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oly (glycerol, sebacate and lactic acid) (PGSL) with 1:1:0, 1:1:0.25, 1:1:0.5, 1:1:1
mole ratio of glycerol, sebacate and lactic acid, in order to elucidate the relation of microstructure to the
degradation rate and mechanical properties. The microstructure of the polymer with lactic acid in the ratio of
0.25 displayed phase separation structure. The crystallization temperature (Tc) and absolute crystallization
enthalpy (ΔHc) of PGSL tended to decrease with the increasing ratio of lactic acid. Degradation rate of PGSL
with lactic acid in the ratio of 0.25 was fastest in vitro and 35% mass loss occurred after 60 day degradation. In
the range of 0, 0.5 and 1, the degradation rate decreased slightly with the lactic acid increasing and 18% mass
loss occurred after 60 day degradation when lactic acid was doped in the ratio of 1.0. All PGSL polymers
inhibited platelet adhesion, prolonged whole blood clotting time, activated partial thromboplastin time and
prothrombin time. In conclusion, doping lactic acid can modulate the microstructure of poly (glycerol,
sebacate) (PGS), thereby control the degradation rate and mechanical property of PGS.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Implantable biomaterials have been extensively explored in the
medical and/or pharmaceutical fields and therefore served in the
various kinds of applications, such as controlled drug delivery [1],
breast implants [2], and carriers for bioactive molecules or drug-
eluting stents [3]. Concerning the specific demands of medicine, it is
necessary for the implantable biomaterial to possess acceptable
biocompatibility and, if the material is to be degraded in the body,
safe and controllable degradation characteristics.

Currently, several biodegradable biomaterials have been synthe-
sized. These materials include polyesters, polyanhydrides, polyorthoe-
sters, polyphosphazenes, and polyurethanes. Among the various
members, polyesters are widely used as implantable biomaterials for
their easy degradation via hydrolysis of the ester linkage. The main
members of the polyesters applied in the field of medical engineering
and drug delivery systems include polylactides (PLA), polyglycolides
(PGA), and their PLGA copolymers [4]. These polymers attract the
growing interest of the biomaterial scientists for numerous attempts.
Jabbarzadeh et al. [5] employed poly(lactide-co-glycolide)microspheres
to develop a three dimensional porous bioresorbable scaffold to support
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the growth of human endothelial cells. Sternberg et al. [6] developed
drug-eluting stent with poly(L-lactide) coating. Because of the potential
for sustained and targeted delivery, the poly (lactide-co-glycolide)
particles were applied for plasmid DNA delivery [7]. PLA and PLGAwere
considered biocompatible [8], but certain studies suggested otherwise
[9,10]. Indeed, it should pay attention that they could establish an acidic
environment due to their degradation products [11].

Poly (glycerol–sebacate) (PGS) is a novel biodegradable material
that was synthesized firstly by Robert Langer group in 2002 [12]. The
authors ingeniously selected glycerol and sebacic acid as the mono-
mers and designed biodegradable polymers (PGS) with improved
mechanical properties and biocompatibility [12]. Glycerol is the basic
component of lipid and sebacic acid is the natural metabolic
intermediate in ω-oxidation of medium- to long-chain fatty acids, so
the degradation products of PGS are often metabolized in the body.
Furthermore, no catalysts or additives are used during the PGS
synthesis process, which avoids the possible toxicity.

PGS is widely studied in the field of tissue-engineering, i.e., for
neural reconstruction applications [13] and endothelialized micro-
vasculature [14]. Compared with PLGA or analogues, PGS shows more
favorable properties for implant uses. Unlike poly (DL-lactide-co-
glycolide), PGS primarily degrades by surface erosion, which leads to a
linear loss of mass, preservation of geometry, and retention of mecha-
nical strength [15]. In vivo biocompatibility analysis indicates that PGS
has a favorable tissue response profile with significantly less inflam-
mation and fibrosis and without detectable swelling during degrada-
tion [13]. Hemocompatibility evaluation also suggests that the
recalcification and whole blood clotting profiles of PGS are better
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Table 1
Raw material composition of samples

Sample Monomer composition ([glycerol]/[sebacate]/[lactic acid])

la-0 1:1:0
la-1 1:1:0.25
la-2 1:1:0.5
la-3 1:1:1

Fig. 1. IR spectrum of poly (glycerol–sebacate–lactic acid).
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than the reference polymers, PLGA and expanded polytetrafluorethy-
lene (ePTFE) [16]. Taken as a whole, these evidences indicate that PGS
is an excellent candidate of implantable biomaterials.

Although PGS shows these advantages, we hope that the degradation
property of PGS could be artificially controlled to suit the specificmedical
applications, for example, in drug delivery system or drug-eluting stents.
PGS is polycondensed with glycerol and sebacic acid. Because the de-
gradationofPGScanbemodifiedbyvarying thedegreeof crosslinking,we
speculate that lactic acid, which has both hydroxyl and carboxyl groups,
can be doped into PGS polymer backbone and modify the degree of PGS
crosslinking, namely, the degradation process. Based on this hypothesis,
we synthesized a series of poly-(glycerol, sebacate and lactic acid) (PGSL)
with 1:1:0, 1:1:0.25, 1:1:0.5, 1:1:1 mole ratio of glycerol, sebacate and
lactic acid and studied the biodegradative and mechanical properties of
PGSL with a view to elucidate the relation of microstructure to the
degradation rate and mechanical properties. The whole blood clotting
time and platelet adhesion were also examined in the present study.

2. Materials and methods

2.1. Preparation of Poly (glycerol–sebacate–lactic acid) (PGSL)

The starting materials used for reaction were sebacic acid (2 N
purity), glycerol (2 N purity), and lactic acid (2 N purity). The PGSL
polymers were prepared by simultaneous addition of certain amounts
of three kinds of monomers (sebacic acid, glycerol, and lactic acid) into
a flask with sebacic acid and glycerol at ratio of 1:1 and different
masses of lactic acid at 150 °C under nitrogen for 6 h; the pressurewas
then reduced to 40 mTorr gradually and held at 140 °C for 30 h
resulting in a elastomeric polyester. The raw material compositions of
different samples were given in Table 1.

2.2. Characterization of polymers

Infrared (IR) spectra were analyzed with FTIR spectrometer
(spectrum 100, Perkin Elmer, USA). Differential scanning calorimeter
(DSC) measurements were performed on a Perkin-Elmer Diamond DSC
at heating rate of 10 °C/min, and the crystallization temperature (Tc) and
absolute crystallization enthalpy (ΔHc) weremeasured. X-ray diffraction
spectra were carried out with a rotating anode X-ray diffractometer
(Rigaku-D/max-γb, Rigaku, Japan) at the conditions of Cu Kα, 50 kV and
40 mA. The samples for XRD measurement are polymer wafers with
diameters of 10 mm. The samples for DSC measurement are polymer
wafers with diameter of 3 mm (weight 16 mg). The surface
morphologies of undegraded and degraded samples were visualized
with scanning electron microscopy (SEM, XL30, Philips).

2.3. Nanoindentation tests

Nanoindentation tests were performed on a Hysitron TriboInden-
ter. A three-sided Berkovich indenter with a tip radius of 100 nmwas
used. An echelon load function was used in all the tests, with loading,
holding and unloading times all equal to 5 s. By using load control
method, the applied load was kept at 10 μN exactly. For each load,
three indentations were repeated. The determination of elastic
modulus and hardness from the load-displacement curves adopted
the method developed by Oliver and Pharr [17].
2.4. Degradation test in vitro

Pieces of accurately weighed sample films were immersed in
phosphate buffer solution (PBS, pH 7.4, 0.01 M) and thermostated at
37 °C. The PBS was renewed every week. After predetermined intervals
of time, the samples were taken out, washed with distilled water and
then dried under vacuum at room temperature until constant weight.

2.5. Whole blood clotting time

The thrombogenicityof PGSLwasevaluatedbyusing thewhole blood
kinetic clotting time method. Briefly, blood was drawn from healthy
adult rabbits. Five samples, each 10mm in diameter, were used per time
point. The clotting reactionwas activatedbydripping600 μl CaCl2 (0.1M)
into 6.0 ml blood with sodium citrate as anticoagulant. A 100 μl volume
of the activated blood was added to glass coverslips and PGSL samples,
which were placed in the ϕ6 cm culture dishes. Meanwhile, a 100 μl
volume of the activated bloodwas lysed completelywith 5ml of distilled
water as the standard control. All samples were incubated at room
temperature for 5, 10, 20, 30, 40 and 50 min. At the end of each time
point, the sampleswere incubatedwith 5ml of distilledwater for 5min.
The concentration of hemoglobin released from the lysed red blood cells
was assessed by measuring the absorbance at 540 nm using UV–VIS
spectrophotometer (Unico (Shanghai) InstrumentCo., Ltd. PRChina). The
ratio of the absorbance value of each sample to that of standard control
was as thebloodclotting index (BCI) to assess the clottingkinetics. All the
experimental procedures were approved by the Institutional Animal
Care and Use Committee of Harbin Medical University, PR China.

2.6. Evaluation of platelet adhesion

Glass and PGSL samples were incubatedwith the platelet-rich plasma
for 1 h at 37 °C under static conditions. The suspensionwas aspirated and
each well was rinsed three times with phosphate-buffered saline. The
number of adherent platelets was determined by measuring the lactate
dehydrogenase (LDH) released from the cells lysed by incubationwith 2%
Triton-PBS buffer for 20min at 37 °C. The amount of LDHwas determined
according to the specification of Cytotoxicity Detection Kit purchased
from Jiancheng Bio-engineering Institute (Nanjing, China). All the
experimental procedures were approved by the Institutional Animal
Care and Use Committee of Harbin Medical University, PR China.

2.7. Activated partial thromboplastin time (APTT) and prothrombin time
(PT) tests

Platelet poor plasma (PPP) was prepared by centrifuging (3000 rpm,
15 min) fresh male rat whole blood. Aliquots of 100 μl PPP were used to



Fig. 3. XRD patterns for poly (glycerol–sebacate–lactic acid).
Fig. 2. DSC crystalline curves of poly (glycerol–sebacate–lactic acid).
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examine APTT and PT according to the APTT kit and PT kit (Beijing Bio-
Lab Materials Institute, China).

2.8. Statistical analysis

Values were expressed as means±s.e.m. Student's t-test was used
to determine significance. pb0.05 was considered significant.

3. Results and discussion

3.1. IR spectrum and chemistry structure

The chemical structure of PGSL was analyzed by using IR spectrum
methods. As shown in Fig. 1, the functional groups of PGSL are
characterized in the range from 4000 cm−1 to 1500 cm−1. The wide
peaks at 3500 cm−1 are of the bonding hydroxy stretch vibration
absorption peaks among the molecules, the stretch vibration peaks at
2930, 2850, and 1380 cm−1 indicate the methyl group and the stretch
vibration peaks at 1750 cm−1 indicate the carbonyl of ester. The peaks
at 1430 cm−1 are characteristic absorption of methylene. The peaks at
1160 cm−1 are characteristic absorption of C–O. The peaks at 930 cm−1

are of in-plane bending vibration absorption of C–O. In this fingerprint
region from 1500 cm−1to 600 cm−1, the different spectrum shape
could be detected, suggesting the different molecular structures of
different PGSL.

3.2. Thermal properties and crystalline structure of PGSL

Fig. 2 shows the crystalline part of differential scanning calor-
imetery (DSC) curves of PGSL and their thermal data are listed in
Table 2. As shown, the crystallization temperature (Tc) and absolute
crystallization enthalpy (ΔHc) of PGSL tend to decrease with the
increasing ratio of doped lactic acid. At low temperature range, there
are crystal phases in the polymers and the molecular weight and
content of crystal phase tend to decrease. At room temperature range,
the crystal phases of the polymers are melted to soft segments.

As shown in Fig. 3, different from the XRD pattern of crystalline
state, partly crystalline state, and amorphous state, the XRD pattern of
la-0, la-2, and la-3 shows a high, wide and blunt maximum peak in the
corresponding location of two sharp maximum peaks of la-1, which
characterize an integral degree of order without clear crystalline and
amorphous state. The XRD pattern of la-1 with two peaks located at
Table 2
Thermal properties of poly (glycerol–sebacate–lactic acid) gotten from DSC curves

Sample la-0 la-1 la-2 la-3

Tc /°C −18.17 −22.72 −23.79 −33.97
ΔHc (J/g) −26.1772 −21.3810 −17.7271 −4.9484
19.6°and 21.3°, which can be regarded as the widened X-ray
diffraction peaks overlapping each other, indicates small proportion
of the crystalline state in la-1.

3.3. Degradation and mechanical properties of PGSL

Mass loss of polymers during degradation is shown in Fig. 4. Mass
losses of all the samples are nearly linear and la-1 has fastest
degradation rate. We accessed the morphology of polymers during
the degradation in vitro and found that the four kinds of PGSL showed
the similar changes of morphological pattern in scanning electron
microscopy (SEM) photographs. As typically shown in Fig. 5, surface
erosion occurred in la-2 on days 0, 5, and 15, however, therewasminor
erosion crack formation on the surface of day 30, which could be
attributed to the bulk degradation. So it was suggested that degrada-
tion of PGSL was through bulk degradation and surface erosion.

The reaction of the polymer synthesis is esterification of the
functional groups of –COOH and –OH. The [–COOH]/[–OH] of
reactants of la-0, la-1, la-2, and 1a-3 were 2:3, 2.25:3.25, 2.5:3.5,
and 3:4 respectively. With the doped lactic acid increasing, the molar
ratio of –COOH to –OH tends to 1, which results in the increase of
esterification degree. This result is also evidenced by the IR spectrum
analysis. The IR data of the samples are measured by the method of
attenuated total reflection with the same experimental conditions, so
the intensity of the peak at 1750 cm−1 reflects the densities of ester
bonds. The intensities of absorption peaks of la-1, la-2, la-3, and la-4
are 55.24, 64.87, 70.47, and 75.86, showing gradual increase of ester
bonds.

It is apparent that the degradation rate of la-0, la-2, and la-3 with
similar microstructure of integrated degree of order decreases slightly
Fig. 4. In vitro degradation of poly (glycerol–sebacate–lactic acid) in phosphate-buffered
saline (pH7.4, 37 °C).



Fig. 7. The effect of glass and PGSL with 1:1:0, 1:1:0.25, 1:1:0.5, 1:1:1 mole ratio of
glycerol, sebacate and lactic acid on thrombus formation in whole blood. ⁎pb0.05;
⁎⁎pb0.01 vs glass. n=5.

Fig. 5. Typical scanning electron microscopy photographs of poly (glycerol–sebacate–lactic acid) during in vitro degradation on days 0, 5, 15, and 30.
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with the doped lactic acid concentration increasing. Degradation is the
rupture of ester bond, so polymer withmore ester bondwill takemore
degradation time. Besides that, mass decrease of soft segment can also
partly explain the reason of the slowed degradation rate of polymers.

Fig. 6 demonstrates the elastic modulus and hardness of PGSL
samples. It is apparent that, with the lactic acid concentration in-
creasing, elastic modulus tends to increase. When the ratio of doped
lactic acid reaches 1, elastic modulus and hardness come up to the
maximal value of 21.0 and 6.5Mpa. Mechanical properties of polymers
are related to the density of bond. With the degree of esterification
increasing, elastic modulus and hardness tend to increase. As
mentioned above, contents of soft segments affect the degradation
rate. Similarly, elastic modulus and hardness are also influenced.

3.4. Whole blood clotting time

PGS has been reported to be less thrombogenic than glass [16], but
the thrombogenicity of thenovel PGSL polymers has not been evaluated.
Here, whole blood is used to assess clotting times. In this assay, the
thromboresistance of PGSL is correlated to blood clotting index. As
shown in Fig. 7, blood incubated with glass, the reference material,
Fig. 6. Elastic modulus and hardness of poly (glycerol–sebacate–lactic acid) samples.
completely clot at 40min. At each timepoint, blood incubatedwith glass
has a significantly lower blood clotting index than thatof PGSLpolymers,
indicating that it clots more rapidly. There is no significant difference in
Fig. 8. Platelet adhesion on glass and PGSL with 1:1:0, 1:1:0.25, 1:1:0.5, 1:1:1 mole ratio
of glycerol, sebacate and lactic acid was determined by quantification of LDH activity.
⁎⁎pb0.01 vs glass; n=7.



Fig. 9. PGSL polymers prolonged the activated partial thromboplastin time and prothrombin time. n=5, ⁎⁎pb0.01 vs con. Con: control.
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the degree of clotting between the PGSL with 1:1:0, 1:1:0.25, 1:1:0.5,
1:1:1 mole ratio of glycerol, sebacate and lactic acid.

3.5. Evaluation of platelet adhesion

The number of platelets adhered to the surface of glass and PGSL is
quantified by measuring LDH activity. LDH, a stable cytosolic enzyme,
is rapidly released into the medium after disruption of the plasma
membrane, so the LDH activity is correlated to the number of platelets.
As shown in Fig. 8, LDH activity in all kinds of PGSL is significantly
lower than that of glass, but there is no difference between the PGSL
with 1:1:0, 1:1:0.25, 1:1:0.5, 1:1:1 mole ratio of glycerol, sebacate and
lactic acid.

3.6. Activated partial thromboplastin time and prothrombin time tests

As shown in Fig. 9, compared with the control, the values of
activated partial thromboplastin time (APTT) and prothrombin time
(PT) in PGSL groups were significantly prolonged, indicating PGSL
inhibited the intrinsic and extrinsic coagulation pathway.

4. Conclusions

In this study, a series of poly (glycerol, sebacate and lactic acid) (PGSL)
with 1:1:0, 1:1:0.25, 1:1:0.5, 1:1:1 mole ratio of glycerol, sebacate and
lactic acid are developed. The microstructure of the polymer with lactic
acid in the ratio of 0.25 displayed phase separation structure. The
crystallization temperature (Tc) and absolute crystallization enthalpy
(ΔHc) of PGSL polymers tended to decrease with the increasing ratio of
lactic acid. In vitro degradation rate of PGSL polymers with lactic acid in
the ratio of 0.25 was fastest. In the range of 0, 0.5 and 1, the degradation
rate decreased slightly with the lactic acid increasing. Short-term
degradation of PGSL polymers in vitro showed surface erosion, but
combination of bulk degradation and surface erosion occurred after
long-term in vitro degradation. All PGSL polymers inhibited platelet
adhesion, prolongedwhole blood clotting time, activated partial throm-
boplastin time and prothrombin time. We conclude that doping lactic
acid can modulate the microstructure of poly (glycerol, sebacate) (PGS),
thereby control the degradation rate and mechanical property of PGS.
PGSL polymers show acceptable hemocompatibility.
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