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Recently, silk sericin has attracted attention because of its unique properties as a biomaterial, 
including its UV resistance, moisturizing effect on skin, and wound-healing effect. Therefore, 
the preparation of sericin in various forms such as gel, film, fiber, and sponge is studied for 
cosmetic and biomedical applications, and the effect of the preparation conditions on the 
structure and properties of sericin forms is examined to maximize its performance. In this 
study, silk sericin films were prepared under different preparation conditions and heat-treated 
at high temperatures (100–250oC) to examine the effect of heat treatment on the film structure. 
The order of the crystallinity index of the untreated sericin film is as follows: F25 (sericin film 
cast from formic acid) > WE25 (ethanol treated sericin film cast from water at 25oC) > W25 
(sericin film cast from water at 25oC) > W100 (sericin film cast from water at 100oC). As the 
heat-treatment temperature was increased, the color of the sericin films changed gradually 
from colorless to yellow, brown, and black depending on the temperature. The crystallinity 
of the sericin film changed after the heat treatment, depending on the preparation condition. 
Whereas a sericin film cast from formic acid (F25) started to lose its crystallinity at 200oC, thus 
undergoing the highest loss of crystallinity among the sericin films studied, the rest (W25, 
WE25, and W100) showed a decrease in crystallinity at 250oC, owing to the disruption of the 
b-sheet crystallites due to heat. 
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Introduction

Silk sericin is a naturally occurring polymer extracted from 
silk. It is isolated from silk by a degumming process to improve 
the quality of silk textile, and it was considered a useless material 
for a long time. However, sericin has been attracting attention as 
a biomaterial, ever since its useful properties were reported. The 
useful properties of sericin include its high resistance to oxidation 

(Suzuki et al., 2004), UV resistance (Sarovart et al., 2003), 
moisturizing effect on skin (Padamwar et al., 2005), wound-
healing effect (Nagai et al., 2009), and inhibition of ultraviolet-B-
induced apoptosis in human skin keratinocytes (Dash et al., 2008). 

For biomedical and cosmetic applications, sericin should be 
fabricated in various forms such as film (Jang et al., 2015; Jo et 
al., 2013; Jo et al., 2015; Jo and Um, 2015; Yun et al., 2016), 
fiber (Zhang et al., 2012), sponge (Park et al., 2018; Jang and 
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Materials and Methods

Extraction of silk sericin

To extract silk sericin, Bombyx mori silk cocoons were treated 
with purified water at 120oC for 30 min using an autoclave 
(JSAC-60, JSR, Japan) (Park et al., 2018). The purified water 
was obtained by using a water purification system (RO50, Hana 
Science, South Korea) with a reverse osmosis membrane. The 
liquor ratio was 1:25. After the extraction, the sericin aqueous 
solution was filtered through a non-woven fabric to obtain 1.0% 
(w/w) sericin aqueous solution. The concentration of sericin in 
the aqueous solution was determined using a moisture analyzer 
(XM60, Precisa Gravimetrics, Dietikon, Switzerland). The aque-
ous sericin solution was poured into Petri dishes and solidified at 
80oC in a drying oven to obtain sericin powder.

Preparation of sericin films and heat treatment

Four different sericin films with different crystallinities were 
prepared using different conditions. The preparation conditions 
and the respective sample codes are listed in Table 1. To fabricate 
the sericin films, two different casting solvents (water and formic 
acid) were used (Jo and Um, 2015). In case of casting with water, 
the 1.0% (w/w) aqueous solution of sericin was poured into Petri 
dishes and cast at 25oC in a fume hood (W25) or at 100oC (W100) 
in a drying oven to obtain sericin films. The W25 sericin film 
was immersed in 70% (v/v) ethanol solution in water for 1 h to 
obtain sericin film WE25. 

In case of casting with formic acid, the sericin powder was 
dissolved in 98% formic acid at 55oC for 30 min to obtain 1.4% 
(w/w) sericin solution in formic acid. This solution was poured 
into Petri dishes and dried in a fume hood at 25°C for two to 
three days to obtain sericin film F25. After drying completely, 
sericin film F25 was washed with water for 24 h to remove the 
remaining formic acid. 

Um, 2017), and gel (Park et al., 2018; Jang and Um, 2017; Jo et 
al., 2015; Yoo and Um, 2013). Therefore, extensive studies are 
underway for the preparation of sericin in these forms. 

Further, the effect of the preparation conditions on the structure 
and properties of sericin forms has been studied to improve 
their mechanical properties. For example, Jo and Um (2015) 
examined the effect of the casting solvent on a silk sericin film. 
Jo et al. (2015) reported that the storage and drying temperatures 
strongly affect the gelation behavior and structure of sericin. 
Jang and Um (2017) studied the effect of ethanol addition on 
the gelation of sericin and characteristics of sericin sponge. Park 
et al. (2018) examined the effect of the molecular weight of 
sericin on its structure and mechanical properties. Chung et al. 
(2015) reported that the mechanical properties of a sericin film 
could differ depending on the type of silkworm. Park and Um 
(2016) examined the effect of centrifugation on the structure and 
properties of silk sericin. 

These basic studies have revealed that the preparation 
conditions of sericin strongly influence its structural 
characteristics and properties and that the performance of sericin 
can be diversely controlled by manipulating the preparation 
conditions, thus increasing its potential for cosmetics and 
biomedical applications. In previous studies, the effect of the 
storage and drying temperatures ranging from room temperature 
to 100oC on a sericin aqueous solution was examined (Jo et al., 
2015), and the disruption of the crystallites of sericin films by 
heat treatment was demonstrated (Lee et al., 2018). However, 
the effect of heat treatment (above 100oC) on the properties of 
sericin film has not yet been studied in detail. 

In this study, sericin films with different crystallinities were 
prepared via different preparation conditions and then heat-
treated at high temperatures (100–250oC). Then, changes in 
the molecular conformations and crystallinity of these sericin 
films were studied to investigate the effect of heat treatment 
on the structural characteristics of sericin films with different 
crystallinities. 

Table 1. Preparation conditions for obtaining silk films with different crystallinity index

Sample code Drying temperature Casting solvent Post treatment

W100 100oC Water -

W25 25oC Water -

WE25 25oC Water Immersion in 70% (v/v) ethanol aqueous solution for an hour

F25 25oC Formic acid Washing in water for 24 h
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temperature. Interestingly, F25 showed darker yellowing at 
200oC than others did. This might be attributed to the different 
characteristics of the casting solvent. That is, the F25 film was 
cast from a formic acid solution, whereas the other films were 
cast from aqueous solutions. Although the sericin film cast from 
formic acid solution was washed thoroughly with water for 24 
h to remove formic acid residue, a small amount of formic acid 
possibly remained in the film. Therefore, formic acid in the 
sericin film might accelerate its browning under heat compared 
to the other sericin films cast from water. 

Molecular conformation and crystallinity index of 
sericin films

The molecular conformation of sericin was extensively 
investigated using FTIR spectroscopy because it affects 
the gelation of the sericin solution and thus the mechanical 
properties of sericin films (Jang et al., 2015; Jo et al., 2013; Jo 
and Um, 2015; Jo et al., 2015; Park and Um, 2016). The results 
are displayed in Fig. 1–4.

The untreated W100 sericin film (Fig. 1) shows IR absorption 
peaks at 1645 and 1616 cm

−1
 corresponding to the amide I band, 

and these are attributed to the random coil conformation and 
β-sheet conformation, respectively (Jo and Um, 2015; Jo et al., 
2015; Park and Um, 2016). The IR peaks remained unchanged 
up to a treatment temperature of 150oC. However, a shoulder 
appeared at ~1708 cm

−1
 at 200oC, which became more evident 

with an increase in the treatment temperature. In addition, with a 
further increase in the treatment temperature, the IR peak at 1645 
cm

−1
 became more evident and the peak position shifted slightly 

to 1658 cm
−1

. 
The untreated W25 sericin film (Fig. 2) exhibited a strong IR 

absorption at 1616 cm
−1

 and a shoulder at 1645 cm
−1

,
 
indicating 

that this film is more crystalline than W100. The trend of the 
IR peak position and shape for the W100 film with increasing 
treatment temperature was found to be similar to that of the W25 
film. The only difference between W25 and W100 is the shift 
in the IR peak at 1616 cm

−1
. That is, the IR peak at 1616 cm

−1 

for the W100 film could not be recognized owing to its weaker 
intensity than that of W25. In contrast, the shift in the IR peak of 
W25 from 1616 to 1627 cm

−1 
is clearly observed in W25 owing 

to its stronger peak than that of W100. 
The trend of the IR peaks of the WE25 sericin film depending 

on the treatment temperatures was found to be quite similar to 

The sericin films were heated at different temperatures (100, 
150, 200, 225, and 250°C) in a drying oven for 1 h to examine 
the effect of heat treatment on their structure and properties. 

 
Measurement and characterization

The color and external feature of sericin films were 
photographed using a digital camera (PC1310, Canon, China). 

To examine the molecular conformation and crystallinity 
index of the sericin films, Fourier transform infrared (FTIR) 
spectroscopy (Nicolet 380, Thermo Fisher Scientific, USA) was 
performed in the attenuated total reflection mode. The scan range 
was 4000 cm

-1
 to 650 cm

-1
 and the scan number and resolution 

were 32 and 8 cm
-1
, respectively. The crystallinity index was 

calculated using the intensities of the 1645 and 1616 cm
-1
 bands 

in the FTIR spectrum, using Eq. 1 (Jo and Um, 2015; Park et al., 
2018).

Crystallinity index (%) =  (1)

Here, A1616cm
-1
 is the absorbance at 1616 cm

-1
 and A1645cm

-1
 is the 

absorbance at 1645 cm
-1

Results and Discussion

Color and external feature of sericin films

Table 2 shows the effect of the treatment temperature on 
the color and external feature of sericin films prepared under 
different conditions. The sericin films, W25, WE25, and F25, 
are flat and smooth, whereas W100 shows a rugged shape. The 
rugged shape of W100 is a result of its drying at 100oC. That is, 
the sericin film becomes rugged because of very rapid drying of 
the sericin aqueous solution at the high temperature. In contrast, 
the other sericin films were obtained by drying the sericin 
solutions slowly at room temperature (25oC). For example, the 
formation of a sericin film at 25oC required more than two days 
to complete.

The color of the sericin films changed with an increase in the 
treatment temperature. Although the color of the sericin films 
remained unchanged until 150oC, it changed to yellow or dark 
yellow at 200oC, depending on the sample type. After 200oC, 
the color of the sericin film became darker with increasing 
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Table 2. Effect of treatment temperature on the color and shape of sericin films prepared under different conditions 

W100 W25 WE25 F25

Untreated

100 
oC

150  
oC

200  
oC

225  
oC

250  
oC
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to the presence of formic acid. The residual formic acid might 
evaporate during the heat treatment at 200oC, thus resulting in 
the disappearance of the IR peak. 

Overall, regardless of the preparation condition, all sericin 
films showed an increase in the intensity of IR absorption at 
1645 cm

−1
 and the peak shifted to a higher wavenumber (i.e., 

1658 cm
−1

) with increasing treatment temperature. Although the 
exact reason for the peak shift cannot be elucidated in this study, 
the increase in the intensity of IR absorption at 1645 cm

−1 
is 

attributed to the increase in the amorphous domain resulting from 
the disruption of the β-sheet crystallites in the sericin film. Lee 

that of the W25 sericin film (Fig. 3). In case of the untreated 
F25 film (Fig. 4), although other IR peaks and their trend with 
increasing treatment temperature were similar to those of W25 
and WE25, the film showed an IR peak at 1724 cm

−1 
unlike the 

other sericin films (W100, W25, and WE25). This IR absorption 
peak is attributed to the carbonyl group of formic acid, indicating 
that formic acid still existed in the F25 sericin film despite 
washing with water for 24 h. Considering that other sericin films 
cast from water (W100, W25, and WE25) showed a shoulder 
at 1708 cm

−1
 above 200oC, we speculate that the shoulder at 

1708 cm
−1 

in the IR spectrum of F25 above 200oC is not due 

Fig. 1. Effect of heat treatment on the FTIR spectrum of sericin film 
W100

Fig. 2. Effect of heat treatment on the FTIR spectrum of sericin film 
W25

Fig. 3. Effect of heat treatment on the FTIR spectrum of sericin film 
WE25

Fig. 4. Effect of heat treatment on the FTIR spectrum of sericin film 
F25
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of the F25 film decreases slightly at 200oC and then decreases 
significantly above 225oC. In contrast, other sericin films (i.e., 
WE25, W25, and W100) showed almost unchanged crystallinity 
indexes until 225oC, followed by a remarkable decrease at 250oC. 
The results of the crystallinity index reconfirm the conclusions 
drawn from the appearance and FTIR spectra of sericin films. 
That is, all sericin films show remarkable decrease in the 
crystallinity index at 250oC owing to the disruption of the β-sheet 
crystallites of sericin. Although the untreated F25 film showed 
the highest crystallinity index among the untreated sericin films, 
the same film showed the lowest crystallinity index at 250oC, 
indicating that the disruption of β-sheet crystallites of sericin in 
this film occurs much severely than in other sericin films. The 
severe disruption of the β-sheet crystallites of sericin in the F25 
film might be due to the residual formic acid, which accelerates 
the disruption of the β-sheet crystallite of sericin, as mentioned 
above. Furthermore, as mentioned in the previous section, the 
color of the F25 film becomes darker at 200oC compared to 
others, which is attributed to the acceleration of the browning of 
the sericin film due to residual formic acid. 

Conclusions

In this study, sericin films with different crystallinities were 
prepared under different conditions and the effect of heating 
temperature on the molecular conformation and crystallinity 
index of the films was examined. 

The order of the crystallinity index of the sericin films is as 
follows: F25 > WE25 > W25 > W100. The crystallinity indexes 
of the sericin films decreased remarkably at 250oC. In particular, 
the crystallinity of the F25 film cast from formic acid started to 
decrease at a lower temperature (200oC) and this film showed the 
highest loss of crystallinity induced by the heat treatment among 
the various sericin films studied. 

The results of this study reconfirm that the crystalline phase 
of sericin can be disrupted at high temperatures (200–250oC), 
as reported in a previous study on silk non-woven fabric (Lee 
et al., 2018). Further, a new finding is that the crystallite of the 
sericin film cast from formic acid undergoes more damage by 
the heat treatment than that cast from water. The findings of 
this study should be considered to prevent the deterioration of 
the properties of sericin when it is used under high-temperature 
condition such as during the hot press treatment. 

et al. (2018) also reported the disruption of β-sheet crystallites 
of sericin in raw silk filament and sericin film when they were 
heated to high temperatures (>200 oC). 

Our group has used the crystallinity index to quantitatively 
analyze the change in the molecular conformation and 
crystallization behavior of silk sericin via FTIR spectroscopy 
(Jang and Um, 2017; Jo and Um, 2015; Park et al., 2018), 
because it is a very simple method and shows a very similar 
trend as that of the proportion of molecular conformations 
determined using the deconvolution technique (Park et al., 2018). 
Therefore, to examine the effect of the treatment temperature on 
the microstructure of sericin films quantitatively, the crystallinity 
indexes were calculated for the sericin films and the results are 
shown in Fig. 5. 

The order of the crystallinity index of the untreated sericin film 
is as follows: F25 > WE25 > W25 > W100. It has been reported 
that casting from formic acid or immersion in ethanol induces 
β-sheet crystallization in the sericin film and the former is more 
effective than the latter in inducing β-sheet crystallization in 
sericin films (Jo and Um, 2015). From the results of the previous 
study, the order of the crystallinity index of a sericin film (F25 
> WE25 > W25) can be easily rationalized. Moreover, it has 
been reported that β-sheet crystallization is more prevalent in a 
sericin solution stored at a lower temperature (Jo et al., 2015). 
Therefore, it is obvious that the crystallinity index of W25 is 
higher than that of W100. 

As the treatment temperature increases, the crystallinity index 

Fig. 5. Effect of heat treatment on the crystallinity index of sericin 
films prepared under different conditions.
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