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Silk sericin (SS) can be obtained as a byproduct during the silk fiber process, but its application has been
limited due to the brittleness of the SS film. To enhance the flexibility of the SS film, glycerol (Glc) has
been added as a plasticizer. The addition of Glc enhanced the elongation property of the SS film when
the Glc content was 50-70 wt% of SS. Glc also induced the structural transition of SS from a random coil
structure to a [3-sheet structure. The inconsistent increase of elongation and 3-sheet structure of the
SS/Glc film were explained by the content of moisture in the SS/Glc film. The moisture content of the

gﬁ{(vzgism SS/Glc film increased proportionally when the Glc content was higher than 50 wt% of SS, which was the
Plasticizer same Glc content range that exhibited the plasticizing effect. Therefore, the plasticizing effect on the SS
Glycerol film may occur not only because of Glc but also because of water. Furthermore, water also contributed
Water to the increase in the 3-sheet structure development. Our results suggest that the moisture content in
Flexible film the plasticized protein film may play an important role when the plasticizer has hygroscopic properties.

Protein based materials

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Presently, biopolymers draw the attention of many material
researchers and industries as a substitute for petroleum-based
polymers. The petroleum-based polymers and their products are
not degraded via typical biodegradation pathways and will per-
sist in the environment for many years, which can lead to various
problems such as taking up too much room in landfills and long-
term toxic effects [1,2]. However, biopolymers such as proteins and
polysaccharides can be degraded into nontoxic materials by bio-
logical systems. To be used as alternatives to synthetic polymers, a
biopolymer should have equal or better performance. To enhance
the mechanical properties of biopolymers, various additives such as
fillers, cross-linking agents, and plasticizers are applied. For exam-
ple, to increase the stiffness, nano- or micro-sized fillers can be
added [3,4]. The low wet strength problem can be solved by adding
a cross-linking agent [5,6], and adding plasticizer can introduce
thermoplasticity or increased ductility [7-10].
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Silk sericin (SS) constitutes 25% of the total silk protein and is
usually removed before textile or biomedical application of silk
fibroin. According to the FAO statistics from 2004 to 2013, the
average annual global production of reelable silkworm cocoon
and raw silk fiber was approximately 529,000 ton and 162,000 ton,
respectively [11]. Considering that the SS content in raw silk fiber
is approximately 20%, approximately 32,400ton of SS had been
abandoned ever year from 2004 to 2013. Therefore, there were
continuous efforts to recover SS from the waste of the degumming
solution and find a proper application for the recovered SS [12-18].

Like other biopolymers, SS has to overcome inherent drawbacks
to be used as a polymeric material [4,13]. One of the drawbacks is
the brittleness of pure SS. To solve the problem, blending with a syn-
thetic polymer[14,18,19] or dissolving in a solvent other than water
[20,21] has been proposed. However, a simple way to overcome the
brittleness of pure SS is to add a plasticizer. Plasticizers are used to
improve the processing ability of the polymer or to impart flexibil-
ity to the product. According to Subramanian [22], plasticizers have
average molecular weights between 300 and 600 and consist of lin-
ear or cyclic carbon chains (14-40 carbons). The small molecular
size of plasticizers can occupy intermolecular spaces between poly-
mer chains, thereby increasing the free volume between polymer
chains. Furthermore, plasticizers can change the three-dimensional
molecular organization of polymers, reduce the energy required for
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molecular motion and prevent the formation of secondary bonding
between the chains [8,23]. Thus, these combined effects will even-
tually increase the mobility of the polymer chains, which results in
enhancing the flexibility of the polymer matrix.

Protein-based films have suitable properties such as good
mechanical and barrier properties for application as food packag-
ing materials [8,24,25]. Proteins such as maize, peanut, wheat, and
milk have been fabricated into films for such an application with the
addition of a plasticizer. The most commonly used plasticizers for
proteins are polyols such as glycerol, ethylene glycol, sorbitol, etc.
[9,26-29]. These plasticizers have different numbers and positions
of hydroxyl groups, which will affect the final properties of the plas-
ticized protein films. Among the various plasticizers, glycerol (Glc)
was most effective and widely used to enhance the flexibility or
elongation of protein-based films.

Previously, Glc were also added in SS-based materials, and
the elongation of SS-based materials has been increased with the
amount of Glc added [4,30-32]. For example, Zhang et al. prepared
a highly extensible SS film by adding Glc as a plasticizer [30]. They
added up to 40 wt¥% of Glc, which resulted in the improved elon-
gation of the sericin film from 0.73 to 354%. They concluded that a
higher amorphous SS film was obtained due to the addition of Glc.
However, the secondary structure transition of SS due to the Glc
was not sufficient to support the increased amorphous structure
of the plasticized SS film. In addition, a clear peak blue shift of the
amide Iin the FT-IR spectra was observed, indicating (3-sheet struc-
ture development. The development of 3-sheet structure of SS in
the presence of Glc has been also observed in our previous result
[4]. So far it is unclear why the elongation of SS/Glc film increases
despite of the occurrence of [3-sheet structure.

In this study, SS films were prepared using a solution-casting
method in the presence of Glc, and their performance and struc-
ture were evaluated. The aim of this study is to elucidate the reason
of enhanced elongation of SS/Glc film despite of the presence of
increased (3-sheet structure. Here, we focused on the moisture con-
tent of SS/Glc film, and tried to explain the role of Glc and water on
the plasticizing effect of SS film.

2. Experimental
2.1. Materials and methods

2.1.1. Materials

Silk cocoons were kindly provided by the Heungjin Co. All of
the other chemicals were purchased from Sigma-Aldrich (Yongin,
Korea).

2.1.2. SS extraction

Silk cocoons were boiled in an autoclave at 120°C for 1h. The
liquor ratio was 1:25. After extraction, the remaining cocoons were
removed from the SS solution, and the solution was filtered with a
nonwoven filter paper. The final concentration of SS in the solution
was 1.0 wt%.

2.1.3. Preparation of SS/GIc flexible film

The SS solution was concentrated with a rotary evaporator until
the concentration of SS reached 2 wt%. Glycerol was added to the
SS solution as a plasticizer. Typically, to 50 ml of SS solution, differ-
ent amounts of Glc were added. The SS/Glc film was prepared by
casting this solution on a plastic plate having diameter of 100 mm
at 50°C in an oven for one day. The prepared flexible films were
labeled according to the content of Glc relative to SS. For example,
SS/Glc10 means Glc was added to 10 wt% of SS (Table 1). In addition,
to compare the miscibility of Glc and sorbitol with SS, we prepared

Table 1
Sericin (SS) and glycerol (Glc) content of the SS/Glc flexible films and their thickness.

Sample Sericin content (g) Glycerol content (g) Thickness (pm)
SS/Glc40 1 0.4 117 +£7
SS/Glc50 1 0.5 120+ 5
SS/Glc60 1 0.6 129 £ 11
SS/Glc70 1 0.7 129+ 8
SS/Glc80 1 0.8 143 £8

pure SS film without plasticizer and SS/sorbitol film having sorbitol
content of 50 wt% of SS.

2.1.4. Mechanical characterization

The mechanical properties of SS/Glc flexible films were mea-
sured using a Universal testing machine (UTM, LRX plus, Lloyd
instruments, UK). All of the samples were formed into strips of
50 mm x 50 mm, and the thickness of each film was inputted into
the tester software before performing each test. The tensile test was
performed according to ASTM D 638 (25.4 mm/min) at room tem-
perature. At least 10 samples were tested for each type of flexible
film.

2.1.5. Morphological and structural characterizations of SS/Glc
flexible films

A field emission scanning electron microscope (FE-SEM, SUPRA
55VP, Carl Zeiss, Germany) was employed to observe a cross-
section of the SS/GO films. The crystallinity of the SS/Glc flexible
films was determined using a wide-angle X-ray diffraction system
(WAXS, Bruker, Germany) equipped with Cu-Ka radiation.

The secondary structure of the SS/Glc flexible films was mea-
sured using an ATR-Fourier transform infrared (FTIR, Nicolet 6700,
Thermo Scientific, USA) spectrometer. The secondary structure
composition of the SS/Glc film was measured as in previous study
[30]. In brief, the amide I band between 1600 and 1700cm™!
was deconvoluted by Fourier self-deconvolution (FSD) fitting
method using the Origin 8.0 software. The curve-fitting proofs
were performed until Chi2/Dof reached the minimum value with
the multi-peak Gaussian fitting. The relative area of the over-
lapped single bands was used for estimating the proportion of
secondary structures such as random coils, a-helices, 3-sheets and
turns. The single bands from the flexible films were assigned to
corresponding secondary structures, according to previous stud-
ies [30]: 1605-1615cm™!, aggregated strands; 1616-1637cm™!,
B-sheets; 1638-1655cm~!, random coil; 1656-1662cm~!, a-
helices; 1663-1695 cm~!, B-turns. ATR-FTIR results at 80°C were
obtained using a heated smart ARK accessory. After reaching 80°C,
the film was placed on the heated smart ARK for an hour before the
measurement.

2.1.6. Moisture content of SS/Glc flexible film

The moisture content of the SS/Glc flexible film was measured
using a moisture analyzer (MB45, OHAUS, US). SS/GlIc flexible films
were tested after being standardized for 5 days at 25°C and 35%
R.H.

3. Results and discussion

3.1. Morphology and mechanical properties of the SS/Glc flexible
films

Among the various requirements of a plasticizer, the plasticizer
should be compatible with polymer to achieve the original goal
of plasticization. Although Glc is the most widely used plasticizer
for protein films, we first checked the miscibility of Glc with SS
prior to initiating more detailed studies with Glc. Fig. 1 shows the
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Pure SS

SS/Glc
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Fig. 1. FE-SEM images of pure SS, SS/Glc and SS/sorbitol films. The Glc and sorbitiol content was 50 wt% of SS.

Fig. 2. The flexibility of the SS/Glc film when Glc was added at a level of 70 wt% of
SS.

surface image of the pure SS, SS/GIc50 and SS/sorbitol film. While
the addition of Glc to the SS film created a smooth surface topology,
sorbitol exhibited a clear phase separation with SS even though it
had been used successfully for other proteins [9,28,29]. In addition,
the SS film prepared with sorbitol was still brittle, indicating no
plasticization effect on the SS film due to immiscibility with the SS.
Fig. 2 shows the flexibility of the SS/GIc70 film, and the bending
performance was greatly enhanced by the addition of Glc.

Fig. 3 shows the representative S-S curve, and Fig. 4 shows the
ultimate strength, Young's modulus and elongation at breaking of
the SS/Glc film according to the Glc content from 50 to 80 wt% of
SS. The pure SS film and SS/Glc films with Glc content less than
30wt% of SS were too brittle and SS/Glc films with Glc content
higher than 90 wt% of SS were too weak to test with a mechani-
cal tester. However, when Glc was added to 50-80 wt% of SS, the
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Fig. 3. Representative stress—strain curves of a flexible SS film containing varying
amounts of glycerol.

films became stable and flexible, and we were able to measure the
mechanical properties. However, the elongation of SS/GIc40 is still
low, indicating a low plasticizing effect at this level of Glc con-
centration. In a previous study, the plasticizing effect of Glc was
observed even at a Glc content at 10 wt% of SS, but the thickness
of the film was only 80 pm [30]. Since the average thickness of the
SS film in this study was 0.11-0.14 mm, the difference in the Glc
content required to exhibit the plasticizing effect is due to the dif-
ferent thicknesses of the SS film from both studies. The elongation
at breaking of the SS film was increased up to 35.1 +8.61% when
the Glc content was 70 wt% of SS. The elongation of the SS/Glc film
was quite small compared to the previous results of Zhang et al.
[30], but it could be also explained by the differences in the film
thickness. The Young’s modulus and ultimate tensile strength of
the SS/Glc film decreased with the increase in Glc content, which
could typically be observed when the plasticizer was added. In the
case of the SS/GIc70 film, the Young’s modulus and tensile strength
were 425.22 4+ 72.24 MPa and 10.50 + 1.31 MPa, respectively. How-
ever, when the Glc content reached 80 wt¥% of SS, the elongation at
breaking decreased to 18.31 4 3.40% even though there were little
differences in the Young’s modulus and the tensile strength com-
pared to the SS/GIc70 film. This sudden decrease in the elongation
could be explained by the low content of SS in the SS/G1c80 film.

3.2. Secondary structure and crystallinity of the SS/GIc flexible
films

Because plasticizers disturb the intra- and intermolecular inter-
action of polymer chains, the secondary structure of the SS was
investigated according to the Glc content. The transition of the
secondary structure of the SS/Glc film was measured using an ATR-
FTIR spectrometer. We examined the absorbance between 1700
and 1600 cm~!, which results from the C=0 stretching vibration of
the amide group in the protein (Fig. 5). This region represents the
amide I structure of SS, which provides useful information about
the secondary structure of the SS film, and the absorption peak of
Glc did not affect this region. The maximum peak in the amide I
band of the pure SS film was observed at 1643 cm~!, which is usu-
ally assigned as a random coil structure. When the Glc content in
the SS films is increased by more than 30%, the absorption peak at
1623 cm! is developed, and finally, the maximum amide I peak
shifts to 1623 cm~1, which corresponds to the B-sheet structure.
For more detailed study of the transition of secondary structure
according to the Glc content, a quantitative analysis on the amide
[ band was performed using the FSD fitting method. Table 2 shows
the change in the secondary structure of the SS with an increase
in the Glc content from 10 to 90 wt% of SS. The pure SS film had
a predominantly random coil structure that was approximately
36.5%. When the Glc was added, the content of the random coil,
B-turn and a-helix structure decreased, while the content of the
aggregated structure remained unchanged. As expected from Fig. 5,
the content of the B-sheet structure was significantly increased
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Fig. 4. Mechanical properties of the SS/Glc flexible films with different Glc con-
tent relatively to SS. (a) Tensile strength, (b) Young’s modulus and (c) elongation at
break. * and ** indicate significant differences of p<0.05 and p<0.01, respectively,
as determined using Student’s t-test.

from 23.46 to 42.51% when the Glc content reached 70 wt% of SS.
The results indicate that Glc induces a B-sheet structure transi-
tion of SS from the random coil structure, which is in agreement
with previous results [4,30]. Glc has been reported to induce pro-
tein compaction, which allows the protein molecule to be more
closely packed [33-35]. Therefore, a similar effect might occur here
as well. In the case of SS/GIc70 film, the random coil, 3-turn and o~
helix contents decreased from 36.5 to 27.4%, 21.8 to 16.9% and 15.8

—SS

—— SS/GIc10
—— SS/GIc30
— SS/GIc50
—— SS/GIc70

Absorbance

T T T T 1
1700 1680 1660 1640 1620 1600
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Fig. 5. ATR-FTIR spectra of the SS/Glc flexible films with different Glc content rela-
tively to SS.

to 10.4%, respectively, compared to the SS film. The XRD analysis
was performed to check the crystallinity of the SS and the SS/Glc
films (Fig. 6). The peak intensity at 20 =19.74° increased with the
increase in the Glc content, indicating increased crystallinity or reg-
ularity in the SS/Glc film. We cannot directly relate the increase in
the B-sheet structure to the increase in crystallinity, but at least
the irregular random coil structure has certainly been decreased,
consistent with the ATR-FTIR results. In general, the effect of the
plasticizer contributed to occupation of the intermolecular spaces
between polymer chains, and one of the consequences will be the
disruption of the secondary forces between polymer chains, such
as hydrogen bonding. Proteins have many functional groups capa-
ble of hydrogen bonding. Except for the random coil structure, all
secondary structures of a protein occur due to the formation of com-
plex hydrogen bonds. Alpha-helix and 3-turn structures are formed
through intramolecular hydrogen bonding, and 3-sheet structures
are formed through intermolecular hydrogen bonding. Therefore,
if the plasticizer successfully disrupts the hydrogen network of the
protein, the secondary structure will be altered significantly. Gen-
erally, the increase in the elongation of protein films by addition of
plasticizers will be the result of increased a-helix, 3-turn or random
coil structures, which are more stretchable than the extended [3-
sheet structure [27,36,37]. However, in this study, the SS/Glc film
increased the 3-sheet structure in the presence of Glc. In such a
case, the elongation of the protein films is expected to decrease,
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Fig. 6. X-ray diffractograms of flexible SS films with different Glc content relatively
to SS.
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Table 2
The relative proportion (%) of the secondary structures calculated from the areas of the deconvoluted FTIR spectra of the SS and the SS/Glc flexible films with different contents
of glycerol.
Aggregated Strands 3-Sheet Random Coil o-Helices Turns
Ss 293 + 1.00 23.46 + 0.43 365 + 0.97 15.79 + 0.92 21.79 + 0.59
SS/Glc10 2.96 + 0.08 31.42 + 1.81 32.69 + 0.86 12.86 + 0.53 20.08 + 0.50
SS/Glc30 330 + 031 38.74 + 0.68 28.91 + 0.22 11.21 + 0.09 17.84 + 0.19
SS/Glc50 2.75 + 021 41.87 + 022 27.74 + 0.08 10.61 + 0.06 17.03 + 0.27
SS/Glc70 2.56 + 0.50 4251 +0.14 27.48 + 0.50 10.43 + 0.36 17.01 + 0.44
SS/Glc90 2.73 £ 0.26 42.23 + 0.06 27.46 + 0.38 10.64 + 0.30 16.94 + 0.16
40 structure of SS. First, we determined the moisture content of the
SS/Glc films relative to the content of Glc in the film (Fig. 7). With
] up to Glc content of 40 wt% of SS, the moisture content of the SS/Glc
30 4 . films was less than 5%, but a sudden increase in the moisture con-
= N // tent was observed when the Glc content was 50 wt% of SSin the film.
i"\: ) i//f When the Glc content exceeds 50 wt% of SS, the moisture content
§ also increased proportionally. Because Glc is highly hygroscopic,
G 20+ this increase is not surprising, but in the previous section, we men-
(52) tioned that the plasticizing effect of Glc occurred when the content
2 i,//'é of Glc was higher than 50 wt% of SS. Therefore, the plasticizing effect
2 1o / did not occur only because of Glc but also because of water. Water
itself is also a strong plasticizer for most natural polymers, but it is
/ not used as a result of its volatile properties. In our case, the water
- - a—Y molecules were captured by the Glc, preventing evaporation during
0 the casting process. Our results suggest that the plasticizing effect

10 20 30 40 50 60 70 80 90
Glycerol Content (%)

Fig. 7. Effect of Glc contents relatively to SS on the moisture content of flexible SS
films.

but our measurement resulted in the opposite result. Therefore,
the plasticizing effect of Glc in the SS film should be explained
differently.

3.3. Moisture content in SS/GIc film

An SS film containing Glc has enhanced flexibility despite an
increased (3-sheet structure and decreased random coil structure.
Here, we focused on the moisture content of the SS/Glc film because
the SS/GIc80 film became hygroscopic during storage of the sam-
ple. The secondary structure of SS has been reported to be greatly
influenced by the presence of water [38] or ethanol [13,20,39,40].
Therefore, the presence of water might affect the secondary
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Fig. 8. The secondary structure component distribution of flexible SS films at dif-
ferent temperatures. The Glc content was 70 wt% of SS. ** indicates significant
differences of p<0.01, respectively, as determined using Student’s t-test.

of Glc is accompanied by water rather than by Glc alone. In addi-
tion, water has a strong effect on the secondary structure of the SS.
Teramoto et al. reported that the hydrated SS was stabilized by the
formation of a 3-sheet-rich structure [39]. They suggest that the
[3-sheet structure of the SS was formed by intermolecular hydro-
gen bonding of Ser and Thr side chains in the presence of water.
Water molecules hydrate the loop structure of the SS and may
reinforce the intermolecular hydrogen bonding in the hydropho-
bic region. However, in the dry state, the conformation of the SS
maintained a disordered structure. The same result was also found
in this study. Fig. 8 shows the secondary structure of the SS in the
SS/Glc70 films measured by ATR-FTIR spectrometry at a different
temperature. We tried to eliminate water from the SS/Glc70 film
by elevating the temperature to 80 °C. As aresult, the content of the
[3-sheet structure was decreased but that of the a-helix and 3-turn
structure was increased at 80 °C, indicating that the elimination of
water changed the secondary structure of the SS from a (3-sheet
to an a-helix and B-turn structure. This change is in agreement
with previous reports that the 3-sheet structure of the SS is stable
only in the presence of water molecules [38,40]. Upon losing water,
the SS molecules became unstable and attempted to reconstruct
themselves into stable form by intramolecular hydrogen bonding,
resulting in the a-helix and -turn structure.

The roles of Glc and water can be summarized as follows. At low
concentrations of Glc (up to 40 wt% of SS), Glc alone is effective for
the structural transition of the SS. The original random coil struc-
ture of SS is transformed into a [3-sheet structure in the presence of
Glc (Fig. 5). The moisture content is still low up to this concentra-
tion because of the limited amount of Glc (Fig. 7), and no plasticizing
effectis observed (Fig. 4). However, when the content of Glc exceeds
50wt% of SS, the (-sheet structure is fully developed (Table 2
and Fig. 5), but the plasticizing effect occurs due to the water in
the film (Figs. 4 and 7). In addition, water may also contribute to
an increase in the 3-sheet structure development (Fig. 8). Fig. 9
shows an illustration of the SS, Glc and water when the Glc con-
tent is below or above 50 wt% of SS. Below 50 wt% of SS, Glc induces
compaction of the SS, leading to (3-sheet formation, but the plas-
ticizing effect is not yet observed at this concentration. However,
when the content of Glc exceeds 50 wt% of SS, water penetrates
between the SS molecules, especially in the random coil region. This
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Fig. 9. Schematic model of the SS, the Glc and the water when the Glc concentration is below or above 50 wt% of SS.

penetration will increase the free volume between the SS chains,
thereby inducing the plasticizing effect.

4. Conclusion

In this study, we observed the enhancement of the elongation
properties of the SS film by the addition of Glc as the plasticizer.
The SS/Glc film exhibited increased elongation at the break when
increasing the amount of Glc relative to the amount of SS. As the
amount of Glcin the film increased, the [3-sheet structure increased
gradually. However, the moisture content also increased. We con-
clude that the Glc and the water molecule have a synergistic effect
on the improved flexibility of the SS film. To date, Glc has been
used as a common plasticizer for various types of protein films, but
the moisture content in the plasticized protein film was not inves-
tigated. However, our results suggest that the plasticizing effect
of Glc might also be affected by the increased moisture content.
Therefore, the moisture content in the Glc plasticized film would
be worth evaluating to understand the plasticizing effect of Glc in
protein films.
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