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Abstract: Nanocomposite and nanoporous silk fibroin (SF) films were prepared by film casting of SF solution
containing surfactant-free colloidal nanoparticles of methoxy poly (ethylene glycol)-b-poly (D, L-lactide)
diblock copolymer (MPEG-5-PDLL). Self-condensation and nanophase separation of the nanoparticles from
SF film matrix during film drying process gave nanopore structures. The colloidal nanoparticles were prepared
i SF solution by modified-spontaneous emulsification solvent diffusion method without any surfactant. The
interaction between SF and MPEG-5-PDLL in nanocomposite films was studied by Fourier transform infrared
spectroscopy and thermogravimetry. The film transparency of SF nanocomposite films decreased as increasing
the MPEG-5-PDLL ratio. Scanning Electron Microscopy (SEM) results indicated that the nanoparticle sizes in
the films were in the range of 50-200 nm with spherical shape. Nanopore structures with pore size of less than
150 nm can be observed from SEM images of the film surface and cross-section. The nanopores are
interconnected throughout the nanocomposite films. The number and size of nanoparticles and nanopores
increased when the MPEG-5-PDLL ratio was mcreased.
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INTRODUCTION

Silk fibrein (SF) is a biodegradable and biocompatible
natural protein polymer created by the Bombyx mori
silkworm (Altman et af., 2003) and has recently been
extensively investigated as a biomaterial such as matrix
for enzyme immobilization (Y oshimizu and Asalkura, 1990),
cell culture substrate (Mmoura et al., 1995; Inouye ef al.,
1998), drug delivery system (Hanawa et al, 1995;
Hofmann et al., 2006, Wang et al., 2007) and material for
artificial skin (Yeo et al., 2000). The minimal inflammatory
reactions i vitre and in vive of SF film have been
reported by Memel et al. (2005). The SF has been
electrospun to produce nancoporous membranes of SF
nanofibers (Min et al., 2004; Tin et al, 2004). The
nanoporous SF membranes have a wide distribution of
pore sizes, high porosity and a high surface area to
volume ratio, which are favorable features for cell
attachment, proliferation and differentiation (Min et al.,
2004).

The application of electrospimning techmque for
preparing nanofibers has greatly limited by higher-energy,
expensive apparatus and difficult for large-scale
preparation. From our previous work (Baimark ef al,
2007a), the nanoporous chitosan films can be prepared as

chitosan  nanocomposite films with  dispersing
nanoparticles of methoxy poly(ethylene glycol)-b-poly
(e-caprolactone) (MPEG-b-PCL) into the chitosan film.
The nanoparticles were self-condensed and nanophase
separated from the chitosan film matrix.

MPEG-56-PDLL diblock copolymers have been
synthesized to attain versatile biodegradable polymers
having more water-absorbing capacity because of the
inclusion of hydrophilic MPEG block within the relatively
hydrophobic PDLL block (Lucke et al., 2000; Sun et al.,
2004; Stefani et al., 2006). MPEG-5-PDLL have been
used for the preparation of drug-loaded nanoparticles
(Kim et al, 2005, Piemm and Avgoustakis, 2005;
De Faria et al., 2003) with composed of the MPEG
chains on the nanoparticle surfaces (Heald et al., 2002;
Riley et al., 2003). Using of the modified-spontaneous
emulsification solvent diffusion method (modified-SESD
method) for preparing of surfactant-free MPEG-5-PDLIL
nanoparticles has been reported in our previous research
(Baimark ef al., 2007b). The use of a higher energy
apparatus such as the homogenizer and somicator n
emulsion solvent evaporation method and high volume of
water in dialysis method are avoided for this method.
Hence, the large-scale preparation of the surfactant-free
nanoparticles would be possible.
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In the present study, we adapted the modified-SESD
method to prepare colloidal nanoparticles of MPEG-5-
PDLL in SF acueous solution without any surfactant
before film casting. Then, the SF/MPEG-5-PDLL
nanocomposite  film  was obtained following this
procedure. Influence of SF/MPEG-5-PDLL ratios on the
nanocomposite films was investigated and discussed. The
intermolecular interaction between SF and MPEG-5-PDLL
were analyzed by FT-IR  spectroscopy  and
thermogravimetry. Scanmng electron microscopy was
used to observe morphology of film swrface and cross-
section. Film transparency was also determined by UV-Vis
spectrophotometry.

MATERIALS AND METHODS

Materials: Sille fibroin (SF) aqueous solution was
prepared by a chemical degummed method and dissolved
before dialysis, respectively. Cocoons from B. mori were
degummed by boiling twice m 0.5% Na,CO, solution at
98-100°C for 30 min to remove sericin, then rinsed with
distilled water and dried at room temperature. Degummed
SF fibers were dissolved in the ternary solvent, CaCl,-
ethanol-water (mole ratio = 1:2:8), by sturing at 80°C for
2 h. The resulting SF solution was then dialyzed (cellulose
tube) for 3 days agamst distilled water. The final
concentration after dialysis was adjusted to 1% (w/iv)
against distilled water.

Methoxy poly(ethylene glycol)-b-poly(D, T.-lactide)
(MPEG-6-PDLL) was prepared as described in our
previous work (Baimark et al., 2007b, ¢) by ring-opening
polymenzation of DLL at 130°C for 24 h using MPEG with
molecular weight of 5,000 g mol™" (Fluka, Germany) and
stannous octoate (95%, Sigma, 1JSA) as the imtiating
agents. The stannous octoate concentration was 0.02
mol%. As-polymerized MPEG-5-PDLL was purified by
precipitation in n-hexane from chloroform solution before
dried in vacuo at room temperature until constant weight.
Number-average molecular weight and polydispersity of
the MPEG-5-PDLL were determined from gel permeation
chromatography as 73,600 and 1.88, respectively. All
solvents and non-solvents, the analytical grade were
used.

Methods

Preparation of nanocomposite and nanoporous SF films:
The nanocomposite and nanoporous SF films with
different SF/MPEG-5-PDLL composite ratios were
prepared by film casting of SF aqueous solutions
containing  surfactant-free  colloidal MPEG-5-PDLL
nanoparticles. The colloidal nanoparticles were prepared
by modified-SESD method in SF aqueous solution. Briefly,
the MPEG-4-PDLL solution in mixture organic solvent of

Table 1: Nanocomposite ratios, Ty ., and Tgp of SF, MPEG-b#-PDLL and
SF nanocomposite films
SF/MPEG-b-PDLL 1% (w/v)

nanocomposite SF solution MPEG-b-PDLL®  T,,.° Teaa®

films (wiw) (L) (mg) ®)] (6

20/0 20 - 312 74.5+3.6
2011 20 0.01 317 TO.0£3.7
20/2 20 0.02 318 60.4+4.5
20/3 20 0.03 338 32.8+4.7
020 0.20 312 95.24+1.0

Amount. of MPEG-5-PDLL dissotved in 2 ml. [3/3 (v/v)] acetone/ethanol
mixture solvent, *From DTG curves, “From UV-Vis spectrophotometry

acetone/ethanol [3/3 (v/v)] was added drop-wise into SF
solution with stirring at 600 rpm. The organmic solvents
were evaporated in fume hood for 6 h. Then, colloidal
nanoparticles of MPEG-5-PDLL suspended in SF solution
was obtained before poured on Petri dish and dried at
40°C for 24 h. The dried films were treated with 90% (v/v)
methanol aqueous solution for 1 h before dried in vacuo
at room temperature for one week. The SF/MPEG-5-PDLIL
ratios of the films were summarized in Table 1.

Characterization of nanocomposite and nanoporous SF
films: FT-TR spectra were collected by Fourier transform
infrared (FT-TR) spectroscopy using Perkin-Elmer
Spectrum GX FTIR spectrophotometer with air as the

"and 32 scans were

reference. The resolution of 4 cm™
chosen in this research.

Thermal decomposition behaviors were characterized
by thermogravimetry (TG). The TA-Instrument TG SDT
Q600 thermogravimetric analyzer was used to determine
thermal decomposition profiles. For TG analysis, 10-20 mg
sample was heated from 50 to 1,000°C at the heating rate
of 20°C min™" under nitrogen flow.

Film transparency was determined by measuring the
percent transmittance at 660 mm using UV-Visible
spectrophotometer (Lamda 25, Perkin-Elmer Instrument) as
described by Rhim et al. (2006).

Film morphology was investigated by scanning
electron microscopy (SEM) using JEOL TSM-6460LV
SEM. The film was fractured in liquid nitrogen and coated
with gold for enhanced conductivity before scan.

RESULTS AND DISCUSSION

FT-IR spectra: The structures of SF, MPEG-5-PDLL and
SF nanccomposite films and the SF conformation
transitions were investigated by FT-IR spectroscopy. The
position of absorption bands indicated the conformation
of SF. Figure 1 shows the FT-IR spectra of SF, MPEG-&-
PDLL and SF nanocomposite films. The absorption bands
of SF film in Fig. laat 1681 (amide 1), 1573 (amide 2) and
1234 cm™" (amide 3) were assigned to the random coil
struchwre  of SF  film. The absorption bands at 1615
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Fig 1. FT-IR spectra of (a) SF, h) 201 &SF
nanocomposite, (c) 20/2 5F nanocomposite, (d)
20/3 5F nanccomposite and (e) MPEG-5-FDLL

films

(arnide 1) and 1521 em™' (amide 2) were indicated [-sheet
structure of SF film OWu erad , 20067 The splitting results
of the amide bands indicated that the random coil and
[-gheet structures were co-existed in the SF film after the
methanol solution treatmment. The MPEG-5-PDLL filmwas
prepared by film casting of MEFEG-5-PDLL golution in
dichloromethane, The FT-IR gpectrum of MPEG-5-FDLL
film m Fig le showed strong absorption band at
1760 am™, attributed to the carbonyl stretching The
gpectra of the 5F nanocomposite filme with SFMPEG-b-
PDLL composite ratios of 2041, 2072 and 2003 (wiw) n
Fig, 1b-d, respectively showed the bands of both SF and
MPEG-5-PDLL characteristice. In parallel with hypothesis,
the intensity of carbornyl bands of the SF nanocomposite
films increased when the MPEG-5-PDLL ratio was
increased.

In addittion, the amide 1 and 2 bands for the SF
nanocormnpeosite films were shifted to higher wave nurmber
(Fig. la-d) indicated that the specific intermolecular
interactions between 3SF and MPEG-5-FDLL in the
nanccomposite films were existed, It wag proposed that
the formation of nanoparticles could mnduce the partial
transformation of 5F to a random coil conformation.

Thermal decomposition behaviors: The TG curve of
MPEG-5-FDLL  film shows a complete thermal
decomposition at about 450°C, The TG curves of SF film
shows residue weight approsimately 30% at 1,000°C
Whereas, the TG profiles of 3F nanccomposite films were
strengly depended on the composite ratios (TG curves
did not shown) The thermal decemposition behavior can
be more clearly examined in detail from the differential
thenmogravimetric (DT G) aurves, as shown in Fig 2 From
DTG curves, temp eratures of mastimum decomposition rate
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Fig 2: DTG thermograms of SF, MPEG-5-PDLL and 3F
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Fig 2: Expanded DTG thermograms of 5F and SF
nanocormp osite films

(T mu) are measured and summarized in Table 1. The DTG
curves of 5F and MPEG-5-FDLL films show same single
Tyng at 312°C, Alltested SF nanocomyp osite filme showed
a main single Ty pp However, the Ty pp of SF
nanccomp ceite filme were slightly higher than the SF film
and increased as increasing the MPEG-5-PDLL ratio. The
different thermal decomposition behaviors of 5F and 5F
nanocompogite films were ghowed more clearly in
expended DT G curves as shown in Fig. 3. The expanded
DTG curves of 3F and SF nanocomyp osite films presented
lower shoulder peak at approximately 300°C due to the
decomposition of lower interacted SFMPEG-5-PDLL
fraction. The Ty gy of SF fraction slightly mcreased as
ncreasing the MPEG-b-PDLL ratio. The results indicated
that the MPEG-5-FPDLL nanepatrticles enhanced thermal
decomposition stability of SF film matrix, which supp orted
the exigting of intermolecular interaction bonds between
SF and MPEG-5-PDLL fom FT-IR results,
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15k #1500

Fig 4: SEM images of film surfaces of (a) 5F, (b 20/1 5F nanocomposite, (o) 2002 3F nanocormposite and (dy 2043 2F

nanocomposite films (har =1 pm)

Film transparency: The MFEG-5-FDLL film was a clear
transparent filtm Zimnilarly, the 5F and 5F nanocomposite
films were also clear tmnsparent films, wath a dight
vellowish and whitenesz tint in the 5F and SF
nanocomposite films, respectively. Film transparency of
sF, MPEG-E-PDLL and 5F nanocomposite flme was
measured from Yatransmittance ofthe flmat G60nm (T,
It was found that the MPEG-2PDLL film is the highest
transparent film due to its completely amorphous
chatacteristic. Film tansparency of the SF film was
lower than the WMIFEG-5-PDLL film dueto its crystallizable
B-cheet form. Tt is interesting that the 5F nanocommposites
filtms containing MPEG-3-FDLL nanopatticles show
more opagque than the SF filn, as shownin Table 1
Fhitn et &l (2006) have been reported that the
transparency of chitosan films was not affected in
significant value by nanocomposting with nanoparticles
of sodium  montmorillonite,  organic modified
montmorillonite and silver zeolite due to their have good
dispersive and distibutive through the chitosan film
matriz. However, the trmansparency of chitosan film
decreased ag nanocompositing with silver nanoparticles
due to its not good dispersive through the chitosan film
matriz (Fhim et o, 2008). Then, decreasing the
transparency of SF filtm az loading wath MPEG-2-FDLL
nanoparticlesin this worlt may be due to the nanoparticles

were not evenly dispersed throughout the 3F film matris
In addition, the film transparency was significantly
decreased when the WPEG-5-PDLL ratio was increased.
This was probably due to the nanoparticles of MFPEG-b-
FDLL were more aggregated through the 5F film tmatiizas
increasing the WMPEG-L PDLL matio.

Film morphology: Thickness of the 5F and its
nanoconmposte films was detenmined by SEL analyaizs, It
was found to be in the range of 30-60 pm. Figure 4 shows
the film surfaces morphology of BF and nanocomposte
films. The WMPEG-2-FDLL nanopatticles can be detected
on the film surfaces of hanocomposite films with
approzimately 100 wn in sizes. The nanopores on film
surfaces of nanocomposite filtns were found with sizes in
the range of 50-200 rn. This due to selffcondensed and
phase separated of the MPEG-5-FDLL nanoparticles from
the ZF rmatriz duing the diying process (Baimar et ol
2007a). The mumber and size of nanopores increased as
increasing the WIPEG-5-PDLL mtios.

Figure 5 shows the film cross-sections morphology
of 3F and nanocomposzite films The cross-sections of
nianocotrpo ste films were rougher than its surfaces. The
nanoparticles and nanopores can be clearly observed that
dispersed into the 3F filims in the ranges of 50-200 and
lezg than 150 nm, respectively. Figure 6 shows expanded
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Fig. 5: SEM images of film cross-sections of (a) SF. (b) 20/1 SF nanocomposite, (¢) 20/2 SF nanocomposite and (d) 20/3

SF nanocomposite films (bar = 1 pm)

Fig. 6: Expanded SEM image of film cross-sections of 20/3
SF nanocomposite [ilms (bar = 1 pm)

SEM image of cross-section of 20/3 SF nanocomposite
film suggesied that the nanocomposite [ilm contain
interconnected nanopores throughout the film. This
indicated that the SF nanocomposite films consisted
nanoporous structures. [t should be noted that
aggregated nanoparticles were also observed on the
surface and the cross-section of SF film matrix suggested

that the resulted SF nanocomposite films containing some
aggregated nanoparticles with good distribution. This
supports decreasing the film wansparency of the SF
nanocomposite films due to aggregating nanoparticles.
Finally, this work indicated that the amorphous
nanoparticles of MPEG-5-PDLL can also produce the
nanoporous  structure  as  the  semi-crystalline
nanoparticles of MPEG-b-PCL, as deseribed in our
previous work (Baimark ef a/l.. 2007a).

CONCLUSION

The SF nanocom posite films with different SE/MPEG-
A-PDLL ratios were successfully prepared by film casting
of the surfactant-free  colloidal  MPEG-A-PDLL
nanoparticles suspended in SF aqueous solution, The
intermolecular interactions between SF film matrix and
MPEG-6-PDLL nanoparficles were investigated [rom
FT-IR and DTG results. The SEM images showed the
nanoparticles with spherical shape on film surfaces and
cross-sections with nanoparticle sizes in the range ol
50-200 nm. The SF nanocomposite films contained
nanopore structure with the pore sizes of less than
150 nm. The number and size of nanoparticles and
nanopores inereased when the MPEG-A-PDLL ratios were
increased, These nanoparticle-loaded SF nanocomposite
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films with nanoporous structure might be of interested for
cell or tissue engineering.
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