Effect of Electron Beam Irradiation on the Silk Fibroin
Fiber/Poly(e-caprolactone) Composite

Wei Li,! Xiuying Qiao,' Kang Sun," Xiaodong Chen*

IState Key Laboratory of Metal Matrix Composites, Shanghai Jiao Tong University, Shanghai 200240,

People’s Republic of China

2Shanghai Sunny New Technology Development Co., Ltd., Shanghai 201108, China

Received 9 May 2008; accepted 6 December 2008
DOI 10.1002/app.29869

Published online 3 April 2009 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: The effect of electron beam irradiation on
silk fibroin (SF) fiber-reinforced poly(e-caprolactone) (PCL)
composite was investigated by mechanical test, scanning
electron microscope, dynamic mechanical thermal analysis,
electron paramagnetic resonance (EPR) analysis, and Fou-
rier transform infrared (FTIR) analysis. The results indicate
that electron beam irradiation can affect the static and
dynamic mechanical properties of PCL and SF/PCL compos-
ite, depending on the irradiation dose. PCL shows maximum
strength and modulus at the irradiation dose of 200 kGy,
and the SF/PCL composite with 45% fiber content exhibits
maximum strength and modulus at the doses of 150 kGy.

EPR analysis shows that during irradiation, both PCL and
SF fiber can produce free radicals. Some transformations or
reactions of radicals may take place between PCL and SF
fiber and enhance the interfacial interaction. The microstruc-
tures of tensile fracture also show an improvement in interfa-
cial interaction between fiber and matrix after irradiation.
FTIR analysis shows that chain scissions also occur in both
PCL and SF fiber during irradiation. © 2009 Wiley Periodicals,
Inc. ] Appl Polym Sci 113: 10631069, 2009

Key words: poly(e-caprolactone); (PCL); silk fibroin fiber;
electron beam irradiation; free radicals

INTRODUCTION

Biodegradable polymer composites consisting of
both biodegradable polymers and biodegradable fill-
ers have got more and more attentions in recent
years owing to their potential applications in bio-
medical and environmental fields. Among these
composites, biocomposite based on poly(e-caprolac-
tone) (PCL) and reinforced by natural fibers is one
of the leading examples."® As a kind of natural
fiber, silk fiber (Bombyx mori) spun out from silk-
worm cocoons has excellent mechanical properties
such as high tensile strength and modulus, high
elongation, good elasticity, and excellent resilience.”
B. mori silk fiber consists primarily of two protein-
based components, the inner fibroin filaments and
the outer sericin, which account about 75 and 25%
by weight respectively.® Fibroin, a real fibrous com-
ponent, is highly crystalline and well aligned in the
fiber. Degumming is usually performed to achieve
pure fibroin filaments with the removal of sericin
component.”' Biocomposites fabricated with PCL
and silk fibroin (SF) fiber will have more promising
foreground in biomedical fields, especially in bone
substitute applications.

Correspondence to: K. Sun (ksun@sjtu.edu.cn).

Journal of Applied Polymer Science, Vol. 113, 1063-1069 (2009)
© 2009 Wiley Periodicals, Inc.

As a kind of biomaterials with potential use in
biomedical fields, the SF/PCL composites must be
sterilized before being used as biomedical applica-
tions. Irradiation treatment is an effective way for
sterilization. Moreover, irradiation also can affect
certain properties of polymers."" The influences of
irradiation on the mechanical and optical properties,
processability, and thermal stability of PCL were
investigated by Yoshii and coworkers'>'* Ohrlander
et al."” and Filipczak et al.'® discussed the formation
of free radicals in PCL after irradiation through elec-
tron paramagnetic resonance (EPR) analysis. The
effects of irradiation on PCL porous scaffolds were
also studied as well as the bulk polymer.'”'® Trradia-
tion is also used as a tool for silk fiber modification
and grafting."”** Mamedov et al®”® and Wang
et al.** observed that EPR studies were also used to
investigate the formation of free radicals in silk fiber
after irradiation.

In our previous study, SF fiber-reinforced PCL
biocomposites were fabricated, and the effect of fiber
reinforcement was investigated by static mechanical
test, dynamic mechanical thermal analysis (DMTA),
and dynamic rheological analysis.®> The results
showed that SF/PCL composites with fiber content
from 35 to 45% by weight had optimum mechanical
behaviors. In this investigation, we choose SF/PCL
composite with 45 wt % fiber content as an example
to study the effect of electron beam irradiation on
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the composites. After being irradiated by different
dose, the mechanical properties, microstructures,
and dynamic mechanical properties of SF/PCL com-
posite were investigated by mechanical test, scan-
ning electron microscope (SEM), and DMTA. The
formations of free radicals and chain scissions in the
SF/PCL composites irradiated with 150 kGy were
discussed through EPR analysis and Fourier trans-
form infrared (FTIR) analysis. The effect of irradia-
tion on PCL was also studied to make a comparison.

EXPERIMENTAL
Materials and preparation

PCL with the number-average molecular weight of
90,000 was purchased from Solvay Group (Brussels,
Belgium). Continuous silk fiber, spun by the cocoons
of B. mori, was supplied by JinLi Silk Co. (YuHang,
China). Before use, the silk fiber was chopped into
short fiber with an approximate length of 1.5 cm in
the lab.

To remove the sericins, the chopped silk was first
degummed by boiling in the 0.5 wt % Na,CO; water
solution for 40 min, and then rinsing in deionized
water and drying in vacuum at 70°C for 2 days.

SF/PCL composite with 45% fiber content by
weight was prepared by melt-mixing PCL and SF
fiber at 140°C in a Haake Rheocord900 Rheometer
(Haake Mess-Technic GmbH, Germany) for 15 min,
and then the obtained composite was hot pressed in
a mold at 140°C for 10 min. PCL was also hot
pressed in the same condition. Both PCL and com-
posite were cut into suitable specimens for
measurements.

The specimens were irradiated with a GJ-2 elec-
tron beam accelerator (Shanghai Xianfeng Corp.,
China) with a dose rate of 25 kGy/min at a room
temperature in the presence of air. With the irradia-
tion doses of 0, 25, 100, 150, 200, 250, and 300 kGy,
the PCL and SF/PCL samples were denoted as PCL,
PCL25, PCL100, PCL150, PCL200, PCL250, PCL300
and 455P, 45SP25, 455P100, 45SP150, 45SP200,
455P250, 455P300, correspondingly.

Measurement

An Instron2366 Universal Tensile Tester (Instron
Corp., USA) was utilized for tensile and flexural
tests. Both the loading rates of tensile and flexural
measurements were chosen as 1 mm/min. The val-
ues of specimen dimensions for tensile and flexural
measurements were 50 mm x 4 mm x 2 mm and 40
mm X 15 mm x 2 mm separately. The average val-
ues of tensile strength, elongation at break, flexural
strength, and flexural modulus were determined
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from five test specimens to evaluate the tensile and
flexural properties.

An S5-2150 scanning electron microscope (Hitachi,
Japan) was used to examine the tensile fracture mor-
phology of untreated and irradiated SF/PCL com-
posite. The cross sections were coated with a layer
of gold before SEM observation.

DMTA was performed on a DMTA IV (Rheometric
Scientific, USA) with a three-point bending mode at a
fixed frequency of 1 Hz. The testing temperature was
controlled from —100 to 30°C at a heating rate of 3°C/
min. For each test, the dynamic mechanical property
parameters of the storage modulus E' and the loss
modulus E” were obtained as a function of tempera-
ture under the condition of linear viscoelastic response.

EPR spectra of 150 kGy-irradiated PCL, silk fiber,
and SF/PCL composite were obtained by the use of
an EMX-8 EPR spectrometer (Bruker Biospin GmbH,
Germany) with the microwave power of 0.2 mW.
Measurements were performed at room temperature.
First, the EPR signals of samples were recorded im-
mediately after irradiation, and then followed by a
second measurement after 1-month storage under
ambient condition.

FTIR analysis of untreated and irradiated PCL and
silk fiber was performed on an EQUINOX 55 FTIR
spectrometer (Bruker Co., Germany) in an attenu-
ated total reflectance mode.

RESULTS AND DISCUSSION
Mechanical properties

Figures 1 and 2 show the mechanical properties of
PCL and SF/PCL composite with 45 wt % fiber con-
tent after being irradiated with different doses. From
the figures, moderate irradiation dose can improve
the tensile strength and flexural strength of both
PCL and SE/PCL composite but too much dose can
cause the decrease of strength. The flexural modulus
of PCL and SF/PCL composite exhibits peak values
at irradiation doses of 200 and 150 kGy, respectively.
When irradiation dose is no more than 200 kGy, the
elongation at break of PCL is above 200%, but when
the irradiation dose is 250 and 300 kGy, the elonga-
tion at break of PCL decreases to 116.1 and 42.1%,
respectively. As for the SF/PCL composite, the elon-
gation at break also decreases remarkably after being
irradiated.

The tensile properties of y-irradiated PCL under
the supercooled state were studied by Yoshii and
coworkers'? In their study, the tensile strength of
PCL irradiated in the supercooled state got a maxi-
mum at 160 kGy. They attributed the decreasing of
tensile strength at higher dose than 160 kGy to the
more difficult rearrangement of polymer chains with
high crosslink density during the extension process.
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Figure 1 Effect of irradiation dose on the tensile proper-
ties of PCL and SF/PCL composites with 45% fiber
content.

The crosslink of PCL also leads to a decrease in
elongation at break. During irradiation, the cross-
linking and chain scission in PCL occur side-by-side.
At lower irradiation dose, the formation of crosslink-
ing is predominant over chain scission and results in
an enhancement of mechanical properties. While at
higher irradiation dose, the mechanical properties
decrease. Besides high crosslink density, chain scis-
sion is another reason. The extent of chain scission
increases at higher dose and causes the degradation
of PCL. In the SF/PCL composite, the rearrangement
of polymer chains is hampered by SF fiber during
the test and becomes more difficult than in pure
PCL. This may result in that the peak values of flex-
ural modulus of SF/PCL composite appear at 150
kGy, less than that of pure PCL.

Figure 3 shows the SEM photographs of the
pulled-out fibers on the tensile fractures of 45SP,
45SP25, 45S5P100, and 45SP150. For 45SP, the surface
of fiber is smooth, whereas after being irradiated,
the surface of fiber is irregular. The fiber is covered
by a layer of PCL matrix and the extent of covering
is more obvious as the irradiation dose increasing.
The different morphology may be caused by the irra-
diation process, as discussed by Yang and Wu®® about
the irradiation effect on chitin fiber-reinforced PCL
composite. The irradiation treatment may improve the
interfacial bonding between SF fiber and PCL matrix.
The strengthened bonding causes better load transition
from PCL to SF fiber. The reinforcement effect of fiber
becomes more effective. This may be another reason
for the improvement of the mechanical properties of
irradiated SF/PCL composites.

Dynamic mechanical thermal properties

Figures 4 and 5 show the variation of storage modu-
lus (E’) and loss modulus (E”) as a function of tem-
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perature for irradiated PCL and SF/PCL composites.
For all samples, the E’ curve exhibits a plateau first
and then decreases gradually after the glass transi-
tion of PCL component with temperature increasing.
In the curves of E”, there is a peak between —70 and
—50°C. The peak temperature can be used to repre-
sent the T, of PCL component. For PCL, after irradi-
ated with various doses, the difference of E’
becomes more obvious at the temperature above
glass transition. The E’ increases with the irradiation
dose up to 200 kGy and then decreases. The change
of E” has the same trend as that of E’. The peak of
E" is widened after irradiation and PCL200 exhibits
a highest T,. The T, of PCL250 and PCL300 shift to
lower temperature compared with PCL200. For SE/
PCL composites, both of E' and E” get a maximum
at 150 kGy, and the peak of E” is also widened after
irradiation. However, it is noticeable that the E”
peak of irradiated SF/PCL composites shifts to
higher temperature after irradiation, including 250
and 300 kGy.

Studies on irradiated PCL through dynamic visco-
elastic method have already carried out by some
researchers.!>'*?” In their studies, discussions were
mainly focused on the melt behavior of irradiated
PCL. The glass transition behavior of irradiated PCL
has been rarely discussed. Yang and Wu.*® found
that after irradiation treatment, the T, of PCL com-
ponent in chitin fiber-reinforced PCL composites
increased with the fiber content, whereas the T, of
untreated composites remained almost at the same
temperature. They suggested that crosslinking of
PCL and strengthened interfacial interaction might
be the reasons for the increasing of T,. In Figure 5,
the irradiation causes crosslinking react1on in PCL,
which restricts the movement of PCL molecular
chains and results in the increasing modulus and T,.
When the irradiation dose is more than 200 kGy, the
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Figure 2 Effect of irradiation dose on the flexural
strength and modulus of PCL and SF/PCL composites
with 45% fiber content.
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Figure 3 SEM photographs of tensile fractures of 45SP (A), 455P25 (B), 45SP100 (C), and 455P150 (D).

degradation of PCL causes a decrease in modulus
and T,. It is coincident with the results of the static
flexural modulus of PCL, which also have peak val-
ues at 200 kGy. The crosslinking and degradation of
PCL also widen the peak of E”. However, for irradi-
ated SF/PCL composites, the crosslinking and deg-
radation of PCL in composite cannot explain the
increasing T, at 250 and 300 kGy. Therefore, the
interfacial bonding between fiber and matrix may be
strengthened by irradiation, which restricts the
movement of PCL molecular chains and can also
widen the peak of E” of SF/PCL composite.

EPR analysis

Compared with other samples being irradiated, the
455P150 sample has better static and dynamic me-
chanical properties. Therefore, 455P150 is chosen for
further studying the effect of irradiation on the
structure of composite. Figure 6 shows the EPR spec-
tra of PCL150, 150 kGy-irradiated SF fiber, and
455P150 measured immediately after irradiation. The
EPR spectrum of 45SP is also shown. The 45SP sam-
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ple also has an EPR signal, which may be assigned
to the radicals formed during the melt-mixing pro-
cess. It can be observed from Figure 6 that both PCL
and SF fiber can produce free radicals after irradia-
tion. However, there is no obvious difference
between EPR signal of 150 kGy-irradiated SF fiber
and that of 45SP150, indicating that most residual
radicals in SF fiber and SF/PCL composite after irra-
diation are the same. There seems no radical interac-
tion occurring between PCL and SF fiber
immediately after irradiation. Figure 7 shows a
decay of EPR signals after 1-month storage under
ambient condition. Remarkably, the spectra shapes
of 150 kGy-irradiated SF fiber and 455P150 are dif-
ferent, suggesting that the residual radicals in them
are not the same after the 1-month storage.

As reported by Ohrlander et al.'” about the
effect of electron beam irradiation on PCL, the PCL
irradiated in air contained at least two kinds of
free radicals, secondary alkylether radicals (—CH,
CH,CH*COO—) and peroxy radicals. In their
research, the different kinds of radical signals could
be separated by varying the microwave used in ESR
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Figure 4 Effect of irradiation does on the storage modu-
lus (E’) of PCL (A) and SF/PCL composites with 45% fiber
content (B). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

analysis. At a low microwave power, the spectrum
from secondary alkylether radicals was prominent,
whereas at a high microwave power, the signal
assigned to peroxy radicals was prominent. The EPR
measurement in this article was performed at a
lower microwave power of 0.2 mW in the presence
of air. Therefore, the signals of secondary alkylether
radicals are dominant and the signals of peroxyl
radicals are not visible. In Figure 6, the EPR spec-
trum of PCL150 is similar to the signals observed by
Filipczak et al.'® The spectrum represents the
radicals formed by abstraction of the hydrogen atom
at o-site to an ester group. The hyperfine spli-
tting may be assigned to two different radicals
(—CH,CH,CH*COO— or —COOCH*CH,CH,—). Fili-
pczak et al.'® also discussed the role of oxygen in
irradiation of PCL. Oxygen can prevent crosslinking
by reacting with alkyl radicals of PCL to form per-
oxyl radicals, which were usually more stable than
alkyl radicals and were able to initiate a variety of

1067

6E8

©
Q. 6E7 4
T}
PCL200
—— PCL250
PCL300
6E6 - T v T y T ¥ T v T
-90 -70 -50 -30 -10 10
Temperature(C)

E"(Pa)

——45SP100
——45S5P150

1 45SP200
1E8 4  ——455P250
45SP300

-80 ' 60 ' 40 ' -20 ' 0
Temperature('C)

Figure 5 Effect of irradiation does on the loss modulus
(E") of PCL (A) and SF/PCL composites with 45% fiber
content (B). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

PCL150

silk150

45SP150

45SP

3450 3470 3490 3510 3530 3550 3570 3590
Magnetic Field (Gauss)
Figure 6 EPR spectra of PCL150, 150 kGy-irradiated silk

fibroin fiber, 45SP150 immediately after irradiation and
45SP.

Journal of Applied Polymer Science DOI 10.1002/app



1068

LI ET AL.

45SP150

silk150

—— — — —

one month
after irradiation

T T T T T
3460 3480 3500 3520 3540 3560
Magnetic Field (Gauss)

----one month after irradiation

immediated irradiated

T T T
3460 3480 3500

T
3520

T T
3540 3560 3580

Magnetic Field (Gauss)

Figure 7 EPR spectra of silk fibroin fiber and SF/PCL composite measured directly after irradiation and after 1-month

storage.

reaction pathways. So, the presence of these radicals
makes it possible for irradiated PCL to react with
the radicals formed in irradiated silk during the 1-
month storage.

Several studies have investigated the EPR spectra
of irradiated fibrous proteins such as silk and
wool.'"#?#2% Mamedov et al.*® summarized the
mechanisms related to the processes by free radicals
formed under the photolysis or radiation in protein.
The formation of acyl radicals (—NHCH*CO—) and
the split off hydrogen atom from C,-atom could be
found at 23°C. The EPR spectrum of 150 kGy-irradi-
ated SF fiber in Figure 6 is similar to the results
obtained by Liu et al.'” The signals are assigned
mainly to the acyl radicals formed in glycine and al-
anine,” which together account for more than 70%
of the amino acid composition in the fiber.

As discussed earlier, both PCL and SF fiber can
produce free radicals after irradiation. It is suggested
that some transformations or reactions of these radi-
cals may take place between PCL matrix and silk
fiber during the 1-month storage. These transforma-
tions or reactions lead to the different shapes of EPR
spectra between 150 kGy-irradiated SF fiber and
455P150 measured after 1-month storage. As a
result, the interfacial interaction may “graft” PCL
matrix to SF fiber as shown in the SEM photographs
and make the T, of PCL component in SF/PCL com-
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posites shift to higher temperature after irradiation,
as shown in Figure 5.

FTIR analysis

Figure 8 shows the FTIR spectra of PCL, SF fiber,
and 45SP before and after irradiation. The bands of
PCL in FTIR spectrum and their assignments were
gathered by Elzein et al.* In Figure 8, the strong
band around 1722 cm ™! is assigned to C=O stretch-
ing mode. The peaks around 1186 and 1163 cm
are correlated to OC—O stretching and symmetric
COC stretching modes. The 1186 cm ™' band cannot
be distinguished after irradiation and the band in-
tensity is decreased in the region of 1160-1190 cm ™'
with the irradiation dose, indicating the chain scis-
sion of OC—O caused by irradiation. For SF fiber,
the doublets at 1230 and 1263 cm™' are assigned to
amide III, which are mainly due to the C—N—H in-
plane bending and C—N stretching vibrations. The
signal at 1263 cm ' is associated with B-pleated-
sheet conformation and the signal at 1230 cm™' is
associated with random-coil conformation.*® There is
a decrease in the signal intensity at 1230 and 1263
cm ! after irradiation, indicating the scission of pep-
tide chain. Both the chain scissions of PCL and SF
fiber after irradiation can lead to the decrease of me-
chanical properties of SF/PCL composite. However,
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Figure 8 FTIR spectra of PCL, silk fibroin fiber, and 45SP
before and after irradiation.

the chain scissions cannot be observed in the FTIR
spectra of 45SP and 45SP150. The intensity of corre-
sponding bands seems no obvious difference before
and after irradiation. It is because that the signals of
PCL at 1186 and 1163 cm ' are overlapped by the
signal of SF fiber at 1164 cm ™', which is associated
with the stretching of phenol group. And, the signals
of SF fiber from 1230 to 1263 cm ' are overlapped
by the signal of PCL at 1240 cm ™' for the asymmet-
ric stretching of COC.

CONCLUSIONS

During irradiation, the formation of free radicals
and chain scissions occur in both PCL and SF fiber.
Some transformations or reactions of radicals may
take place between PCL matrix and SF fiber after
irradiation as well as the degradation of PCL resin.
In PCL, the intermolecular crosslinking and degra-
dation of PCL widen the range of glass transfer tem-
perature. However, in SF/PCL composite, the
interfacial interaction between PCL and SF fiber is
improved and enhances the static and dynamic me-
chanical properties of SF/PCL composite.
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