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Over the past decades, silk sericin (SS) received increasing attention in the academic and 
industrial fields. In nature, SS acts as a glue that holds the two strands of silk fibrils together. 
However, recent works suggest that SS might have a more diverse role during the silk 
spinning process, such as stabilizing the SF in the silk gland. On the other hand, the sericulture 
industry has been trying to find novel applications for SS discarded from the silk fabric 
manufacturing process. Recovery and refining of SS would be the first step of the recycling of 
SS. Using a proper solvent SS could be shaped into various forms, such as spherical beads, 
microparticles, fibers, and films. Moreover, the applicability of these SS materials has been 
investigated in various fields such as cosmetics, templates for nanomaterials, drug delivery, 
heavy metal adsorption, and enzyme immobilization.
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Introduction

Sericulture refers to the industry that includes rearing the 
silkworms, harvesting the silkworm cocoons, reeling the silk 
fibers from the cocoons, and weaving the silk fiber into fabrics. 
The industry is labor-intensive, making it hard to maintain in 
developed countries. There were efforts to sustain the sericulture 
in those countries by developing high value-added products. 
For example, due to the intense work of scientists in this field, 
the freeze-dried silkworm has been approved by the Ministry 
of Food and Drug Safety, Korea, as a health functional food for 
diabetes (Ryu et al., 2002). Finding a novel application of some 
by-products from the sericulture was another approach. These 
days, silk fibroin (SF) is believed as a promising biomaterial 
for wide application (Ki et al., 2009; Wani et al., 2020), but its 

beginning was the extraction of proteins from the waste of silk 
fabrics. 

While SF has received significant attention worldwide, silk 
sericin (SS), the second protein in silk cocoons, is still lagging. 
If the number of papers in SCI-listed journals is counted as 
"fibroin" and "sericin" in the title, 478 and 102 papers will come 
out in 2021, respectively (Web of Science, 2022). However, 
SS has recently attracted attention from many institutions 
resulting in a surge in publications (Suryawanshi et al., 2020; 
Jo et al., 2020). Environmental concerns about materials such 
as degradability and renewable properties may motivate the use 
of SS even more than in the past. This review does not include 
detailed characterization of SS but can be found in previous 
literature (Jo et al., 2020). However, it should be pointed out that 
SS refers to the whole protein that is deposited between the silk 
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Recovery and Refining of SS

There are several methods for the extraction of SS from the 
cocoon. Probably, the best way would be to recover the SS 
from the general degumming process of silk fiber. However, 
during the degumming process, a surfactant is used to prevent 
the re-adsorption of SS onto the SF fiber. Therefore, SS may be 
surrounded by surfactants that are hard to separate. Yang et al. 
(2013) investigated the possibility of recovering SS from the 
degumming solutions by adding calcium chloride. About 76% 
of SS could be recovered after adding 10 wt% calcium chloride. 
Comparative analysis between the recovered and a hot-water 
extracted SS revealed no significant differences in the molecular 
weight profile, secondary structure, and amino acid composition.

Nonetheless, hot-water extraction is the most common and 
facile method for obtaining the SS (HS). However, the molecular 
weight degradation during the extraction process is the cause of 
inferior mechanical characteristics of materials prepared from 
thereof. The degradation of MW was prevented by using a urea-
mercaptoethanol solution (Oh et al., 2009), but the use of high 
concentration chemicals followed by time-consuming dialysis 
would be another problem. Oh et al. (2011b) has proposed a 
new method for enhancing the mechanical properties of HS by 
controlling its MW distribution, which was refining the extracted 
SS by adding ethanol. The ethanol-precipitated sericin, namely 
EpSS, consisted of a high molecular weight fraction of SS and 

gland wall and the SF, creating a distinguishable surface layer of 
silk cocoon fibers. Although the exact molecular composition of 
SF is known, SS lacks the exact composition due to alternative 
splicing of the sericin genetic code. So far, four different genes 
Ser1, 2, 3, and 4 have been discovered, and up to five different 
proteins have been isolated by SS fractionation (Gamo et al., 
1977). Thus, SS is a mixture of proteins with different molecular 
weights but similar amino acid compositions. In this review, we 
will summarize the work done by our group as follows: 1) Role 
of SS during silk spinning, 2) Recovery and purification of SS, 
3) New solvent of SS, 4) Preparation of SS-based material, 5) 
Application of SS-based material.

Role of Silk Sericin 

SS is a coating protein that envelops two SF fibers and bonds 
the cocoon fibers together to maintain the rigidity and shape 
of the cocoon. Besides its adhesive role, SS is known to play 
another role in silk fiber spinning. The lubricating role of SS was 
readily anticipated and was recently elucidated by rheological 
studies of SS (Sparkes and Holland, 2018).

Recently, the stabilization effect of SS on SF in the silk gland 
has been reported. Jin and Kaplan (2003) proposed a micelle 
model of SF that is widely accepted as a stabilization mechanism 
of highly concentrated SF in the silk gland. Since this model was 
established by observing SF micelles in the presence of PEO, Lee 
(2004) tried to find the same micellar structure in the presence 
of SS but not PEO. A similar micelle structure was observed 
in the TEM image of the SF and SS blend film. Moreover, the 
structural transition of SF to an insoluble Silk II was delayed in 
the presence of SS. Of particular note is that SS can prevent the 
premature structural transition of SF within the silk gland but 
does not permanently prevent its transition required at spinning. 

Kwak et al. (2017) further suggested the same role of SS 
in macrophase separation conditions. While a microphase 
separation of SF and SS was found in the SF and SS blend film, 
SF and SS of the silk gland are separated macroscopically. We 
constructed two aqueous layers of SF and SS to mimic this 
phase separation (Fig. 1). Interestingly, the structural transition 
of SF was delayed in the presence of the SS layer, indicating that 
interfacial interactions have profound effects on the bulk phase 
of SF. From these studies, stabilization of SF in the silk gland 
could be another role of SS.

Fig. 1. Macro-phase separation of silk sericin and fibroin (Oh et al., 
2009).
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Further, a structural transition from the random coil to the β-sheet 
structure was induced due to the alcohol. Among alcohols, 
ethanol was the most suitable coagulant for the preparation of 
spherical beads. The spherical SS beads could be used as drug 
delivery carriers, supports for enzyme immobilization, and heavy 
metal absorbents, which will be introduced in the application 
section. 

Microparticles
SS microparticles were prepared by electrohydrodynamic 

spraying (Oh et al., 2011a). A dope solution was prepared by 
dissolving EpSS in a LiCl/DMSO solvent. When a high voltage 
was applied to the dope solution, breaking and spraying of the 
liquid into microscale droplets were observed. The droplets of 
SS were coagulated in the ethanol bath. The droplet size can be 
tuned by changing the concentration of the dope solution, flow 
rate, and the applied voltage. Here, it should be noted that only 
EpSS was capable of microparticle formation due to its enhanced 
viscosity compared to HS. 

Fibers
Due to its hydrophilic character, SS has been blended with 

synthetic fiber such as PVA to improve anti-electrostatic 
properties. Unfortunately, due to the limited solubility of SS in 
water, high content of SS could not be achieved. Oh et al. (2008) 
reported that the use of LiCl/DMSO solvent enabled the spinning 
of PVA/SS blend fiber in which the content of SS was as high 
as 87 wt%, and possible to achieve the draw ratio of 3. Yun et 
al. (2014) also used the same solvent system for the recovered 
SS (RS) (Yang et al., 2013) and successfully spun it into a fiber 
with PVA (Fig. 2). However, the maximum content of RS was 
only 40%. The PVA/RS fibers had lower ultimate strength 
and crystallinity than PVA/HS fibers but were similar in the 
elongation at break, Young's moduli, and surface morphologies.

Films
Films of HS are brittle in nature. Therefore, plasticizers are 

required to enhance ductile properties. Glycerol is one of the 
most frequent plasticizers for protein-based materials. Yun et 
al. (2016) suggested a new role of glycerol in plasticized HS 
film. The plasticizing effect depended on the concentration of 
glycerols, in which at least 50 wt% of glycerol relative to HS 
content was required. However, glycerol induced beta-sheet 
transitions of HS, which may not explain the enhancements 

had higher viscosity once dissolved in LiCl/DMSO solution. The 
ethanol treatment narrowed the MW distribution by excluding 
the low MW fraction of HS. When fabricated into beads, a more 
compact structure with high compressive strength was observed 
(Oh et al., 2007b). 

Novel Solvent for SS

SS is attractive because it has a higher solubility than SF, 
allowing easy separation from the cocoon by simply boiling 
with water. However, the solubility of lyophilized HS reduces 
due to some structural transition during the lyophilization. Kim 
et al. (2012) added various lyoprotectants to the HS solution 
to preserve its solubility. Although sucrose and trehalose 
effectively increased the solubility of the lyophilized HS, we 
could not achieve 100% solubility of HS in water. Therefore, 
it is recommended to use a freshly prepared HS solution in 
most applications. However, the aqueous solution of HS in 
high concentration forms a gel even at a concentration higher 
than 1wt%. The gelation of HS occurs due to the formation of 
β-sheet structures. Adding a chaotropic salt such as calcium 
chloride delayed the gelation of HS, but perfect prevention was 
not possible (Oh et al., 2013a). Although gelation is a helpful 
characteristic of SS, it limits the method of fabrication, typically 
where a viscous solution is required. Oh et al. (2007a) have 
solved these problems by applying a new solvent system inspired 
by a previous report (Teramoto et al., 2004). LiCl/DMSO solvent 
could dissolve the lyophilized HS up to 30%(w/v), enabling the 
viscous HS solution preparation. This solvent was applied to 
fabricate spherical beads, microparticles, and fibers, which will 
be discussed in the following sections.

Fabrication of SS Materials

Spherical Beads
In order to prepare a spherical bead by a dripping method, 

the dope solution should have sufficient viscosity to maintain 
the shape during the dripping and upon collision with the 
coagulant. Oh et al. (2007a) prepared spherical SS beads after 
dissolving HS in 1M LiCl/DMSO solution. Various alcohols 
were investigated as a coagulant. A spherical bead was formed 
when the concentration of the HS was higher than 20 wt%. 
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bearing amino acids are present. 
Kim et al. (2009) studied the anti-oxidant property of the 

enzymatically hydrolyzed HS for skin care applications. The 
HS was hydrolyzed using different commercial proteases, 
among which Alcalase®, Flavourzyme®, and Protamex® showed 
excellent hydrolysis performance. The anti-oxidative properties 
and the skin lightening effect of hydrolyzed HS were measured 
via DPPH and tyrosinase activity assay, respectively. Compared 
to non-hydrolyzed HS, the hydrolyzed HS was more effective in 
scavenging DPPH radicals, while it had a lower inhibitory effect 
on tyrosinase activity. However, further analysis showed that 
the HS hydrolyzate had different tyrosine inhibitory properties 
depending on the molecular weight fraction. The 18~33 kDa 
fraction of HS hydrolyzed by Flavourzyme® and the 10~18 kDa 
fraction by Protamex® showed excellent tyrosinase inhibition.

The deodorant property of SS was confirmed by Kim et al. 
(2016). We attached HS onto chitosan nonwoven fabric via 
covalent bonding by using glutaraldehyde as a crosslinker. After 
3 hrs of reaction, about 81.18 mg of HS can be attached per gram 
of chitosan nonwoven fabric. The deodorant property has been 
improved about 1.4 times after HS attachment. 

Template for Nanomaterials
Biomineralization is a process where minerals are deposited 

in living organisms. In many cases, proteins play an important 
role in providing a favorable environment for biomineralization. 

in elongation properties. Later, it was found that the moisture 
content increased proportionally starting from the glycerol 
concentration of 50 wt%. This result suggested that the 
plasticizing effect was not only endowed by glycerol but also by 
water which is another powerful plasticizer.

However, the plasticizers also come with a drawback; it 
reduces the tensile strength of the blend films. Yun et al. (2013) 
solved this problem by adding graphene oxide as a filler to the 
HS/glycerol films. The amount of glycerol used was fixed to 60 
wt% relative to HS content. Graphene oxide was stably dispersed 
up to 0.8 wt% relative to HS content. Maximum tensile strength 
and Young's modulus were seen at 0.8 wt% of graphene oxide. 
The improvement in stiffness was due to the strong interfacial 
interaction between the graphene oxide and HS. Moreover, 
reinforcement with graphene oxide increased elongation to 
approximately 40%. The increased elongation resulted from 
reduced crystallinity of HS in the presence of graphene oxides.

Applications of SS Materials 

Cosmetics
SS has been used as an ingredient in many cosmetics because 

its hydrophilic properties expect an enhanced moisturizing effect. 
Indeed, the amino acid composition of SS is similar to that of 
the natural moisturizing factor, where high contents of hydroxyl-

Fig. 2. Morphologies of PVA/SS blend fibers (Yun et al., 2014)
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gold nanoparticles (AuNPs). The optimum conditions for the 
preparation of AuNPs in the presence of HS were investigated 
by varying the HS concentration, pH, temperature, and reaction 
time. Under the optimal conditions, the size of AuNPs was about 
17 nm. It was suggested that the amino acids bearing hydroxyl 
group or negative charge induce the reduction of gold ions. 
Further, HS was found on the surface of AuNPs, indicating the 
capping ability of HS. 

Drug Delivery
A controllable release of the drug is one of the requirements 

of a drug carrier. Since proteins possess charged amino acids, 
the net charge of protein has a significant effect on the release 
profile of the drug. SS has a pI of about 4, which has a net 
negative charge when the pH of the solution is higher than 
4. Therefore, the swelling ratio of SS is higher in neutral and 
alkaline conditions compared to weak acid conditions due to 
the repulsive electrostatic interaction. In addition, proteins 
are hydrolyzed in the presence of various proteases. The 
susceptibility of protein against the proteolytic enzymes depends 
on the number of cleavable sites of the protein. Spherical beads 
and microparticles of SS were examined for their application in 
oral drug delivery (Oh et al., 2007a, Oh et al., 2011a). During the 
oral administration, the drug carrier should swell or degrade at 
the intended position in the GI tract. Therefore, the pH condition 
of the drug target site is a crucial factor when designing a drug 
carrier. The SS beads and microparticles showed a higher 
swelling ratio at pH 7.4 than at pH 2.2. In simulated stomach 
and intestine conditions, the release of diclofenac from SS beads 
or microparticles was suppressed in the stomach conditions but 
enhanced in the intestine conditions. 

Heavy Metal Adsorption
Removing heavy metal contaminants in the industrial waste 

stream is necessary to preserve a safe environment. Various 
natural polymers, especially from agricultural wastes, are 
investigated as an adsorbent of heavy metals (Demirbas, 2008). 
Our groups showed the potential of SS beads or microparticles 
for heavy metal removal (Table 1). The SS beads (Kwak et al., 
2013) or microparticles (Kwak et al., 2014) are crosslinked 
with glutaraldehyde to provide stability against various aqueous 
solutions and vigorous stirring. SS microparticles had a higher 
surface area than beads, increasing adsorption capacity. A 
detailed adsorption model study showed SS microparticles had 

For example, silica in nature is synthesized using a protein called 
silaffin or an enzyme called silicatein (Perry and Keeing-Tucker, 
2000). The serine residues in both proteins play an essential 
role in silica synthesis. Since SS has abundant serine, it might 
be possible to utilize SS to synthesize the silica. Tetraethyl 
orthosilicate(TEOS) was mixed with HS solution and incubated 
at room temperature for a week (Lee and Lee, 2013). Precipitates 
were collected by washing with ethanol and centrifugation (Fig. 
3). The precipitates were a mixture of silica and HS, where the 
degree of silica polymerization was higher than without HS. 
Notably, TEOS was not hydrolyzed prior to synthesis, indicating 
a similar role of HS with the natural silicatein. 

Recently, Shin et al. (2022) showed that HS can synthesize 
gold nanoparticles without additional reducing or capping 
agents. The HS was simply mixed with HAuCl4, a precursor for 

Fig. 3. Preparation of SS/silica precipitates (Lee and Lee, 2013). 
(a) Before incubation, (b) after 1 week incubation, and (c) SS/silica 
precipitates after centrifugation. 
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or a reduction in enzymatic activity. Therefore, hydrophilic 
materials, such as SS, are preferred for enzyme immobilization 
(Lee et al., 2005). In addition, SS has abundant reactive groups 
which can be utilized for chemically immobilizing the enzymes. 
Oh and Lee (2013b) conducted a study to investigate the 
possibility of using SS beads for enzyme immobilization. The 
enzymes were crosslinked with the surface amine groups of the 
beads using glutaraldehyde chemistry. Tests against alcohols 
showed that the enzymes immobilized onto SS beads retained 
their activities. 

Conclusion

In this review, we introduced articles published by our group 
on the subject of SS. Several other research groups in different 
fields have recently been interested in SS. As mentioned earlier, 
SS is an attractive material because it is renewable, degradable, 
and biocompatible. From a practical viewpoint, SS can be 
recovered from waste, creating additional economic value for 
the industry. We believe SS could open a new era of silk proteins 
comparable to SF.
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