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Abstract: The radiation crosslinked poly(L-lactide) (PLLA) elec-

trospun nanofibers have been developed with improved ther-

mal stability and mechanical properties. Trially isocyanurate

(TAIC) were added into PLLA solution at different weight ratios

(1, 3, and 5%) and electrospun into nanofibrous mats, the mats

were then irradiated by gamma ray at different radiation doses

(5, 10, and 25 kGy) to crosslink the PLLA chains. Their surface

morphology, thermal properties, mechanical properties, and

biodegradation properties were investigated and compared

before and after gamma irradiation. Furthermore, the in vitro

biocompatibilities were also evaluated by using mouse L929

fibroblasts. The results indicated that the efficient crosslinking

networks can be generated when the TAIC content is higher

than 3%. The thermal stability and tensile mechanical proper-

ties were significantly increased at higher irradiation dose of

10 and 25 kGy. However, radiation dose at 25 kGy have an

adverse effect on the thermal stability of crosslinked samples

due to thermal degradation induced by irradiation, the cross-

linked samples irradiated at 10 kGy exhibited the best enzy-

matic degradation. The in vitro results also revealed that the

crosslinked PLLA/TAIC composite nanofibers did not induce

cytotoxic effects and are suitable for cell growth. Therefore,

the crosslinked PLLA nanofibers are one of the promising

materials for future tissue engineering applications. VC 2011

Wiley Periodicals, Inc. J Biomed Mater Res Part A: 99A: 655–665, 2011.
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INTRODUCTION

Tissue engineering has emerged as a promising approach to
repair, replace, or regenerate diseased or damaged tissues
and organs without the limitations of traditional therapies.1

In this approach, the scaffolding material serves as a mimic
for the native extracellular matrix (ECM) and plays an im-
portant role in successful tissue regeneration by providing
structural support and biological signals for cellular growth
and tissue formation. Hence, it is desirable that scaffold ena-
bles to mimic the natural ECM in structure and function.2,3

To achieve this goal, a number of nanofibrous scaffolds have
been developed to mimic the nanoscale structure of native
fibrillar collagen, which can be produced by means of three
main techniques including self-assembly, phase separation,
and electrospinning.4–6 Nanofibrous scaffolds produced
using these techniques provide the combined characteristics
of small fiber diameter, appropriate porosity, and high sur-

face area-to-volume ratio, making them very effective for
functional tissue engineering.5,7

Poly(L-lactide) (PLLA) is a biodegradable, biocompatible,
and nontoxic polyester, which can be fabricated into nanofi-
brous mats or scaffolds by either electrospinning or phase
separation.8,9 PLLA nanofibers have attracted considerable
attentions recently as one of the most promising materials
for extensive biomedical applications such as wound closure
materials, tissue engineering scaffolds, and drug delivery
carriers.9–11 However, poor heat stability and mechanical
properties of PLLA-based materials restrict their applica-
tions as ordinary structural material.12–14 Many attempts
have been made to improve the heat stability and mechani-
cal properties of PLLA-based materials over the past
years.12,14,15 Among them, the introduction of crosslinking
structure between PLLA molecules by some chemical and
physical treatments has been proved to be an effective way
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to improve their heat stability and biodegradation rate.14,16

In general, the crosslinking structure can be effectively
formed by gamma or electron beam irradiation of PLLA con-
taining suitable concentration of various crosslinking agents
such as trially isocyanurate (TAIC). TAIC has three func-
tional groups and a cyclic unit in its structure, so it has
been proposed as one of the most effective crosslinking
agents for PLLA. Previous studies13,16,17 have mainly
focused on the effects of the crosslinking parameters on the
properties of PLLA bulk materials such as films and mold-
ings. Hitherto, only few studies have been conducted to
explore the radiation-induced crosslinking of PLLA nanofib-
ers and their biocompatibility for potential tissue engineer-
ing applications.

The aim of present study is therefore to examine the
effects of irradiation-induced crosslinking on the physico-
chemical properties and biocompatibility of electrospun
PLLA nanofibers. The PLLA/TAIC electrospun nanofibers
with different TAIC contents were fabricated and then cross-
linked by gamma radiation at different doses. The thermal
and mechanical properties of these crosslinked PLLA nano-
fibers were investigated through the TAIC content and radi-
ation dose. Moreover, the enzymatic degradation properties
and in vitro biocompatibility of crosslinked nanofibers
were also evaluated by using proteinase K and L929 mouse
fibroblasts respectively for potential tissue engineering
applications.

MATERIALS AND METHODS

Materials
PLLA with a weight-average molecular weight (Mw) of
247,000 g mol�1 was purchased from Daigang Biomaterials
(Jinan, China) and was used as received. Triallyl isocyanu-
trate (TAIC) and Proteinase K (activity: 30 U mg�1) were
purchased from Sigma-Aldrich (Shanghai, China). Sodium az-
ide was purchased from J&K Chemical (Beijing, China).
Other reagents were bought from Sinopharm Chemical Rea-
gent (Shanghai, China). Mouse fibroblasts (L929) were
obtained from Institute of Biochemistry and Cell Biology
(Chinese Academy of Sciences, China). All culture media and
reagents were purchased from Gibco BRL Life Technologies
(USA).

Fabrication of electrospun nanofibers and irradiations
For nanofibers fabrication, PLLA pellets were first dissolved
in a mixture of dichloromethane and acetone with a volume
ratio of 2:1. After complete dissolution, specific weight
ratios (1, 3, and 5%) of TAIC were added and stirred until
the mixture became homogeneous. The concentration of re-
sultant solutions was kept at 10 wt %. The solutions were
separately placed in a 10-mL plastic syringe fitted with an
18 gauge needle. The electrospinning were performed at 18
kV by using a high-voltage supply (BGG6-358, BMEI, China).
A plate of aluminum foil was grounded and placed 15 cm
below the needle tip, and used to collect nanofibers. The so-
lution was fed into the needle using a syringe pump
(789100C, Cole-Parmer Instruments, USA) at a flow rate of
3 mL h�1. The prepared fibrous mats with thickness of

around 0.2 mm were dried in a vacuum oven for 48 h to
remove the residual solvents. The film samples were sealed
in polypropylene bag and irradiated at room temperature in
a 2.22 � 1015 Bq 60Co gamma-ray source at different radia-
tion doses (5, 10, and 25 kGy) with 50 Gy min�1 irradiation
dose rate. The obtained samples were then stored at room
temperature in a desiccator for further measurements.

Characterization of the fibrous scaffolds
Morphology observation. Scanning electron microscopy
(SEM) images of PLLA/TAIC composite fibers before and af-
ter irradiation were obtained with a Hitachi S-2700 scan-
ning electron microscope (Hitachi, Japan) at an accelerating
voltage of 10 kV. Prior to SEM observation, all of the speci-
mens were sputter coated with gold for 60 s. The diameters
of nanofibers were measured based on SEM images using
image visualization software (ImageJ 1.34s, NIH Image,
USA). The average fiber diameter and its distribution were
determined from about 100 measurements on a typical SEM
image.

Attenuated total reflectance-Fourier transform infrared
spectra (ATR-FTIR). ATR-FTIR spectra were obtained with
a Nicolet-670 FTIR spectroscopy (Nicolet-Thermo, USA). The
infrared spectra of the samples were measured over a wave-
length range of 4000–500 cm�1 with a resolution of
4 cm�1.

Thermal analysis. The thermal properties of samples (ca. 4
mg) were measured by DSC-204 F1 (Netzsch, Germany)
thermal analysis instrument using aluminum oxide as the
standard. The samples were measured from 25 to 200�C
under nitrogen gas at a heating rate of 10�C min�1.

The thermal stability of samples was investigated with a
TG-209 F1 thermal analyzer (Netzsch, Germany), about 3–4
mg sample was used in an aluminum pan and heated at a
rate of 10�C min�1 from ambient temperature to 500�C in a
nitrogen gas atmosphere. The nitrogen gas flow rate was
40 mL min�1.

Mechanical properties. The samples for tensile test were
prepared according to our previous study.18 A straight-line
sample with a planar area of 50 mm � 10 mm was cut
from the PLLA sample, each end of which was glued in
between two pieces of 10 mm � 10 mm tapes, leaving a
gauge length of 30 mm. The tensile testing was performed
using a universal materials tester (H5 K-S, Hounsfield , UK)
with a 50-N load cell at ambient temperature 25�C and hu-
midity 65%. A cross-head speed of 10 mm min�1 was used
for all the specimens. For each group, at least five speci-
mens were tested to calculate the mean value and standard
deviation.

Dynamic mechanical analyses. Dynamic mechanical prop-
erties were investigated using a dynamic mechanical ana-
lyzer DMA Q800 (TA instruments, USA). The sample dimen-
sions were 20 � 10 � 0.2 mm3. The film was measured
under the tensile at a constant frequency of 1.0 Hz,
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temperature ranging from 25 to 200�C and a heating rate of
2�C min�1 under nitrogen gas flow.

Enzymatic degradation. The enzymatic degradation behav-
ior was evaluated from the morphological change and mass
loss. The weighted film samples (10 � 10 mm2 dimension)
were placed in 15-mL centrifuge tubes with 5 mL of 0.1
mol L�1 Tris/HCl buffer (pH 8.6) containing 0.25 mg of pro-
teinase K and 1.0 mg of sodium azide, the tubes were sub-
sequently placed inside an orbital incubator a 37�C, rotating
at 60 rpm, for up to 8 days. At predetermined intervals,
triplicate specimens for each sample condition were taken
out of solutions and washed with distilled water, methanol
and freeze-dried to a constant weight in vacuum. Biodegra-
dation was evaluated by measuring weight loss values (mg)
per unit area (cm2) of the film samples. The morphological
change was also estimated from SEM observation as above.
For comparison, blank test (neat PLLA film) was carried out
using the same buffer solution without enzyme.

Biological testing
Cell culture and scaffold preparation. The thawed L929
mouse fibroblasts were cultured in a 5% CO2, humid atmos-
phere at 37�C in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum, 100 U mL�1

penicillin and 100 U mL�1 streptomycin, the culture me-
dium was changed every other day.

Prior to cell seeding, the fibrous films were cut into
round shape pieces with a 15 mm diameter. The samples
were fixed in the 24-well plate with stainless steel rings
and sterilized with 75% alcohol solution for 4 h, washed
three times with phosphate-buffered saline solution (PBS)
for 30 min each, and twice with cell culture medium for 1 h
each.

Cell viability evaluation. For proliferation study, L929
mouse fibroblasts (5 � 104 mL�1) were seeded on the scaf-
folds with neat PLLA scaffold as control. The proliferation of
the cells on each specimen was determined after varying
culture period of 1, 3, 5, and 7 days, respectively. The viabil-
ity of the cells was quantified by 3-[4, 5-dimethylthiazol-2-
yl]-2, 5-diphenyltetrazolium bromide (MTT) assay at the ab-
sorbance of 570 nm using an enzyme-labeled instrument
(MK3, Thermo, USA). Morphological appearance of the cells
after 3 days of culture was observed by SEM (Hitachi S-
2700, Japan). Cells cultured on scaffolds were washed with
PBS and then fixed with 4% glutaraldehyde overnight at
4�C. The samples were dehydrated in 50, 75, and 100%
alcohol solutions and dried under vacuum. Afterwards, the
samples were sputter coated with gold and examined using
a SEM at voltage of 15 kV.

Statistical analysis
All experiments were conducted at least three times and all
values were reported as the mean and standard deviation.
Statistical analysis was carried out by the one-way analysis
of variance (one-way ANOVA) and Scheffe’s post hoc test in
SPSS (SPSS). The statistical difference between two sets of
data was considered when p < 0.05.

RESULTS AND DISCUSSION

Structure and appearance of nanofibrous scaffolds
Figure 1 shows the typical SEM images of PLLA/TAIC nano-
fibers with various concentration of TAIC before and after
gamma irradiation at 25 kGy. All the scaffolds showed a po-
rous morphology with random aligned fibers, but the cross-
linked scaffolds [Fig. 1(d–f)] exhibited more compact fibrous
structure and relatively rougher surface morphology as
compare to uncrosslinked counterparts [Fig. 1(a–c)]. The av-
erage fiber diameters of all the PLLA/TAIC scaffolds

FIGURE 1. SEM images of PLLA/TAIC nanofibers with various concentration of TAIC before gamma irradiation: (a) 1%, (b) 3%, (c) 5%, and after

irradiation at 25 kGy: (d) 1%, (e) 3%, (f) 5%.
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increased with the increasing of TAIC content in scaffolds.
The radiation crosslinking results in only relatively small
changes in the average fiber diameters. For example, the
fiber diameters for uncrosslinked scaffolds containing TAIC
of 1, 3, and 5% were 705 6 234, 919 6 269, and 1026 6
391 nm, respectively, whereas these values changed to 668
6 250, 868 6 399, and 1058 6 566 nm, respectively, after
irradiation at 25 kGy. The results revealed that the content
of TAIC had a notable effect on the diameters of the
obtained nanofibers. This can be explained by the increase
of solution viscosity at high TAIC content due to interactions
between TAIC and PLLA molecules. In general, a high viscos-
ity results in a large fiber diameter during electrospinning
process.19

The electrospinning process usually tends to produce a
loose and scraggly fibrous structure on the surface of the
substrate due to the mutual electrostatic repulsion among
the resulting nanofibers.10 TAIC has been proved to be one
of the most effective crosslinking agents for PLLA. When
PLLA/TAIC composite nanofibers were irradiated by gamma
rays or electron beams, Hydrogen atom abstraction occurred
predominantly from the methine groups in PLLA chains.14,20

At the same time, the double bonds of allyl groups in TAIC
were broken to form a pair of radicals (�ĊH � ĊH2) and
subsequently combined with the polymer radicals. Accord-
ing to Mitomo et al.,14 �ĊH � ĊH2 group in TAIC may
recombine with abstracted _H to form �ĊH � CH3 or �CH2

� ĊH2, both remnant radicals subsequently combine with

PLLA to produce two kinds of combinations that usually
occurred at the radiation-induced crosslinking, as shown in
Figure 2. Thus, a compact crosslinking network with effec-
tive crosslinking points can be formed between PLLA and
TAIC molecules,13,14,20 which makes a slight decrease in
fiber diameter [Fig. 1(d,e)]. The molecular structure of TAIC
and a schematic drawing of radiation-induced crosslinking
with the presence of TAIC are depicted in Figure 3.

FTIR analysis
Figure 4 shows the FTIR spectra of the neat PLLA nanofib-
ers and crosslinked PLLA/TAIC nanofibers with various con-
centration of TAIC irradiated at 25 kGy. The peaks at about
1757 and 1188 cm�1 which belong to the C¼¼O stretching
and CAOAC stretching of PLLA, respectively, are clearly
visible in all the spectra.

After the chemical reaction with TAIC, one new peak
appears at about 1694 cm�1 (C¼¼O of TAIC), which can be
observed in the spectra of crosslinked PLLA. The intensities
of this new peak increase with increasing TAIC content,
which clearly confirms the chemical crosslinking reaction
between PLLA and TAIC.

Thermal properties
DSC thermograms of crosslinked PLLA with different TAIC
contents and different radiation doses are shown in Figure
5. Figure 5(a) shows DSC heating curves of the crosslinked
PLLA/TAIC fibrous scaffolds containing different TAIC

FIGURE 2. Possible radiation-induced crosslinking of TAIC between two PLLA molecules (the third allyl group in TAIC was not activated).
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contents irradiated at 25 kGy. DSC curve of neat PLLA fibers
reveals three major peaks at temperatures corresponding to
the glass transition temperature (Tg), cold crystallization
temperature (Tcc), and melting temperature (Tm). For PLLA/
TAIC crosslinked samples, only one endothermic peak at
about 180�C can be clearly discerned, which corresponds to
the Tm of single crystal in two different phases. In addition,
the melting temperature of crosslinked samples decreased
with increasing the TAIC content, whereas the crystallization
peak of highly crosslinked PLLA/3% TAIC and PLLA/5%
TAIC samples disappeared entirely. These results indicated
that the efficient crosslinking networks could be generated
in the crosslinked samples when the TAIC content is higher
than 3%, and this crosslinking network inhibited the seg-
mental motion for crystallization. These results are in good

agreement with those of previous studies on radiation-
induced crosslinking of PLLA.16,17

Figure 5(b) shows the DSC curves of PLLA/3% TAIC
crosslinked at different radiation doses. The glass-transition,
cold crystallization and melting peaks can be clearly
observed in the curve of unirradiated sample, but the crys-
tallization peak disappeared in the curves of irradiated sam-
ples, and the melting temperatures slightly reduced with
the increasing of radiation dose. The result confirmed that
irradiation by gamma ray is a most important factor in the
crosslinking of PLLA with TAIC. The crosslinking structure
can be formed even in the lower radiation dose of 5 kGy,
and the higher crosslinking density can be achieved at high
radiation dose. The disappearance of crystallization peaks in

FIGURE 4. FTIR spectra of the neat PLLA nanofibers and crosslinked

PLLA/TAIC nanofibers with various concentration of TAIC irradiated at

25 kGy. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

FIGURE 3. (a) Molecular structure of TAIC. (b) Schematic drawing

of radiation-induced crosslinking with the presence of TAIC. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 5. DSC heating curves of (a) PLLA/TAIC nanofibers containing different TAIC contents irradiated at 25 kGy. (b) PLLA/3% TAIC nanofibers

crosslinked at different radiation doses.
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crosslinked samples suggested that the molecular chains
were crosslinked in the amorphous state. The high cross-
linking density of PLLA restrains the molecular motion for

crystallization, therefore reduces the melting temperature of
the crosslinked samples.16,17

Figure 6 shows the thermogravimetric analysis (TGA)
curves for crosslinked PLLA with different TAIC contents
and different radiation doses. The thermal decomposition
profiles of all the samples display a one-stage decomposi-
tion pattern during the thermal decomposition. As shown in
Figure 6(a) which illustrates the effects of TAIC contents on
the thermal stability of crosslinked PLLA samples at 25 kGy
radiation dose, the onset degradation temperature (Tonset)
of the neat PLLA sample was 295�C, whereas crosslinked
PLLA/TAIC samples were 288, 299, and 307�C, respectively.
Besides the sample with 1% TAIC content, other crosslinked
samples achieved an improved thermal stability. Figure 6(b)
illustrates the effects of the radiation dose on the thermal
stability of crosslinked PLLA/3% TAIC samples, all the
crosslinked scaffolds showed an increased Tonset as

FIGURE 6. TGA curves of (a) PLLA/TAIC nanofibers containing different TAIC contents irradiated at 25 kGy. (b) PLLA/3% TAIC nanofibers cross-

linked at different radiation doses. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 7. Typical ensile stress–strain curves of (a) PLLA/TAIC nanofibers containing different TAIC contents irradiated at 25 kGy, (b) PLLA/3%

TAIC nanofibers crosslinked at different radiation doses. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

TABLE I. TGA Results for Neat PLLA Nanofibers and

Crosslinked PLLA/TAIC nanofibers

TAIC
Content (%)

Radiation
Dose (kGy)

Tonset

(�C)
T0.1

(�C)
T0.5

(�C)
DT0.5

(�C)

0 0 295 290 320 –
1 25 288 278 312 �8
3 5 317 304 334 12

10 298 298 329 9
25 299 282 321 1

5 25 307 300 333 13

T0.1 ¼ temperature at 10% mass loss; T0.5 ¼ temperature at 50%

mass loss; DT0.5 ¼ temperature difference at 50% mass loss between

the crosslinked sample and the neat PLLA.
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compared to the neat PLLA sample, but the Tonset decreased
with increasing of the radiation doses.

To further confirm the effect of the crosslinking condi-
tions on the thermal stability of crosslinked samples, the
characteristic thermal degradation temperatures, including
T0.1 and T0.5, defined as the temperature at which 10 and
50% mass loss occurs respectively, are summarized in Table
I. It can be found that T0.1 and T0.5 of crosslinked samples
were higher than that of neat PLLA at the appropriate radia-
tion doses, indicating improvement of thermal stability of
PLLA. However, too high radiation doses have an adverse
effect on the thermal stability of crosslinked samples, espe-
cially in the case of lower TAIC content. For example, for
PLLA/1% TAIC sample irradiated at 25 kGy, all the charac-
teristic thermal degradation temperatures including Tonset,
T0.1, and T0.5 were lower than those of neat PLLA sample.
Furthermore, for PLLA/ 3% TAIC samples, high radiation
dose of 25 kGy resulted in a relatively poor thermal stability
of PLLA with decrease of all characteristic thermal degrada-
tion temperatures. This suggests that although high dosage
of gamma irradiation facilitates the formation of crosslink-
ing network, it might damage the PLLA chain and induce
the thermal degradation of PLLA, resulting in poor thermal
stability of the crosslinked PLLA.

Mechanical properties
Figure 7 shows the typical tensile stress–strain curve of
crosslinked PLLA with different TAIC contents and different
radiation doses. The tensile strength, elongation at break
and Young’s modulus are summarized in Table II. It can be
found from Figure 7(a) and Table II that the increasing of
TAIC contents increased the tensile strength but decreased
the Young’s modulus and elongation at break at 25 kGy
radiation dose. Moreover, a sharp increase in Young’s modu-
lus and decrease in elongation at break were observed in all
the crosslinked samples. For example, the average Young’s
modulus and elongation at break for PLLA/1% TAIC cross-
linked sample at 25 kGy were 33.93 MPa and 20.45% as
compared to 2.10 MPa and 88.45% for unirradiated neat
PLLA sample. The results revealed that the crosslinked

PLLA sample is stiffer than its uncrosslinked counterpart
because of the formation of new bonds among different
PLLA chains, and the crosslinked samples become stronger
and more brittle with increasing TAIC content. This increase
can be attributed to higher crosslinking density in the cross-
linked samples with higher TAIC content, which possesses a
higher double bond concentration for crosslinking of
PLLA.21

The influence of radiation dose on the stress and strain
curves for irradiated PLLA/3% TAIC samples is illustrated
in Figure 7(b). All the irradiated samples exhibited
enhanced mechanical properties such as increased strength
and Young’s modulus as compared to unirradiated sample.
Combining with Table II, we can conclude that the tensile
strength and Young’s modulus of samples increased when
the radiation dose was increased, whereas the elongation at
break reduced with the increasing radiation dose. It is well
known that the double bonds in TAIC can be easily broken
under radiation to produce radicals and then combine with
polymer radicals to form the crosslinking structure.16 The
mechanical properties of crosslinked polymers are strongly
dependent on the crosslinking density and chemical struc-
ture of the crosslinker introduced. The higher radiation
dose may facilitate a more stable crosslinking network,
which restricts the mobility of the polymer chains and thus
decreases elongation at break of the crosslinked films, but
increases the tensile strength and Young’s modulus of
samples.

Figure 8 shows dynamic mechanical properties including
the storage modulus (E0) and tan d of crosslinked PLLA
samples irradiated with different TAIC contents and differ-
ent radiation doses, respectively. For neat PLLA, the curve
of storage modulus demonstrated that PLLA exhibited
glassy, glass-transition, crystallization, rubbery and liquid-
flow behaviors; whereas the peak of tan d indicated the Tg
of neat PLLA nanofibers is around 78�C. All the crosslinked
samples did not exhibit crystallization behavior but became
more stable than neat PLLA at high temperature, and their
Tg values increased with the increase of TAIC contents and
radiation doses. The results demonstrated that the

TABLE II. Tensile Mechanical Properties of Neat PLLA Nanofibers and Crosslinked PLLA/TAIC Nanofibers

TAIC
Content (%)

Radiation
Dose (kGy)

Tensile
Strength (MPa)

Elongation
at Break (%)

Young’s
Modulus (MPa)

0 0 0.76 6 0.06 88.45 6 12.24 2.10 6 0.35
1 0 0.72 6 0.13 78.58 6 10.35 2.38 6 0.23

5 0.91 6 0.16 34.12 6 16.13 20.92 6 6.03
10 0.87 6 0.24 25.35 6 4.82 16.40 6 3.48
25 1.39 6 0.26 20.45 6 4.01 33.93 6 5.72

3 0 0.53 6 0.11 54.64 6 7.92 2.59 6 0.10
5 1.37 6 0.41 28.29 6 5.34 35.67 6 8.04

10 1.27 6 0.19 20.80 6 5.83 26.65 6 8.54
25 1.50 6 0.25 20.78 6 4.52 31.71 6 8.61

5 0 0.74 6 0.13 76.81 6 10.94 2.65 6 0.99
5 1.12 6 0.12 35.42 6 9.36 21.93 6 3.39

10 1.84 6 0.20 46.26 6 8.74 30.98 6 5.03
25 1.67 6 0.33 40.59 6 7.27 25.97 6 8.44

ORIGINAL ARTICLE

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | 15 DEC 2011 VOL 99A, ISSUE 4 661



mechanical properties and thermal stability were improved
by radiation-induced crosslinking with TAIC.

Biodegradability
Figure 9 shows enzymatic degradation curves of neat PLLA
and PLLA/3% TAIC crosslinked at different radiation doses.
All the samples, except the control sample which was hardly
degraded in a buffer solution without enzyme, exhibited a
linear relation between the weight loss and the degradation
time. The weight loss of neat PLLA sample incubated with
proteinase K for 8 days was about 15.6 mg cm�2, whereas
those of the crosslinked samples were obviously decreased
at the same duration, implying that the formed crosslinking
network by irradiation restricted the absorption of the
enzyme into the polymer gels, and thus delayed the degra-
dation of crosslinked samples. Generally, high radiation dose
facilitates the formation of more stable crosslinking network
and results in a low degradation rate.22 In our case, how-
ever, the crosslinked sample irradiated at 10 kGy exhibited
the minimum weight loss, whereas the sample irradiated at
25 kGy achieved a higher degradation rate. This can be
explained by the fact that high dose radiation can induce
chain scission within polymers, resulting in reduction of mo-
lecular weight and consequently increase of degradation
rate.23 Therefore, the radiation dose of 10 kGy was chosen
for preparing the crosslinked PLLA samples for cell culture
experiments.

Figure 10 shows SEM images of different degraded sam-
ples after 8 days incubation, the image of degraded neat
PLLA sample with enzyme was not included since the sam-
ple was almost completely degraded within 8 days. The con-
trol sample still maintained its fibrous structure after 8
days incubation in buffer solution without enzyme, as
shown in Figure 10(a). Meanwhile, all the crosslinked sam-
ples showed a swollen morphology with partial fibrous
structure still containing, indicating that the crosslinked
PLLA network is able to resist the cleavage of proteinase K.

Degradation behavior of a polymeric scaffold is a critical
factor affecting the long-term success of a tissue-engineered
cell/polymer construct. The degradation profiles may influ-
ence a wide range of biological processes such as cell
growth, tissue regeneration, and host response.24 PLLA is a
semicrystalline polyster with high crystallinity and hydro-
phobicity, which makes it degrade very slowly both in vitro
and in vivo. Enzymatic degradation has been considered as
a rapid method to evaluate the degradation behavior of
PLLA in a short term, although they are not completely re-
sponsible for the hydrolysis of polymers. However, it should
be noted that the degrading activity of crosslinked PLLA
fibers in physiological environment is markedly different
from our present study; further studies need to be done to
ascertain the in vivo degradation kinetics of this material
before it can be used for practical applications in tissue
engineering.

Cellular behavior
L929 mouse fibroblast cells were seeded and cultivated on
the different crosslinked scaffolds to evaluate cellular behav-
ior, and cells were also cultivated on the neat PLLA scaffold
for comparison. Figure 11 show the proliferation of L929
fibroblast cells on the crosslinked PLLA/TAIC scaffolds with
different TAIC contents (irradiated at 10 kGy) after seeding
for 1, 3, 5, and 7 days. In general, cell proliferation on all
the crosslinked scaffolds was higher that on neat PLLA scaf-
fold, but no significant difference was found among all
tested groups after 1, 3, and 5 days. However, a significant
increase in cell proliferation was observed at day 7 for
PLLA/3% TAIC scaffold compared with neat PLLA scaffold
(p < 0.05).

Figure 12 shows SEM images of cultured cells on the
neat PLLA and crosslinked scaffolds after seeding for 3
days. It can be seen that the fibroblast cells were well
grown and spread on all the tested scaffolds, and the num-
ber of cells that were cultured on the crosslinked scaffolds

FIGURE 8. Storage modulus (E0) and tan d of (a) PLLA/TAIC nanofibers containing different TAIC contents irradiated at 25 kGy, (b) PLLA/3% TAIC

nanofibers crosslinked at different radiation doses.
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appeared to be greater than that on the neat PLLA scaffold,
which are in agreement with the results obtained from the
cell proliferation assays. The results from cell proliferation
assays suggested that the radiation crosslinking with TAIC
did not induce any cytotoxic activity on the seeded fibro-
blast cells under our experimental conditions. Moreover, the

crosslinked scaffolds possess the improved dimensional sta-
bility and mechanical strength, which is beneficial for their
application in tissue engineering and other biomedical
areas. However, more work should be done to further evalu-
ate the biocompatibility and biodegradability of crosslinked
scaffolds before they can be used in tissue engineering.

FIGURE 10. SEM images of different degraded samples after 8 days incubation. (a) PLLA nanofibers immerged in buffer without enzyme, and

enzymatic degradation of PLLA/3% TAIC nanofibers irradiated at (b) 5 kGy, (c) 10 kGy, (d) 25 kGy after 8 days incubation in buffer containing

proteinase K.

FIGURE 11. Proliferation of L929 fibroblast cells on the crosslinked

PLLA/TAIC scaffolds with different TAIC contents (irradiated at 10

kGy) after seeding for 1, 3, 5, and 7 days. Data were expressed as

mean 6 SD (n ¼ 3). Significant difference between groups is indicated

(*p < 0.05). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

FIGURE 9. Enzymatic degradation curves of neat PLLA and PLLA/3%

TAIC crosslinked at different radiation doses. PLLA nanofibers

immerged in buffer without enzyme set as control. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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CONCLUSIONS

The PLLA/TAIC composite nanofibers were fabricated by
electrospinning and subsequently crosslinked by gamma
irradiation with different radiation dose. The efficient cross-
linking networks can be generated in the crosslinked sam-
ples when the TAIC content is higher than 3%. The thermal
stability and tensile mechanical properties were significantly
increased by radiation crosslinking at higher irradiation dose
of 10 and 25 kGy. However, radiation dose at 25 kGy exert an
adverse effect on the thermal stability of crosslinked samples
due to thermal degradation induced by irradiation, the cross-
linked samples irradiated at 10 kGy exhibited the best enzy-
matic degradation. The in vitro results also revealed that the
crosslinked PLLA/TAIC composite nanofibers did not induce
cytotoxic effects and suitable for cell growth. Therefore, the
crosslinked PLLA nanofibers are one of the promising mate-
rials for tissue engineering applications.
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