABLE III
Glass Transition Temperature (Tg) of the PEMLA and

the Crosslinked PEMLA

Prepolymer Tg (
�C)

PEMLA-1 PEMA M1/EG 1.2 50.1
PEMLA -2 PEMA M1/EG 1.2 46.7
PEMLA -3 PEMA M1/EG 1.2 41.3
PEMLA-6 PEMA M1/PEG400 1.2 53.2
PEMLA-7 PEMA M1/PEG400 1.2 49.0
PEMLA-8 PEMA M1/PEG400 1.2 43.2
Crosslinked PEMLA-1 PEMLA-1 59.3

Figure 4 Thermogram of PEMLA-1 and crosslinked-
PEMLA-1. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

TABLE IV
Static Water Contact Angle and Water Absorption Ratio of PEMLA and Crosslinked-PEMLA

Samples Prepolymer Static water contact angle (�) Water absorption (%)

PDLLA – 75.5 21.4 6 0.12
PEMLA-1 PEMLA P1/D10 PEMA M1/EG1.2 74.5 24.6 6 0.18
PEMLA-2 PEMLA P1/D 5 PEMA M1/EG1.2 71.3 30.9 6 0.22
PEMLA-3 PEMLA P1/D 3 PEMA M1/EG1.2 70.1 29.9 6 0.18
PEMLA-4 PEMLA P1/D 2 PEMA M1/EG1.2 69 48.8 6 0.26
PEMLA-5 PEMLA P1/D 1 PEMA M1/EG1.2 64.5 51.1 6 0.29
PEMLA-6 PEMLA P1/D 10 PEMA M1/PEG400 1.2 75.1 29.9 6 0.12
PEMLA-7 PEMLA P1/D 5 PEMA M1/PEG400 1.2 73.9 28.9 6 0.11
PEMLA-8 PEMLA P1/D 3 PEMA M1/PEG400 1.2 73.9 28.9 6 0.11

Crosslinked PEMLA-1 77.2 17.8 6 0.15
Crosslinked PEMLA-2 78.1 19.3 6 0.22
Crosslinked PEMLA-3 79.9 21.0 6 0.06
Crosslinked PEMLA-6 77.8 18.1 6 0.11
Crosslinked PEMLA-7 78.9 19.0 6 0.24
Crosslinked PEMLA-8 79.2 20.8 6 0.10

The detailed parameters of the polymer are showed in Table 2.
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where Mn-crossliniedPEMLA means the Mn of cross-
linked-PEMLA, Mn-PEMLA means the Mn of PEMLA.

Glass transition temperature (Tg) of PEMLA and
crosslinked-PEMLA

The glass transition temperature (Tg) of PEMLA and
crosslinked-PEMLA was investigated by low tem-
perature differential scanning calorimetry (DSC),
and are summarized in Table III. Figure 4 showed
the thermogram of PEMLA-1 and crosslinked-
PEMLA, from which we can know that only one
glass transition was observed in each DSC thermo-
gram of PEMLA or crosslinked-PEMLA. When the
content of DLLA and Mn of EGO (62, 200 or 400)
increased, Tg increased from 37 to 50�C, lower than
Tg of PDLLA (56.5�C), implying that the components
in copolymer was not phase-separated and proper-
ties of PDLLA were greatly affected by the modifica-
tion of PDLLA with MAH and EGO.30 The endo-
thermal peak corresponding to crystal melt was not
found in these thermograms, indicating that they are
amorphous. Furthermore, it is obvious that cross-
linked-PEMLA exhibited higher Tg than their corre-
sponding PEMLA, which conformed to the report.30

The hydrophilicity of PEMLA
and crosslinked-PEMLA

The hydrophilicity of PEMLA and crosslinked-
PEMLA were summarized in Table IV. The static
water contact angle was immediately measured
when the water droplet was deposited on the mem-
brane surface, which better reflects the natural wett-
ability of the membrane material surface. Table IV
showed that the static water contact angles decrease
significantly after increasing of weight ratio of
PEMA/DLLA in PEMLA. The contact angle
decreased from 75.5 to 64.5, when the weight ratio
of PEMA M1/EG1.2/DLLA increased from 1/10 to
1/1, while the contact angle decreased from 75.1 to
73.9 at the weight ratio of PEMA M1/PEG400 1.2/
DLLA increased from 1/10 to 1/3. However, we can
find that the contact angle of crosslinked-PEMLA
showed the reverse regular. The water absorption

showed the same regular. The results indicate that
the instantaneous hydrophilicity (static contact
angle) and long-acting hydrophilicity (water absorp-
tion) reflected the same regular. The hydrophicity of
PEMLA was significantly influenced by the hydro-
phic chemical group, AC¼¼CA and ether group.3

The ether group is easier than ester group to gener-
ate hydrogen group, which is beneficial to bond the
water molecular, and increases the hydrophilicity of
polymer molecular. The crucial factor of affecting
the hydrophilicity of crosslinked-PEMLA was the

TABLE V
Characteristic Peaks Value Ratio of 1H-NMR for PEMLA During Degradation

Degradation time(d) PEMLA Ia/(Ie þ Ie0) Ic/(Ie þ Ie0) Ib/(Ie þ Ie0) Ia/Ic

0 PEMLA-1 0.1196 0.4367 0.089 –
3 PEMLA-1-3 0.078 0.3071 0.149 –

21 PEMLA-1-21 0.081 0.3164 0 –
30 PEMLA-1-30 0.1186 0.4196 0 –
0 PEMLA-6 0.0073 – 0.0401 0.3654
3 PEMLA-6-3 0.0079 – 0.0433 0.3653

21 PEMLA-6-21 0.0077 – 0.0371 0.4140
30 PEMLAE-6-30 0.0090 – 0.0416 0.4309

Figure 5 (a) Mw change of PEMLA with degradation
time [medium: PBS (pH ¼ 7.4, 0.2 M)] (b) Mw change of
crosslinked-PEMLA with degradation time [medium: PBS
(pH ¼ 7.4, 0.2 M)].
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degree of crosslinking, which was affected by the
content of double bond in PEMLA. The degree of
crosslinking (see ‘‘Crosslinking of PEMLA section’’)
of PEMLA-1, PEMLA-2, PEMLA-3, PEMLA-6,
PEMLA-7, and PEMLA-8 were 3.34, 3.52, 3.63, 1.97,
1.42, and 1.61. The degree of crosslinking will result
in the high density network structure, which may
embed the hydrophilic group in the network inte-
rior, and decrease the hydrophilicity of crosslinked-
PEMLA, and the degradation rate (see ‘‘The hydro-
philicity of PEMLA and crosslinked-PEMLA’’ sec-
tion) in a short time.

Biodegradation

Molar weight changes of PEMLA
and crosslinked-PEMLA during degradation

The Mw of PEMLA, crosslinked-PEMLA as a func-
tion of time during a degradation in PBS solution

are plotted in Figure 5. As shown in Figure 5,
PEMLA and crosslinked-PEMLA with different con-
tent of double bond, network structure, respectively,
hydrolyzed differently either.
The degradation of PLA is believed to occur

through four consecutive steps: hydration, initial
degradation, further degradation and solubilization.
The similar four steps are expected for the MAH,
EGO-modified-PDLLA and their crosslinked prod-
ucts. The first phase ends within first week for
where the degradation rate is relative slow, because
polymers are mainly in the hydration stage and no
negligible chemical structure change. However, the
degradation of PEMLA-1, 2, 3 is different with
PEMLA-6, 7, 8, which can be attributed to the differ-
ent hydrophilicity, so the molar weight of PEMLA-6,
7, 8 decreased by 40%.
The second phase starts from the second week for

all PEMLAs. In the second phase, the changes of
PEMLAs showed the downtrend. Then the degrada-
tion reached to the third, even forth stage (see
‘‘Weight loss rate change of PEMLA and cross-
linked-PEMLA’’ section). In the initial degradation
stage, the molar weights of all polymers are high
and thus ester bonds could be easily and quickly
cleaved. In the further degradation stage, acidity-
induced auto-catalysis of all PEMLAs (with different
hydrophilic chain) speed up the polymer chain
cleavage. Both the high molecular weights at the ini-
tial degradation stage and the acidity-induced auto-
catalysis at the further degradation stage contribute
to the fast degradation rate for all PEMLAs. The
obvious effects of acidity-induced auto-catalysis on
molar weights of PDLLA were also observed in
other PDLLA-based specimens, especially in those
specimens of larger size.31,32

The molar weight changes of crosslinked-PEMLA
were slow at initial stage of degradation. However,
the molar weight changes were fast until that the
molar weight reached to about 5,000 to 10,000. The
slow degradation at first degradation could be attrib-
uted to the network structure, which affected the
hydration stage of degradation. However, there are
many hydrophilic AOA group in the crosslinked-
PEMLA, so the degradation reached to the initial
degradation, even further degradation.

Weight loss rate change of PEMLA and
crosslinked-PEMLA

Figure 6(a,b) showed the weight loss rate of PEMLA
and crosslinked-PEMLA as a function of time during
incubation in PBS solution. As we can see in Figure
6(a), weight loss rate of PEMLA proceeded slowly at
first 2 weeks, which is corresponding to the first
degradation stage. In such stage, molecular weight
of PEMLA remained too high to become solution.

Figure 6 (a) Biodegradation test for the copolymers
PEMLA. Percentage degradation was calculated from
weight loss in the phosphate buffer (b) Biodegradation test
for the crosslinked-PEMLA. Percentage degradation was
calculated from weight loss in the phosphate buffer.
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Then weight loss rate increased, which mainly was
attributed to that the fragments of PEMLA were fur-
ther cleaved to small molecules and dissolved in
aqueous incubating media. The weight loss rate of
PEMLA-1, PEMLA-2, PEMLA-6, and PEMLA-7 (Ta-
ble II) were 60% after degradation time of 6 weeks,
while PEMLA-3 and PEMLA-8 (Table II) were more
than 70%. The difference can be attributed to that
PEMLA-3 and PEMLA-8 have higher hydrophilicity
than PEMLA-1, PEMLA-2, PEMLA-6, PEMLA-7
(showed in Table II), because of having more PEMA,
which resulted in the stronger acidity-induced auto-
catalysis. Furthermore, weight loss rate of PEMLA-1
(Mn ¼ 8.61Eþ3, see Table II) is much more the
PEMLA-6 (Mn ¼ 1.81Eþ4, see Table II), which is cor-
related with the Mn.

Figure 6(b) showed the weight loss rate of cross-
linked-PEMLA. The weight loss rate of crosslinked-
PEMLA was slow at the initial stage of degradation.
After 10 days, the weight loss rate increased. The
weight loss rate of crosslinked-PEMLA-1 (Mn ¼
2.88Eþ4, D ¼ 4.2), PEMLA-2 (Mn ¼ 2.57Eþ4, D ¼
3.6) were higher than crosslinked-PEMLA-3 (Mn ¼
2.26Eþ4, D ¼ 4.4), while the weight loss rate of
crosslinked-PEMLA-6 (Mn ¼ 3.57Eþ4, D ¼ 1.97) is
lower than crosslinked-PEMLA-7 (Mn ¼ 2.36Eþ4, D
¼ 1.42), crosslinked-PEMLA-8 (Mn ¼ 2.68Eþ4, D ¼
1.61). Otherwise, the weight loss rate of the cross-
linked-PEMLA was lower than the corresponding
PEMLA. Judging from the degradation regularity of
PEMLA [see Fig. 6(a)], we preliminary put forward
that the difference is attributed to following influ-
ence factors. One factor is the degree of crosslinking,
which is affected by the content of unsaturated
groups in PEMA. For example, we can see that the
unsaturated group in PEMLA-3, PEMLA-8 are more
than PEMLA-1, PEMLA-6, and the degree of cross-
linking of PEMLA-3, PEMLA-8 are relative high,
which is conformed to the Refs. 33 and 34. In addi-
tion, comparing the weight loss rate of crosslinked-
PEMLA-1, 2, 3 to crosslinked-PEMLA-6, 7, 8 with
similar Mn, we can see that the weight loss rate of
crosslinked-PEMLA-6, 7, 8, consist of less unsatu-
rated group, were higher than crosslinked-PEMLA-
1, 2, 3. The other factor is the different Mn of cross-
linked-PEMLA. Figure 6(b) showed that the weight

loss rate of crosslinked-PEMLA decreases with an
increase of the Mn of PEMLA.
Considering the molar weight and weight loss

rate, the weight loss rates of all polymers were
much than 50–70%, however, the molar weight of
crosslinked-PEMLAs were too high to dissolve in
the paper after 10 weeks. It is well know that the
degradation of polyester is bulk degradation, so we
can presume the degradation of PEMLA and cross-
linked-PEMLA was cleaved in specified positions
and controllable degradation by regulating the con-
tent of hydrophilic group. The degradation position
can be determined by the analysis of characteristic
peaks value.

Analysis of degradation position

To deeply analyze the degradation position of
PEMLA and crosslinked-PEMLA, we take the degra-
dation of PEMLA-1 and PEMLA-6 as examples. Fig-
ure 7 shows the diagram of PEMLA-1. As one can
see in Figure 7, the probable degradation positions
A, B, C were pointed out based on the structure of
PEMLA-1. By comparing the characteristic peak
value of PEMLA-1 with its degradation products,
containing PEMLA-1-3 (degradation for 3 days),
PEMLA-1-21 (for 21 days), PEMLA-1-30 (for 30
days), and degradation positions were ascertain-
mented. To simply, the ratios of (Ia þ Ia0)/(Ie þ Ie0),
Ib/(Ie þ Ie0), Ic t/(Ie þ Ie0) (see ‘‘Biodegradation of
PEMLA and crosslinked-PEMLA’’ section), in addi-
tion, (Ia þ Ia0)/Ib for PEMLA-6, were chose and listed
in Table V. The (Ia þ Ia0)/(Ie þ Ie0), Ib/(Ie þ Ie0) and
Ic/(Ie þ Ie0) demonstrated that the ratio of content of
unsaturated group to lactic acid group, the ACH2A
[adjacent to AOA (C¼¼O)] to lactic acid, and ACH2A
(adjacent to AOA) to lactic acid group. Otherwise,
the (Ia þ Ia0)/Ic meant ratio of content unsaturated
group to ACH2A (adjacent to AOA), respectively.
The change regularity of these ratios can show the
degradation positions indirectly.
Comparing characteristic peaks area ratios of

PEMLA-1, PEMLA-1-3, PEMLA-1-21, and PEMLA-1-
30, we can see the ratio of (Ia þ Ia0)/(Ie þ Ie0) was on
the downtrend first and then on the uptrend nd Ib/
(Ie þ Ie0) was on the uptrend, and then to zero; and
Ic/(Ie þ Ie0) was on the downtrend, and then to
uptrend. At the first stage, hypothesizing the (Ie þ
Ie0) is constant, Ia and Ic decreased, while Ib
increased, from which we can predicate the degrada-
tion occurred on position A (Fig. 7), showing the
degradation occurred within the prepolymer chain
segment at first. Then the (Ia þ Ia0)/(Ie þ Ie0) and Ic/
(Ie þ Ie0) increased (see Table V), indicating that the
(Ie þ Ie0) start to decrease and the degradation
showed up interior of PDLLA (Fig. 7). During last
stage, Ib decreased to zero (see Table V), showing

Figure 7 The degradation position of PEMLA.
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the conjunction between the prepolymer and the
PDLLA chain segment begin to collapse. The degra-
dation occurred on position A and B, and resulted
in the producing of ethylene alcohol, which can dis-
solve in the PBS easily. At the same time, comparing
the degradation process of the PEMLA-6 with
PEMLA-6-3, PEMLA-6-21, and PEMLA-6-30, we can
see (Ia þ Ia0)/(Ie þ Ie0) and (Ia þ Ia0)/Ib kept constant,
however, Ib/(Ie þ Ie0) was on the uptrend at the be-
ginning, manifesting that the degradation mainly
occurred interior of PDLLA chain segment. After 21
days, the ratio of (Ia þ Ia0)/Ib increased, Ib/Ie þ Ie0)
decreased and (Ia þ Ia0)/(Ie þ Ie0) have little increase
comparing with PEMLA-6 (Fig. 3), indicating the
degradation begin to occurred between the PEMA
and PDLLA and interior of PEMA. The different
degradation of PEMLA-1 with PEMLA-6 may be
due to the different hydrophilicity (see ‘‘The hydro-
philicity of PEMLA and crosslinked-PEMLA’’
section).

From the structure, degradation curve of PEMLA
and corresponding crosslinked-PEMLA, we pre-
sumed that the degradation position of crosslinked-
PEMLA are similar with PEMLA, however, the
degree of crosslinking played an important role in
the degradation.

CONCLUSIONS

The PDLLA was modified by MAH, and ethylene
glycol oligomer (EGO) via copolymerization reaction
by a series chemical reaction. In addition, the cross-
linked products of the modified-PDLLA (PEMLA)
was prepared by free radical reaction. The glass
transition temperature (Tg) of PDLLA decreased,
with the increase of content of MAH and ethylene
glycol oligomer (including EG, PEG200, PEG400). Tg

is the important parameter of flexibility of polymer,
so we can know that the introduction of MAH, EGO
can increase the flexibility of PDLLA, and overcome
the brittleness of PDLLA, which is beneficial to the
application of drug release. In addition, the hydro-
philicity measurement showed that the introduction
of MAH, EGO with hydrophilic group ether bond
and double bond increase the hydrophilicity, which
promotes the degradation rate. In the study, the deg-
radation mechanism and degradation positions of
the modified-PDLLA were detailed discussed by
molar weight and weight loss rate measurement and
the chemical bond analysis, which is the novelty of
the paper. The degradation measurement showed
the degradation is controllable by changing of con-
tent of MAH, EGO in backbone of PDLLA.
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