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Abstract. Polypropylene carbonate (PPC), a biodegradable
aliphatic polyester, exhibits one particular advantage over
other polyesters, which is that following degradation in vivo,
it primarily produces H,O and CO,, causing minimal side
effects. Although PPC exhibits limited mechanical strength,
and is therefore not able to serve as a scaffold to support tissue
regeneration, it may be suitable for drug delivery; however,
this requires further investigation. In the present study, elec-
trospinning was applied to generate PPC polymers containing
sirolimus, a cell growth-inhibiting drug which is used to treat
restenosis. The properties of PPC-sirolimus polymers were
examined using scanning electron microscopy, differential
scanning calorimetry and in vitro degradation assays. Drug
loading and entrapment efficiency were determined, and
in vitro sirolimus-release from the polymer was assessed.
Furthermore, the effect of PPC-sirolimus polymers on cell
growth was measured using an MTT assay in vitro. The results
of the present study demonstrated that electrospun PPC poly-
mers formed a uniform three-dimensional, grid-intertwined,
net-like structure; the surface of the polymers was smooth and
the diameter was ~3 pm. Differential scanning calorimetry
analysis demonstrated that sirolimus existed in an amorphous
state in the polymer. Following soaking in PBS for 4 weeks,
the polymer swelled and the net-like structure broke down
and fragmented. Sirolimus loading and entrapment efficiency
were 10.3+£3.2 and 95.1+£10.6%, respectively. Sirolimus-release
from PPC-sirolimus polymers continued for 28 days in PBS.
PPC-sirolimus markedly inhibited the growth of rat aortic
adventitial fibroblast cells, an effect which was not observed
with PPC alone. The results of the present study suggest that
PPC polymers are a promising alternative drug carrier for
sirolimus.
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Introduction

Polymers may be naturally-occurring, including collagen
and polysaccharides, or synthesized, including polylac-
tide (PLA), polyethylene and poly lactic-co-glycolic acid
(PLGA) (1-7). Polymers have been extensively studied and
used for biomedical and pharmaceutical applications (1,8).
As polymer synthesis may be conducted under controlled
conditions, and the properties of polymers, including hydro-
philicity, degradability and biocompatibility, may be tailored
for specific applications, numerous studies have focused on
the development of novel synthetic polymers for tissue-engi-
neering (polymers as scaffolds for tissue regeneration) and
controlled drug release (polymers as drug carriers) (3,4,9).
Additionally, synthetic polymers are frequently less expensive
as they may be synthesized in large quantities and exhibit long
shelf lives (4).

Aliphatic polyesters, including PLA, polyglycolide (PGA)
and PLGA, are among the most commonly used synthetic
polymers in medicine, due to their excellent biocompatibility
and biodegradability (10). PLA is used for manufacturing
sutures and bone screws; PLA, PGA and particularly PLGA
are being investigated for drug delivery applications (7,11,12).
Polypropylene carbonate (PPC), a relatively new aliphatic
polyester, is synthesized via the copolymerization of CO, and
propylene oxide (13,14). It is known that PPC possesses limited
mechanical strength, and is therefore not suited to serve as a
scaffold to support tissue regeneration (10), although it may
be suitable for drug delivery; however, this requires further
investigation.

Electrospinning has been used for the fabrication of polymer
fibers (15-17). Electrospinning uses an electric field, wherein a
polymer solution is charged and driven by the electric potential.
When the charged jet of polymer solution travels across an
air gap, the solvent evaporates while the polymer fibers, with
diameters ranging between nanometers and micrometres, are
generated. In the present study, the applicability of the PPC
polymer as adrug carrier for sirolimus, also known as rapamycin,
was investigated. Sirolimus is a cell growth-inhibiting agent
used to treat vascular restenosis. Electrospinning was employed
to synthesize PPC polymer containing sirolimus. The proper-
ties of the drug-containing PPC polymer were investigated,
drug loading and entrapment efficiency were determined, and
in vitro sirolimus release was assessed. In addition, the effect of
the PPC-sirolimus polymer on cell growth was studied in vitro.
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Materials and methods

Materials. PPC (MW 100,000; purity >99%) was purchased
from Inner Mongolia Mengxi High Tech Group Co., Ltd.
(Ordos, China). Sirolimus (rapamycin) was obtained from
Fujian Kerui Pharmaceutical Co., Ltd. (Fuzhou, China). All
chemicals were from Jiete'ao Biotechnology Co., Ltd. (Beijing,
China). MTT was purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany). Eagle's minimum essential
medium (EMEM), fetal bovine serum (FBS), penicillin and
streptomycin were obtained from Gibco (Thermo Fisher
Scientific, Inc., Waltham, MA, USA).

Preparation of PPC polymer loaded with sirolimus. Various
ratios of PPC and sirolimus were used to produce PPC-sirolimus
polymers and cell growth experiments, performed by MTT
assay as previously described (18), demonstrated that the
polymer made with 900 mg PPC and 100 mg sirolimus
resulted in the greatest cell inhibitory effect; therefore, this
ratio was used in the present study. The polymer solution was
as follows: 1,000 mg PPC alone (PPC polymer) or 900 mg PPC
plus 100 mg sirolimus (PPC-sirolimus polymer) was dissolved
in 10 ml acetonitrile following stirring for 6 h. Electrospinning
was performed using the electrospinning apparatus (Model
ET2535; Beijing Ucalery Technology and Development Co.,
Ltd., Beijing, China). The polymer solution was transferred
into a syringe attached with a blunt tipped needle. The anode
of the power supply was clamped to the needle tip and the
cathode was connected to the grounded collector plate (Fig. 1).
Electrospinning was performed according to the established
protocol (Institute of Polymer Science, Tsinghua University,
Beijing, China) (19).

Scanning electron microscopy (SEM). The polymers were
coated with silver using the vacuum evaporator (HUS 5GB;
Hitachi Ltd., Tokyo, Japan) following an established protocol at
the Imaging Center, Shandong University (Jinan, China) (20).
The silver coated polymers were analyzed using a scanning
electron microscope (H-8010; Hitachi, Ltd., Japan) operated at
15 kV, and images were captured.

Differential scanning calorimetry (DSC). The thermal
behavior of the PPC-sirolimus polymers was assessed by
DSC analysis using the DSC822e differential scanning calo-
rimeter (Mettler Toledo, Greifensee, Switzerland). A total
of 4 mg sample (pure sirolimus or PPC-sirolimus polymer)
was weighed in a 40 pl aluminum pan and placed in the
sample chamber of the calorimeter, and an empty pan was
used as the reference. A flow of nitrogen gas was maintained
over the sample to eliminate air oxidation of the sample
at high temperatures, and to create a reproducible and dry
atmosphere. DSC analysis was performed using the STARe
software version 8.10 (Mettler Toledo) with the temperature
range 20-300°C and the temperature increase being set at a
rate of 10°C/min. The endothermic or exothermic peak was
automatically recorded.

In vitro PPC-sirolimus polymer degradation assessment. A
PPC-sirolimus polymer of 1x1 cm was placed in a 5-ml test
tube and soaked in PBS (pH 7.2). The tube was gently shaken
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(60 rpm) at 37°C for 4 weeks. Subsequently, the structure of
the polymer was examined using SEM.

Determination of drug loading and entrapment efficiency.
The efficiency of drug loading and entrapment was deter-
mined as follows: 1,000 mg PPC-sirolimus polymer was
dissolved in dichloromethane by stirring for 2 h followed by
addition of 0.1 M hydrochloric acid. Following mixing by
vortex, lower dichloromethane and upper hydrochloric acid
layers were formed. The hydrochloric acid layer was collected,
centrifuged at 1,000 x g for 5 min at room temperature and
the supernatant was collected. The precipitate was mixed with
0.1 M hydrochloric acid containing 0.1% EDTA. When the
precipitate was completely dissolved, the solution was added
to the previously collected hydrochloric acid supernatant. The
sirolimus in the combined solution was measured by high
pressure liquid chromatography as described previously (21).
The sirolimus loading efficiency (%) was calculated using the
following formula: (Total sirolimus amount in the combined
solution/polymer weight) x 100. Drug entrapment efficiency
was calculated using the following formula: [Total sirolimus
amount in the combined solution/total sirolimus amount used
for polymer preparation (100 mg)] x 100. A total of three
PPC-sirolimus polymer preparations were used to determine
the drug loading and entrapment efficiency.

In vitro measurement of sirolimus release from polymers. A
total of 5 mg PPC-sirolimus polymer was placed in 14 separate
5-ml test tubes. The polymer was immersed in 4 ml PBS/tube
and gently shaken (60 rpm) at 37°C. At day 2, 4, 6, 8, 10, 12,
14,16, 18, 20,22, 24,26 and 28 following shaking, the polymer
was removed and the sirolimus contained in the polymer was
isolated and measured as described in the determination of
drug loading and entrapment efficiency section. At each time
point, the amount of released sirolimus was calculated using
the following formula: Total sirolimus in the original 5 mg
polymer-total sirolimus in the soaked polymer. The release
percentage was calculated using the following formula:
(Amount of released sirolimus/total sirolimus in the original
5 mg polymer) x 100.

Inhibition of cell growth by PPC-sirolimus polymers. An
MTT assay was performed to examine the anti-cell prolifera-
tive effect of the PPC-sirolimus polymer. Rat aortic adventitial
fibroblast cells (RAAFCs) were isolated as described previ-
ously (22,23). A total of 4 Wistar rats (2 males and 2 females,
~ 7 weeks old, weighing 180-220 g) were used for RAAFC
isolation. The animals were purchased from Shandong
Experimental Animal Center (Jinan, China), housed in the
Shandong University (Jinan, China) Animal Room with
temperature at 20+2°C, and fed with standard chow. The use
of animals was approved by the Research Ethics Committee of
Shandong University in compliance with the Guidelines for the
Care and Use of Laboratory Animals issued by the Ministry
of Science and Technology, China. Cells were cultured in
EMEM with 10% FBS, 50 IU/ml penicillin and 100 pg/ml
streptomycin at 37°C in a humidified atmosphere containing
5% CO,. For the MTT assay, 5x10° cells suspended in 100 ul
culture medium were seeded into each well of a 96-well
plate, into which had previously been added 2 mg of PPC or
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Figure 1. Schematic diagram of electrospinning apparatus. Polymer solution was placed in the syringe. Electrospinning was performed with the voltage being

set at 15 kV and the distance of the needle tip to the collector being set at 20 cm.

PPC-sirolimus polymer (each sample in triplicate). Cells seeded
in wells with no polymer were taken as the control. Following
culturing for 1 and 3 days, the MTT assay was performed as
follows: 10 ul MTT solution was added into each well and
incubated at 37°C for 4 h, followed by the addition of 50 ul
dimethyl sufoxide/well. Following gentle shaking for 10 min,
absorbance at a wavelength of 570 nm was measured using a
96-well plate reader (Model 680, Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). The relative cell viability (%) of each
sample was calculated using the following formula: (Average
sample absorbance/average control absorbance) x 100.

Statistical analysis. Cell growth data are expressed as the
mean = standard error of the mean. The SPSS 17.0 software
(SPSS, Inc., Chicago, IL, USA) was used for statistical
analysis. Statistical significance was determined using the
Student's t-test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Electrospinning and polymer characterization. Electro-
spinning conditions were optimized and used as follows: The
voltage was set at 15 kV; the distance from the needle tip to the
collector was 20 cm, and the flow rate of the spinning solution
was controlled at0.2 ml/h by asyringe pump (TJ-3A/W0109-1B;
Longer Precision Pump Co., Ltd., Baoding, China) (Fig. 1).
SEM analysis demonstrated that the polymer exhibited a
regular three-dimensional, grid-intertwined, net-like structure
with a smooth surface, and the diameter was ~3 ym (Fig. 2).
DSC analysis demonstrated that the crystalline pure sirolimus
produced an endothermic peak at ~230°C, the melting point of

Figure 2. Scanning electron microscopy analysis. The polypropylene
carbonate-sirolimus polymer exhibited a uniform three-dimensional,
grid-intertwined, net-like structure with a smooth surface, and the diameter
was ~3 ym.

sirolimus (Fig. 3A). By contrast, the PPC-sirolimus polymer
exhibited a glass transition temperature of ~40°C for PPC
(Fig. 3B). The in vitro degradation experiment demonstrated
that, following soaking in PBS for 4 weeks, the polymer
swelled and the regular three-dimensional grid-intertwined
structure broke down and fragmented (Fig. 4).

Sirolimus loading, entrapment efficiency and release from
polymer. Sirolimus loading and entrapment efficiency were
10.3+3.2 and 95.1£10.6%, respectively. The release of sirolimus
was measured for 28 days. As presented in Fig. 5, sirolimus
was gradually released from the PPC-sirolimus polymer in a
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Figure 3. Thermograms of differential scanning calorimetry. (A) The crystalline pure sirolimus produced an endothermic peak at ~230°C, the melting point of
Sirolimus. (B) The polypropylene carbonate-sirolimus polymer exhibited a glass transition temperature of ~40°C.
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Figure 4. In vitro degradation analysis. Following soaking in PBS for 28 days,
the polypropylene carbonate-sirolimus polymer swelled, became larger, and
the grid-intertwined structure broke down and fragmented.
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Figure 5. Sirolimus release assay. The drug release from the polypropylene

carbonate-sirolimus polymer occurred in a linear-like fashion, particularly
for the first 3 weeks, and continued for 28 days.

linear-like fashion, particularly for the first 3 weeks. A total of
~90% of the sirolimus entrapped in the polymer was released
after 28 days.

Inhibition of RAAFC growth by the PPC-sirolimus polymer.
An MTT assay was performed in order to evaluate the effect
of the PPC-sirolimus polymer on RAAFC growth. The
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Figure 6. PPC-sirolimus polymer inhibits RAAFC growth. The PPC polymer
did not affect the growth of RAAFCs significantly. By contrast, coculture
with PPC-sirolimus polymer for 1 day or 3 days led to a decrease in cell
viability. "P<0.05, “P<0.01 vs. PPC alone. PPC, polypropylene carbonate;
RAAFCs, rat aortic adventitial fibroblast cells.

viability of control cells (without the addition of any polymer)
was arbitrarily set at 100%. As presented in Fig. 6, following
culture for 1 day, the viability of cells treated with PPC and
PPC-sirolimus was 92.7+6.7 and 77.2+4.4%, respectively. At
day 3, the viability of cells treated with PPC and PPC-sirolimus
was 82.9+5.4 and 12.2+2.4%, respectively. Statistical analysis
demonstrated that the PPC-sirolimus polymer significantly
inhibited the growth of RAAFCs at the two time points, while
the PPC polymer did not (Fig. 6).

Discussion

Subsequent to the first investigations into polymer-controlled
drug release in cancer therapy (8,24,25), the field has
rapidly expanded and applied to the treatment of other
diseases (18,26,27). Aliphatic polyesters, particularly PLGA,
have been extensively explored for local drug delivery.
However, one disadvantage of traditional aliphatic polyesters
is that they generate acidic products following degradation
in vivo, which may cause aseptic inflammation and tissue
necrosis (10,28-30). By contrast, PCC, a novel aliphatic poly-
ester, is distinct in that it primarily produces H,O and CO,
following degradation, eliminating the side effects caused
by PLA, PGA and PLGA (14). Additionally, PPC exhibits an
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increased bioadhesive capacity compared with PLA, PGA and
PLGA (21), enabling PPC-drug conjugates to be retained in the
target area and exert prolonged therapeutic effects.

Using electrospinning technology, PPC fibers containing
sirolimus were generated in the present study. As examined
by SEM, the PPC-sirolimus polymer formed a uniform
three-dimensional and grid-intertwined net-like structure. The
structure formed in electrospun fibers is hypothesized to exhibit
a large surface area which is ideal for drug release (31). DSC
analysis demonstrated that the endothermic peak for sirolimus
was not present in PPC-sirolimus polymer, indicating that siro-
limus may exist in the polymer in an amorphous state. Notably,
DSC sensitivity may be affected by the low concentration of
the drug in the polymer fibers. It is thought that the amorphous
state enhances the release of the drug from the polymers (32).
In a previous study, PLGA was used to load sirolimus, and the
entrapment and drug loading efficiencies were reported to be
~80 and ~5%, respectively (21), slightly lower compared with
what was observed with PPC in the present study.

It is desirable that entrapped therapeutic agents in a
polymer are able to be released for a period of time, thus
maintaining a sustained action and decreasing the number of
administration procedures required. The results of the present
study demonstrate that sirolimus encapsulated in a PPC
polymer was released in a linear-like manner, particularly for
the first 3 weeks. At week 4, ~90% of the sirolimus had been
released. Zou et al (21) demonstrated the application of PLGA
with carbopol, a compound which enhances PLGA bioadhe-
sion, for local sirolimus delivery; it was observed in an in vitro
experiment that sirolimus was able to be released for 4 weeks.
Kang er al (33) observed that the release of doxorubicin from
polyorganophosphazene hydrogels lasted 20-30 days, which is
consistent with the results of the present study. In vitro experi-
ments in the present study demonstrated that PPC did not
affect the growth of RAAFCs. However, the PPC-sirolimus
polymer significantly reduced cell viability, warranting further
in vivo investigation of the effects of PPC-sirolimus.

In conclusion, compared with PLGA, the most widely
studied aliphatic polyester for drug delivery, PPC exhibits a
similar drug release curve and slightly increased loading and
entrapment efficiency with respect to sirolimus encapsulation.
As PPC exhibits increased bioadhesion and primarily produces
H,0O and CO, following degradation in vivo, causing minimal
side effects, PPC may be a promising alternative polymer to
PLGA for controlled drug delivery.
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