
16       17

IJIE Int. J. Indust. Entomol. 43(1) 16-21 (2021)
ISSN 1598-3579, http://dx.doi.org/10.7852/ijie.2021.43.1.16 

 © 2021 The Korean Society of Sericultural Sciences

ISSN 1598-3579 (Print)
ISSN 2586-4785 (Online)

Received : 13 Aug 2021 
Revised : 2 Sep 2021
Accepted : 6 Sep 2021

Keywords: 
Silkworm cocoon, 
Rearing season, 
Crystallinity, 
Morphology

The silkworm cocoon has recently attracted the attention of researchers because of its 
usefulness as a biomedical material (e.g., usage in the development of the membrane for 
guided bone regeneration and usage as a starting material for the fabrication of natural 
silk nonwoven fabric). The silkworm variety and strain have been reported as one of the 
important factors affecting the structure and properties of silk materials. This study examines 
the morphology and the molecular conformation of the silkworm cocoon at different cocoon 
measurement points, as well as the effect of the silkworm strain and rearing season on the 
morphology and crystallinity of the silkworm cocoon. The results show that the morphology of 
the outside of the cocoon does not differ depending on the cocoon measurement points, but 
that of the inside does. The silkworm cocoon crystallinity is not affected by the cocoon division. 
Interestingly, the crystallinity of the outside of the Jam101 cocoon differs depending on the 
rearing season, whereas it does not in other silkworm strains.
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Introduction

The silkworm cocoon produced by the silkworm recently 
attracted the attention of researchers due to its usefulness as a 
biomaterial. That is, the silkworm cocoon is used in developing 
the membrane for guided bone regeneration (Kim et al., 2016; 
Seok et al., 2014). It is also utilized in the fabrication of natural 
silk nonwoven fabrics (Bae and Um, 2018; Bae and Um, 2021; 
Lee et al., 2018).

The silk from many kinds of silkworm variety and strain has 

various structures and properties. Chung et al. (2015a, 2015b) 
reported that the various molecular weights and mechanical 
properties of regenerated silk fibroin (SF) and sericin could 
be obtained using different silkworm varieties. A different 
electrospinning performance of regenerated SF with different 
silkworm varieties was also reported (Park and Um, 2015). 
Kim and Um (2019) found that the character of raw sericin 
was dependent on the silkworm variety. The results in these 
reports indicate that various properties and performances can be 
obtained using different silkworm varieties.
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FTIR measurement was performed for seven times. The mean 
and the standard deviation of the crystallinity index were 
obtained from these seven FTIR measurements (Bae et al., 2021; 
Choi et al., 2020).

    (1)

where, A1620cm
−1

 is the absorbance at 1620 cm
−1

 caused by the 
β-sheet crystallite related to the crystalline region, and A1643cm

−1
 

is the absorbance at 1643 cm
−1

 attributed to the random coil 
conformation related to the amorphous region.

Results and discussion

Morphological structure of silkworm cocoons
In the studies of Bae et al. (2021), Choi et al. (2020), and 

Park et al. (2019a, b), the morphology of the silkworm cocoons 
was examined through FE-SEM. The morphology of the 
outside and inside of the cocoon quite differed depending on 
the silkworm strain. However, the silkworm cocoon is obtained 
from nature (i.e., silkworm), and a heterogeneous character is 
often found in natural products. Therefore, in the present study, 
the morphologies of the outside and inside of a single silkworm 
cocoon were observed before making a comparison between 
cocoons from different silkworm strains and rearing seasons. The 
outside and the inside found in the central part of the silkworm 
cocoon were used in the SEM observation (Scheme 1). Table 1 
presents the SEM results for five cocoons.

A similar morphology was observed for the outside of the cocoon, 
regardless of the cocoon used. In contrast, the morphological 
structure of the inside of the silkworm cocoon differed depending 
on the cocoons used. The porous structure in the cocoon also 
differed depending on the cocoon. That is, the silk filaments 
were arranged loosely in some cocoons and tightly without the 

The preliminary basic studies on the structural characteristics 
of various silkworm variety and strain cocoons were performed 
based on the importance of the silkworm variety (or strain) and its 
cocoon. Park et al. (2019a, 2019b) reported on the morphology 
and crystallinity of the silkworm cocoon with different silkworm 
strains. Choi et al. (2020) examined the molecular conformation 
and the moisture regain of silkworm cocoons. Meanwhile, Bae 
et al. (2021) investigated the crystallinity change of the silkworm 
cocoon by heat treatment.

In this study, we continue to investigate the structural 
characteristics of the silkworm cocoon. Specifically, we examine 
the effect of the rearing season on the molecular conformation 
and morphology of the cocoon with different silkworm 
strains. The effect of the measurement position on the FTIR 
measurement is also investigated.

Materials and methods

Cocoon preparation and silkworm rearing
Three different Bombyx mori silkworm strain cocoons, 

namely, Jam101, Jam112, and Bmwy, were obtained from the 
silkworm strains raised in three different periods of May 2015, 
July 2015, and May 2016. All silkworms were reared at 25°C on 
fresh mulberry leaves. Furthermore, the pupae and the cocoons 
were maintained at 25°C.

Measurement and characterization
The morphologies of the silkworm cocoons were examined 

through scanning electron microscopy (FE-SEM, S-4800, 
Hitachi, Tokyo, Japan). The cocoons were coated with Pt–Pd 
before observation. The mean and the standard deviation for 
the silk filament diameter were obtained by measuring 50 silk 
filaments in the SEM images using an image analysis program 
(DIMIS-PRO 2.0, Siwon Optical Technology, Anyang, Republic 
of Korea).

The molecular conformation and crystallinity of cocoons 
from different silkworm strains were evaluated using Fourier 
transform infrared spectroscopy (FTIR; Nicolet 380, Thermo 
Fisher Scientific, Waltham, USA) through the attenuated total 
reflection (ATR) method. The scan range, scan number, and 
resolution were 4000–650 cm

−1
, 16, and 8 cm

−1
, respectively. 

The crystallinity index was calculated as the intensity ratio of 
the peaks occurring at 1620 cm

−1
 and 1643 cm

−1
 in the FTIR 

spectrum. This index was calculated as shown in Eq. (1). The 

Scheme 1. Sampling spot of the silkworm cocoons (outside and 
inside) used in the SEM observation. The silkworm strain was 
Jam101. The rearing season was May 2016. 
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the silkworm cocoon. In other words, we cannot say that the 
different morphology of the inside of the cocoon is due only to 
the silkworm strain.

Therefore, in this study, we examined the morphological 
structure of only of the outside of the cocoon with different 
silkworm strains and rearing seasons. Table 2 exhibits the SEM 
images of the outside of the silkworm cocoons from different 
silkworm strains and rearing seasons. As seen in the table, the 
randomly arranged silk filaments of the outside of cocoon were 
observed in all cocoons, indicating that the silkworm strain and 
the rearing season does not significantly affect the morphology 
of the outside of the cocoon. Moreover, the mean diameter of 
the silk filament in the cocoons ranged from 20 µm to 24 µm. 
Considering the standard deviation of the diameter, which ranges 
from 3.0 to 5.7 µm, we can say that the rearing season and the 
silkworm strain almost do not affect the diameter of the silk 
filaments in the outside of the cocoon.

Molecular conformation and crystallinity of 
silkworm cocoons

The molecular conformation and the crystallinity index of the 
silkworm cocoons with different silkworm strains were examined 
in the studies of Bae et al. (2021), Choi et al. (2020), and Park 
et al. (2019a, b). Several FTIR measurements were performed 
using different cocoons for each silk sample. The mean and 
the standard deviation were obtained from the measurements 
of the previous studies. However, the effect of division in the 
cocoon on the FTIR measurement was not examined. Therefore, 
in this study, the cocoon was divided into five different parts 
(Fig. 1A), and FTIR measurements on the five cocoon divisions 
were conducted. Figs. 1B and C show the FTIR spectra and the 
crystallinity index of the silkworm cocoon at the five divisions. 
Regardless of the cocoon division, all silkworm cocoons showed 
IR absorption at 1643 cm

−1
 and 1620 cm

−1
, which were attributed 

to the random coil and β-sheet conformations, respectively 
(Bae et al., 2021; Choi et al., 2020; Park et al., 2019a, b). This 
result indicates that the outside of the cocoon was partially 
crystallized, regardless of the division. Meanwhile, regardless 
of the measurement division, the IR absorption for the inside of 
the cocoon was at 1620 cm

−1
 due to the β-sheet conformation. 

The result of the crystallinity index (Fig. 1C) reconfirmed that 
the inside of the cocoon was more crystallized than the outside, 
and the crystallinity index was almost unaffected by the cocoon 
division considering the error range of the crystallinity index.

pore in other cocoons. This indicates that the arrangement and 
the porosity of the silk web in the inside of the cocoon differed 
depending on the chosen cocoon.

In the studies of Choi et al. (2020) and Park et al. (2019a, b), 
the different morphologies of the inside of the silkworm cocoon 
were reported to depend on the silkworm strain. However, we 
found herein that the different morphology of the inside of the 
cocoon might be attributed to not only the silkworm strain, 
but also to the morphological heterogeneity of the inside of 

Table 1. Morphologies of the outside and inside of different 
silkworm cocoons (silkworm strain for the cocoons: Jam101; rearing 
season: May 2016). The white magnification bar represents 200 μm.

(A) Outside (200×) (B) Inside (200×)
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with those of the reports of Bae et al. (2021) and Choi et al. (2020) 
and caused by the fact that a higher amount of amorphous sericin 
exists in the outside than in the inside of the cocoon. Second, the 
crystallinity of the outside of the Jam101 cocoon produced in 
July 2015 was remarkably higher than that of the other cocoons, 
although the crystallinity index of the inside of the cocoon almost 
did not differ, regardless of the silkworm strain and the rearing 
season. In short, the rearing season may affect the crystallinity 
of a certain cocoon. Third, the somewhat different crystallinity 
index of the silkworm cocoon from different silkworm strains 
appeared as shown in Fig. 3. However, this was not surprising 
considering the similar results in the previous reports (Bae et 
al., 2021; Choi et al., 2020). Last, although the morphological 
structure of inside of silkworm cocoon was diverse (Table 1), 
the crystallinity index of inside of cocoon was not (Fig. 3). This 
implies that the crystallinity of inside of cocoon is not intimately 
related to the morphological structure of that. It is assumed that 
the micro-structure of inside of cocoon (crystallinity) is more 
related to the chemical composition (i.e., fibroin or sericin 
content) rather than macro-structure of cocoon (morphology). 

The abovementioned results imply that the cocoon division 
does not affect the molecular conformation and the crystallinity 
of the silkworm cocoon. Considering that a silkworm spins all 
cocoon divisions during the silk-spinning process, the similar 
crystallinity can be easily understood, regardless of the cocoon 
division.

Fig. 2 shows the FTIR spectra of the silkworm cocoons produced 
from different silkworm strains at various rearing seasons. In the 
case of the outside of the silkworm cocoon, most cocoons exhibited 
an IR absorption peak at 1643 cm

−1
, except for Jam101 (reared in 

July 2015), which showed an IR peak at 1620 cm
−1

. For the inside 
of the silkworm cocoon, all cocoon samples showed an IR peak at 
1620 cm

−1
, regardless of the silkworm strain and the rearing season. 

The effect of the silkworm strain and the rearing season on the 
crystallinity of the silkworm cocoons was quantitatively examined 
by calculating the crystallinity index from the FTIR spectra. Fig. 3 
depicts the results.

Several features can be found in the figure. First, on average, 
the crystallinity indices of the inside of the cocoon were higher 
than those of the outside of the cocoon. This result was consistent 

Table 2. FE-SEM images of the outside of the cocoons produced from different silkworm strains and rearing seasons. The white 
magnification bar represents 1 mm.

Rearing 
season

May 2015 July 2015 May 2016

Silkworm 
species

SEM image

Filament 
diameter  

(mean ± SD)
(µm, n = 50)

SEM image

Filament 
diameter  

(mean ± SD) 
(µm, n = 50)

SEM image

Filament 
diameter  

(mean ± SD) 
(µm, n = 50)

Jam101 20 ± 3.0 23 ± 3.1 21 ± 3.5

Jam112 22 ± 4.7 22 ± 3.7 24 ± 3.4

BmWy 21 ± 4.1 22 ± 3.3 21 ± 5.7
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Conclusions

The present study investigated the effects of silkworm strain and 
rearing season on the morphology and molecular conformation of 

Note that a different crystallinity index was observed at certain 
silkworm strain and rearing season (i.e., Jam101 in July 2015). 
We thought these were unusual data; hence, we repeated the 
FTIR measurements to confirm the result validity. However, we 
obtained the same results, which confirmed the data validity. 
The reason for the effect of the rearing season on the cocoon 
crystallinity cannot be clearly elucidated at this moment, 
although it is assumed that the feed for the silkworm (mulberry 
leaf) and the storage condition of the cocoon after the harvest 
may affect the crystallinity.

Fig. 1. (A) Five divisions of the Jam101 silkworm cocoon produced 
in May 2016 for the FTIR measurement. (B) ATR-FTIR spectra and 
(C) crystallinity index of the outside and the inside of the Jam101 
cocoon produced in May 2016 with various divisions. The error 
bars represent the standard deviation (n=7). 

Fig. 2. ATR-FTIR spectra of the outside and inside of the cocoons 
from different silkworm strains and rearing seasons: (a) May 2015; 
(b) July 2015; and (c) May 2016.
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Surg 38, 1–8.
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silkworm cocoons. The effect of the measurement position on 
the molecular conformation of the silkworm cocoons was also 
examined.

Different morphologies of the inside of the cocoon were 
observed depending on the cocoon sample, although a similar 
morphology of the outside of the cocoon was found, regardless 
of the cocoon sample. The molecular conformation of the cocoon 
almost did not change depending on the cocoon measurement 
point.

A different cocoon crystallinity was observed at certain rearing 
season and silkworm strain, indicating that these factors may 
affect the cocoon crystallinity. A subsequent study should be 
conducted in the future to elucidate the exact reason for this 
result.
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