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Poly (glycerol–sebacate) (PGS) is an elastomeric biodegradable polymer which possesses the ideal
properties of drug carriers. In the present study, we prepared a series of PGS implants (5-FU-PGSs)
loaded with different weight percent of 5-fluorouracil (2, 5, 7.5 and 10%). We studied the infrared
spectrum properties, in vitro degradation and drug release, in vivo degradation and tissue biocompati-
bility of 5-FU-PGSs, in order to provide detailed information for the application of PGS as biodegradable
drug carrier in cancer therapy. Macroscopically, all 5-FU-PGS wafers in phosphate buffer solution (PBS)
kept their geometries during the degradation period of 30 days. The in vitro degradation rates of 5-FU-
PGSs were accelerated when higher concentration of 5-FU was doped. Scanning electron microscopy
observation showed that the surfaces of 5-FU-PGSs with higher concentration of 5-FU had irregular pits.
The cumulative drug release profiles of 5-FU-PGSs exhibited a biphasic release with an initial burst
release in the first day. After 7 days, almost 100% cumulative release of 5-FU was found for all 5-FU-
PGSs.The degradation rate of 5-FU-PGSs in vivo was much quicker than that in vitro. Hematoxylin and
eosin staining showed that no remarkable inflammations were observed in the tissue surrounding 5-FU-
PGS implants, suggesting 5-FU-PGSs had good biocompatibility and no tissue toxicity. In vitro anti-tumor
activity assay suggested that 5-FU-PGSs exhibited anti-tumor activity through sustained-release drug
mode. These results demonstrate that PGS is a candidate of biodegradable drug carriers.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Local drug delivery for cancer therapy is an appealing approach
to minimize the systemic toxicity and to increase drug concentra-
tions in tumor. This type of system has been extensively explored
and showed promising results [1–6]. The local drug delivery is
achieved mainly by the way of polymeric-controlled drug release,
and the controlled release systems can be designed from both
degradable and nondegradable polymers. The biodegradable
polymers are clinically attractive because they completely erode
during delivery and are cleared from the body, which attenuates
the response of the body to the implant. Currently, the most
common copolymer used clinically is polybis(p-carboxyphenoxy)-
propane–sebacic acid p(CPP-SA), which has been studied with
the drugs carmustine (BCNU), 5-fluorouracil (5-FU), camptothecin
[7–9].
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Poly (glycerol–sebacate) (PGS) is an elastomeric biodegradable
polyester that has been extensively studied in the field of tissue-
engineering, for instance, in superelastic heart patch [10], neural
reconstruction applications [11], and endothelialized microvascu-
lature [12]. PGS is polycondensed with glycerol and sebacic acid
[13]. Both glycerol and sebacic acid are endogenous components,
thus, the degradation products of PGS are often naturally metabo-
lized in the body. Biocompatibility analysis in vivo indicates that
PGS has a favorable tissue response with significantly less inflam-
mation in comparison with poly(lactide-co-glycolide) (PLGA),
a widely utilized biomaterial [11]. Furthermore, our previous
studies found that the microstructure, the degree of crosslinking,
and the degradation rate of PGS can be modulated by doping gly-
colic acid [14] or lactic acid [15]. These characterizations indicate
that PGS is an excellent candidate of biodegradable drug carrier.
5-FU is one of the most commonly used anticancer agents, but it is
poorly absorbed after oral administration and shows high variable
pharmacokinetics [16–18], thus, the local drug delivery is the ideal
way to overcome these disadvantages. In the present study, we
prepared PGS implants doped with 5-fluorouracil (5-FU-PGSs), and
characterized the infrared spectrum properties, in vitro degradation
and drug release, in vivo degradation and tissue biocompatibility, in
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Table 1
Raw material composition of PGS loaded with 5-fluorouracil (5-FU-PGSs).

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

5-Fluorouracil/pre-polymer (wt%)

PGS 1:1 0
5-FU-PGS-1 1:1 2
5-FU-PGS-2 1:1 5
5-FU-PGS-3 1:1 7.5
5-FU-PGS-4 1:1 10
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order to provide detailed information for the application of PGS as
biodegradable sustained-release carrier in cancer therapy.

2. Materials and methods

2.1. Preparation of poly (glycerol–sebacate) doped with 5-fluorouracil (5-FU-PGSs)

The starting materials used for reaction were sebacic acid (2 N purity) and
glycerol (2 N purity). The pre-polymers were prepared by simultaneous addition of
the certain amounts of sebacic acid and glycerol monomers into a flask with sebacic
acid and glycerol at ratio of 1:1 at 150 �C under nitrogen for 4 h. 5-FU was mashed
and then mixed with pre-polymers with adding ethanol as solvent. The mixture was
heated to 70 �C and stirred until total dissolution. Then, polymerization reaction was
processed in vacuum under 150 �C for 30 h. Because the boiling point of ethanol is
78 �C under 1 atm, all ethanol will be volatilized without residual under the present
polymerization conditions. The raw material compositions of different samples are
given in Table 1. 5-FU-PGS wafers were prepared in round size with 10 mm diameter
and 1–1.5 mm thickness.

2.2. Characterization of 5-FU-PGSs

Infrared (IR) spectroscopic analysis was gotten with FTIR spectrometer (spec-
trum 100, Perkin Elmer, USA). The surface morphology of 5-FU-PGSs was visualized
with scanning electron microscopy (SEM, XL30, Philips).
5-FU
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Fig. 1. IR spectrum of 5-FU (A), PGS (B) and the PGS polym
2.3. Degradation and drug release test in vitro

5-FU-PGS wafers accurately weighed were immersed in 5 mL phosphate buffer
solution (PBS, pH 7.4, 0.01 M) and thermostated at 37 �C. The PBS was withdrawn and
renewed at the predetermined incubation time (days 1, 3, 5, 7, 10, 15, 20, 30),
meanwhile, the wafers were taken out, washed with distilled water and dried under
vacuum at room temperature until constant weight. The dried samples were
weighed and the mass loss was presented as a % of initial weight of individual disc.
The content of 5-FU in the withdrawn PBS was measured by HPLC methods and
normalized to the initial weight of wafers.

2.4. Tissue response and implant degradation in vivo

To evaluate the tissue response, Wistar rats weighing 200–250 g were anes-
thetized with pentobarbital and implanted with 5-FU-PGSs intramuscularly on one
side of the backbone. The other side of the backbone was performed sham operation
as control. The 5-FU-PGSs were made in 2.5� 2.5�15 mm3 size to implant easily
along the muscle fibers. The animals were sacrificed on postoperative days 5, 20, and
the 5-FU-PGSs were explanted together with the surrounding muscle tissues. The
tissues were fixed in 10% formalin and then stained using a standard protocol for
haematoxylin and eosin (H&E) for histological analysis. Sections were excluded from
analysis if the original implant site could not be identified. To evaluate the
biodegradation of 5-FU-PGSs wafers in vivo, Wistar rats were dealt in the same
maneuvers as above. The animals were sacrificed on post-operative days 1, 3, 5, 10,
20, then, the wafers were taken out, washed with distilled water and dried under
vacuum at room temperature until constant weight. The dried wafers were weighed
and the mass loss was presented as a % of initial weight of individual disc. All the
experimental procedures were approved by the Institutional Animal Care and Use
Committee of Harbin Medical University, PR China.

2.5. 5-Fluorouracil measurement by HPLC

5-FU release was measured by high efficiency liquid chromatography method
(Waters 1525 Binary HPLC Pump, Waters 2487 Dual l. Absorbance Detector, Waters,
USA). Chromatographic conditions for measuring the release concentration of 5-
fluorouracil was: Diamonsil C18 150 mm� 4.6 mm� 5 mm; UV measuring wave-
length was 270 nm; mobile phase was methanol–water (volume ratio was 3:97,
PGS
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Fig. 2. Mass loss of 5-FU-PGSs during in vitro degradation. (A) Photographs of 5-FU-
PGS-2 on day 0 and day 30 degradation. (B) Comparisons of mass loss of 5-FU-PGSs
during in vitro degradation (mean� S.E., P< 0.05, n¼ 5, significance was determined
using Student’s t-test).
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Fig. 4. The cumulative release of 5-FU from 5-FU-PGSs into PBS at 37 �C in vitro (n¼ 5).

Fig. 3. The scanning electron microscope (SEM) observations o
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glacial acetic acid was added to control the pH which equal to 3.5); flow speed of
moving phase was 0.5 mL/min, sample injection volume was 20 mL. The retention
time of 5-FU was 2.9 min. The standard correlation was Y (peak area)¼
10421.7þ133401.7� X (mg/mL),with R¼ 0.99987.
2.6. Cell culture and cell viability assay

MCF-7 cells (gifted by Prof. Zhi-Guo Wang, Research Center, Montreal Heart
Institute, Canada) were grown as a monolayer culture at 37 �C in a humidified
atmosphere of 5% CO2 and 95% air in standard culture medium, consisting of Dul-
becco’s Modified Eagle’s Medium (DMEM) (Hyclone products) supplemented with
10% fetal bovine serum. The medium was not changed until 48 h. This protocol had
no significant effect on cell viability. Viability of cells cultured in the 96-well culture
plates was assessed by measuring mitochondrial dehydrogenase activity, using the
colorimetric MTT assay, based on the fact that viable cells (but not dead cells) can
reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT).
f 5-FU-PGS surfaces at different degradation time points.
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3. Results and discussion

3.1. Infrared (IR) spectrum

We determined whether the chemical structure of PGS was
influenced by doping 5-FU. The IR spectrum of 5-FU, PGS, and 5-FU-
PGSs is shown in Fig. 1. For all polymers, the broad bands at
3500 cm�1 were stretch vibration absorption of the bonding
hydroxyl among the molecules, the absorption bands at 2930, 2850,
and 1380 cm�1 indicated the methyl groups in the polymers and
the absorption bands at 1731 cm�1 indicated the ester carbonyl
groups in the polymers. The stretch vibration bands of C–C and
bend vibration bands of C–H were characterized in the range from
1500 cm�1 to 600 cm�1. Compared with PGS, the IR spectrum of 5-
FU-PGS-1, 5-FU-PGS-2 and 5-FU-PGS-3 showed evident difference
in the intensity and shape of absorption bands at 1731 cm�1 and
Fig. 6. Photomicrographs (200�) of H&E sections of the adjacent tissue after P
1640 cm�1, the bands difference at 1731 cm�1 indicated the doped
5-FU had certain influence on the chemistry structure of the ester
groups. The absorption bands of 5-FU-PGS-1, 5-FU-PGS-2 and 5-FU-
PGS-3 at 1640 cm�1 were the stretch vibration absorption of
ethylenic linkage (–C]C–) of pyrimidine of 5-FU. The IR spectrum
of 5-FU-PGS-4 showed similar characters as that of PGS in the
intensity and shape of absorption peak at 1731 cm�1 and
1640 cm�1, which was possibly due to that much higher concen-
tration of doped 5-FU tended to coacervate to result in less influ-
ence on chemistry structure of the ester groups.
3.2. Degradation and drug release in vitro

Macroscopically, all 5-FU-PGS wafers in PBS maintained their
geometries and became smaller in bulk throughout the degrada-
tion period of 30 days. This property was same as PGS which had
been found to keep its geometry during degradation in previous
other and our studies [14,19]. The representative morphology of
5-FU-PGS-2 wafer on days 0 and 30 is shown in Fig. 2A.

Mass loss of 5-FU-PGSs during degradation is shown in Fig. 2B.
The degradation rates of PGS, 5-FU-PGS-1, and 5-FU-PGS-2 were
lower than those of 5-FU-PGS-3 and 5-FU-PGS-4 (mean� S.E.,
P< 0.05, n¼ 5, significance was determined using Student’s t-test).
There was no difference in degradation rate between 5-FU-PGS-1
and 5-FU-PGS-2. The mass loss in the degradation in vitro was from
the polymer degradation and the drug dissolution and diffusion
into the PBS. Polymerization degree is a crucial factor for degra-
dation rate, and higher polymerization degree results in lower
degradation rate. Therefore, these results suggested that higher
concentration of doped 5-FU tended to reduce polymerization
degree of 5-FU-PGSs. Next, we observed 5-FU-PGSs surfaces at
different degradation time point by using scanning electron
microscopy (SEM) (Fig. 3). The surfaces of PGS, 5-FU-PGS-1, and 5-
FU-PGS-2 kept smooth during 37 days degradation. However, the
surfaces of 5-FU-PGS-3 and 5-FU-PGS-4 had irregular pits, and with
the degradation time increasing, these pits became deeper. The
phenomena were owing to that the coacervated 5-FU dissolved and
diffused into PBS. The results of SEM observations also explained
GS and 5-FU-PGS implantation. Interface surfaces are denoted by arrows.



Fig. 7. Anti-tumor activity in vitro. (A) Dose–response curve of the inhibitory effects of 5-FU on MCF-7 cells in vitro. (B) Experimental design to express anti-tumor activity of 5-FU
through sustained-release drug mode. (C) Representative photographs showed that PGS had no effect on viability of MCF-7 cells. (D) Representative photographs showed that 5-FU-
PGS-1 reduced viability of MCF-7 cells through sustained-release drug mode.
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the reason of accelerated degradation rates of 5-FU-PGS-3 and 5-
FU-PGS-4, as shown in Fig. 2. The dissolution of coacervated 5-FU
would facilitate increased water penetration and higher exposed
surface area, leading to higher rate of polymer hydrolysis and
degradation.

The cumulative drug release profiles of 5-FU-PGS-1, 5-FU-PGS-2,
5-FU-PGS-3, 5-FU-PGS-4 during 7 days in vitro are shown in Fig. 4,
which exhibited a biphasic release with an initial burst of 42%, 70%,
66.7%, 91% in the first day, respectively. After 7 days, almost 100%
cumulative release of 5-FU was found for all 5-FU-PGSs. From Fig. 4,
it can be noticed that 5-FU-PGS-1 showed favorable sustained–
release property and the cumulative 5-FU release was 42%, 78%, 94%
and 99% on days 1, 3, 5, 7, respectively. The characterization of in
vitro drug burst release looks like a common phenomenon in many
drug delivery systems as reported previously [20–22]. The pCCP:SA
wafer with BCNU is a successful local drug-delivery system which is
commercially available as the Gliadel� wafer for the treatment of
recurrent glioblastoma and malignant gliomas [23]. The release
profile of BCNU from pCCP:SA wafer shows an initial burst release
phase [22], which is similar to the present in vitro data of drug
release. This same property indicates that PGS could be clinically
used as drug carrier either.

3.3. Degradation and issue biocompatibility in vivo

We compared the degradation of 5-FU-PGS-2 in vivo and in vitro.
As shown in Fig. 5, mass loss in vivo was much quicker than that in
vitro (P< 0.01, n¼ 5), which may be due to the different degrada-
tion surroundings, because esterases are rich in vivo whereas no
existence in vitro.

5-FU-PGS-1, 5-FU-PGS-2, 5-FU-PGS-3, 5-FU-PGS-4 showed
similar tissue responses during the implantation period, so we
showed the typical histological analysis of sham, PGS, 5-FU-PGS-1
on day 5 and day 20. As shown in Fig. 6, no remarkable inflam-
mations were observed in the tissues surrounding PGS, 5-FU-PGS-1
implants, suggesting 5-FU-PGSs had good biocompatibility and no
tissue toxicity.
3.4. In vitro anti-tumor activity

We examined the anti-tumor activity of 5-FU-PGSs in vitro. We
used MCF-7 cells (human breast adenocarcinoma cell line) which are
sensitive to 5-FU. As tested by MTT methods, IC50 (the half maximal
inhibitory concentration) of 5-FU on MCF-7 cells was 6.35 mg/mL
(Fig. 7A). Because we aimed to examine the anti-tumor activity of 5-
FU sustained–release property, our observation mode is shown in
Fig. 7B. 5-FU-PGSs were fixed in the center of culture dish. Point a is
within 2 mm field around PGS or 5-FU-PGS samples, point b is 8 mm
far away from PGS or 5-FU-PGS samples. If 5-FU was of sustained
release from 5-FU-PGS, the inhibitory effects of 5-FU on MCF-7 cells
would be stronger in point a than point b. Cells were photographed
by using Olympus Imaging Digital Camera connected to Olympus
IX50 inverted microscope. Live or dead cells can be distinguished
morphologically. The shape of live cells was fusiform and dead cells
round and wizened. As shown in Fig. 7C, PGS, the negative control,
showed no effect on MCF-7 cells in point a and point b. However, 5-
FU-PGS-1 showed significant inhibition on MCF-7 cells viability after
24 h and 48 h culture, and the inhibitory effects were stronger in
point a than point b (Fig. 7D), suggesting that the anti-tumor activity
of 5-FU-PGS-1 was through 5-FU sustained-release.

4. Conclusions

In the present study, we prepared a series of PGS implants
(5-FU-PGSs) with 5-fluorouracil as doping drug. 5-FU-PGSs exhibi-
ted a biphasic release of drug with an initial burst release, which is
similar as the successful Gliadel� wafer commercially available for
the treatment of recurrent glioblastoma and malignant gliomas.
5-FU-PGSs had good biocompatibility and no tissue toxicity. We
suggested that PGS is a candidate of biodegradable drug carriers.
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Appendix

Figures with essential color discrimination. Figs. 6 and 7 of this
article are difficult to interpret in black and white. The full color
images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2009.06.007.
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