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Sericin cocoon bio‑compatibilizer 
for reactive blending 
of thermoplastic cassava starch
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Charin Techapun1, Sarana Rose Sommano6,2, Toshiaki Ougizawa7, Kamon Yakul1 & 
Kittisak Jantanasakulwong1,2,3*

Cassava starch was blended with glycerol to prepare thermoplastic starch (TPS). Thermoplastic starch 
was premixed with sericin (TPSS) by solution mixing and then melt‑blended with polyethylene grafted 
maleic anhydride (PEMAH). The effect of sericin on the mechanical properties, morphology, thermal 
properties, rheology, and reaction mechanism was investigated. The tensile strength and elongation 
at break of the TPSS10/PEMAH blend were improved to 12.2 MPa and 100.4%, respectively. The TPS/
PEMAH morphology presented polyethylene grafted maleic anhydride particles (2 μm) dispersed in 
the thermoplastic starch matrix, which decreased in size to approximately 200 nm when 5% sericin 
was used. The melting temperature of polyethylene grafted maleic anhydride (121 °C) decreased 
to 111 °C because of the small crystal size of the polyethylene grafted maleic anhydride phase. The 
viscosity of TPS/PEMAH increased with increasing sericin content because of the chain extension. 
Fourier‑transform infrared spectroscopy confirmed the reaction between the amino groups of sericin 
and the maleic anhydride groups of polyethylene grafted maleic anhydride. This reaction reduced the 
interfacial tension between thermoplastic starch and polyethylene grafted maleic anhydride, which 
improved the compatibility, mechanical properties, and morphology of the blend.

Thermoplastic starch (TPS) is prepared using a plasticizer with a high temperature and shear condition to form 
an amorphous  structure1 that provides a processing method similar to that of petroleum polymers. A suit-
able plasticizer forms hydrogen bonds between the hydroxyl groups of starch and  glycerol2. TPS is prepared 
by melt-mixing granule starch and plasticizers and then converted using various methods, such as  blowing1, 
 casting3,  extrusion4, internal  mixer5, and two roll  mills6. TPS produced from biomaterials are non-toxic7 and 
 biodegradable8. The starch present in TPS could be efficiently biodegraded by amylase enzymes under mild 
 conditions9 or subjected to a specialized enzyme potentially developed for starch digestion under high salt 
 conditions10 to assess its biodegradability. Therefore, various raw materials of starch can be used to prepare TPS, 
such as  cassava11, mung  bean12,  potato13, and  corn14,15. Some plasticizers are used to plasticize starch, such as 
 glycerol16, sunflower  oil17, and soybean  oil18.

Sericin has attracted attention because of its healing ability and is extracted from  cocoon19 with fibroin using 
various  methods20,21. It is used as an adhesive biopolymer for pharmaceutical, food, and cosmetic applications 
as a high-value additive. Sericin is a hydrophilic material that has excellent compatibility with other hydrophilic 
biopolymers, such as starch, polyvinyl alcohol (PVA), and alginate. The structure of serin contains many amino 
 groups22 with a reaction capability to several reactive groups, such as maleic anhydride  groups23 and epoxy 
 groups24.
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Reactive blending is an effective process for improving the properties of polymer  blends25,26. The properties 
of suitable reactive biomaterials, such as carboxymethyl cellulose (CMC)27–29, chitosan (CTS)5,30, carboxymethyl 
 chitosan31, carboxymethyl bacterial  cellulose32,33, polysaccharides from rich  bran34,35,  pectin36–38, and  keratin39, 
have been investigated for reactive blending. The improvement of mechanical properties of TPS blend with 
poly(butylene adipate-co-terephthalate)40, epoxidized natural  rubber5, and  PEMAH41 were investigated. Moreo-
ver, CMC- and chitosan-modified TPS for reactive blending have also been previously  reported5,14,41. CMC-
modified TPS has a low reaction activity and melt processing ability, while the acidification water dissolution of 
chitosan induces a brown color and acid evaporation during the melt process of TPS. However, the mechanical 
property improvement of TPS blend with PEMAH and sericin compatibilizer, has not been reported thus far.

Therefore, aim of this research is to develop high mechanical properties TPS using reactive melt blending 
of cassava starch, glycerol, sericin and PEMAH. Cassava starch was melt-blended with glycerol to prepare the 
TPS. TPS was modified with sericin (TPSS) for blending with polyethylene grafted maleic anhydride (PEMAH). 
Sericin was extracted from cocoons and incorporated into the TPS as a compatibilizer by solution mixing, and 
the effect of sericin on the mechanical properties, morphology, surface tension, thermal properties, rheology, 
and reaction mechanism was investigated to provide high tensile strength TPS for packaging, agriculture, and 
medical applications.

Results and discussions
Cassava starch was blended with glycerol (70:30%w/w) to prepare the TPS due to good melt–processing ability 
and mechanical  properties5,41. Sericin was extracted from cocoon fiber, and sericin at 1–10 phr was incorporated 
into the TPS by solution mixing. TPS or TPSS (80% w/w) was melt-blended with PEMAH (20%) at 160 °C for 
10 min. This study extends our investigation to develop a new compatibilizer for TPS. The ‒NH groups in sericin 
were suggested to react with the MAH groups of PEMAH, which improved the morphology and mechanical 
properties of the blends. The schematics of the sericin/PEMAH reaction mechanism with improved morphology 
and the TPSS5/PEMAH sample image are shown in Fig. 1.

Tensile properties. The stress–strain curve is shown in Fig. 2a. The tensile strength and elongation at break 
of TPS were 3.7 MPa and 54.4%, respectively (Fig. 2b). TPS blending with PEMAH increased the tensile strength 
and elongation at break to 6.5 MPa and 100.2%, respectively, because of the reaction between ‒OH groups of 
TPS and MAH groups of  PEMAH42. The interface reaction between the two polymer blends, which causes an 
improvement in the tensile properties, has been previously  reported6,42,43. The tensile strength of TPS/PEMAH 
blend with sericin 0‒2.5 phr did not differ significantly (P < 0.05). The TPSS/PEMAH blend with sericin 1‒5 
phr decreased elongation at break compared to the TPS/PEMAH because the occurred interfacial crosslink 
combined brittleness between TPS and PEMAH through sericin. TPSS10/PEMAH presented the highest ten-
sile strength (12.2 MPa) and elongation at break (100%) due to high interfacial crosslinking. Tensile strength 
(1.4‒3.6 MPa) and elongation at break (48–101%) of TPS from cassava starch and glycerol blend have been 
previously  reported44,45. Tensile strength improvement of TPS blend with PEMAH (5‒14 MPa)41, epoxidized 
natural rubber (4‒6 MPa)5, and poly(butylene adipate-co-terephthalate) (6‒7.5 MPa)40 has also been reported. 
Young’s modulus of TPS was 120 MPa, while the TPSS/PEMAH blend with sericin 0, 1, 2.5, 5 and 10 phr showed 
20, 25, 29, 55 and 140 MPa, respectively. The tensile strength and Young’s modulus of the TPSS/PEMAH were 

Figure 1.  Schematic model of the TPSS/PEMAH blend through reaction mechanism of sericin/PEMAH.
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enhanced with the sericin content because of the interfacial  crosslinking7,46 between TPS and PEMAH and the 
crosslinking  inside47 the PEMAH phase through sericin.

Morphology. The morphology of TPS with sericin 0–10 phr (80% w/w) blended with PEMAH (20% w/w) is 
shown in Fig. 3. TPS/PEMAH showed dispersion of PEMAH particles (2 μm) in the TPS matrix. The addition of 
1–5 phr sericin decreased the PEMAH particle sizes to 500 nm and 200 nm, respectively, owing to an improve-
ment in the interfacial  tension48 between TPS and PEMAH by sericin. Morphology of PEMAH nanoparticles in 

Figure 2.  Tensile properties of thermoplastic starch (TPS) and TPS with sericin (TPSS) blending with 
polyethylene grafted maleic anhydride (PEMAH) (a) stress–strain curve and (b) maximum tensile strength and 
elongation at break (n = 5). Means with different lowercase letters of maximum tensile strength and uppercase 
letters of elongation at break are significantly different (P < 0.05).

Figure 3.  Scanning electron micrographs of (a) TPS/PEMAH, (b) TPSS1/PEMAH, (c) TPSS2.5/PEMAH, (d) 
TPSS5/PEMAH, and (e) TPSS10/PEMAH.



4

Vol:.(1234567890)

Scientific Reports |        (2021) 11:19945  | https://doi.org/10.1038/s41598-021-99417-3

www.nature.com/scientificreports/

TPS matrix showed high transparency (Fig. 1). The nano-sized PEMAH dispersed in the TPS matrix provided 
a highly transparent material owing to the low light scattering of small particle sizes. However, the PEMAH 
particle sizes of TPSS10/PEMAH increased to 500 nm–1 μm compared to that of TPSS5/PEMAH because of 
the crosslinking inside the PEMAH phase with sericin. Such behavior of the increased particle sizes due to 
crosslinking inside the particle phase has been previously  reported49. The improvement in morphology was 
evident from the formation of interfacial crosslinking between the  interface50 of TPS and PEMAH via the sericin 
reaction, which mitigates the interfacial tension.

Contact angle. The relative interfacial tension of TPS, TPS/PEMAH and TPSS/PEMAH blend with sericin 
1‒10% was evaluated using the water droplet contact. The results are shown in Fig. 4. TPS and TPS/PEMAH 
showed water droplet contact at 59°. Low contact angle of TPS and the TPS/PEMAH was due to hydrophilicity 
of cassava  starch51 and the continuous phase of TPS. The water droplet contact angle of TPS/PEMAH blend with 
sericin 1‒10 did not differ significantly (P < 0.05), whereas the value increased to 88‒90° compared to TPS (59°). 
The improvement of water droplet contact angle of the TPS/PEMAH blend with sericin owing to hydrophobicity 
of  polyethylene52 and small particles size distribution of PEMAH in TPS  matrix41. High interfacial crosslink was 
indicated to improve morphology, interfacial tension, and water resistance of the TPSS/PEMAH blend, which 
occurred during melt mixing through sericin compatibilizer.

Thermal properties. Thermal properties were observed using differential scanning calorimetry (DSC). 
The DSC curves (2nd scan) are shown in Fig. 5. PEMAH showed a melting temperature  (Tm) at 121 °C, while 
 Tm of TPS was not observed because glycerol induced an amorphous structure of  TPS53. The  Tm values of the 
TPS/PEMAH and TPSS/PEMAH blends were attributed to  Tm of PEMAH at 111 °C. Moreover, the formation 
of small crystals at the TPS/PEMAH interface is observed. The decreasing  Tm of PEMAH was due to the small 
crystal of PEMAH, which occurred at the interface of TPS/PEMAH and inside the PEMAH  phase54. The crystal 
growth inside the PEMAH phase was restricted by the small sizes of the PEMAH particles, and these crystals 
melted at temperatures lower than pure PEMAH. The decrease in  Tm due to the formation of small crystals has 
been previously  reported55.

Rheological properties. The melt viscosities of the samples were measured at 160  °C. The η* values of 
the samples are presented in Fig. 6. Non-Newtonian behavior of TPS and TPS blends were specified by linear 
viscoelasticity range of rheometer measurement. The melt viscosity of TPS was the lowest at a high frequency. 
TPS/PEMAH showed a higher melt viscosity than neat TPS across most of the investigated frequency ranges. 

Figure 4.  Water contact angle at 3 min of the thermoplastic starch (TPS), TPS with sericin (TPSS) 1–10 phr 
blending with polyethylene grafted maleic anhydride (PEMAH).
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The melt viscosity of TPSS1/PEMAH was higher than that of TPS and TPS/PEMAH. Additionally, the melt 
viscosity of TPSS5/PEMAH and TPSS10/PEMAH increased significantly because a reaction occurred during 
the melt-blending  process56. The increase of melt viscosity of the TPSS/PEMAH with sericin content related to 
the occurred interfacial crosslinking reaction between TPS and PEMAH through sericin. This reaction extended 
the chain length, branch, and interfacial crosslink structures, which increased the melt viscosity of the  blends57. 
The chemical reaction that influences the melt viscosity of the polymer blend has been previously  reported5,41.

Reaction mechanism. FTIR was used to investigate the reaction between sericin and PEMAH. The FTIR 
vibration spectra of TPS, TPSS, sericin, PEMAH, TPS/PEMAH, and TPSS/PEMAH blends at different wave-
lengths from 800 to 4000  cm−1 are shown in Fig. 7. TPS presented a peak at 1643  cm−1 due to ‒OH bending, while 
the peaks at 1016 and 929  cm−1 were assigned to ‒CO  stretching58. The vibration spectra of PEMAH showed 
C‒H2, carboxylic acid, and symmetric stretching of cyclic anhydride at 1463  cm−1, 1715  cm−1 and 1792  cm−1, 
respectively. The sericin peaks at 1643 and 1240   cm−1 were attributed to the C=O stretching of the amides 
and C‒N stretching bands,  respectively59. The blended samples were normalized using a peak at 1463  cm−1 of 
PEMAH. The TPS/PEMAH spectra showed a new peak at 1582  cm−1, which was not observed in the spectra of 
TPS, PEMAH, and sericin. This new peak indicates a new C‒O vibration from the reaction between the ‒OH 

Figure 5.  Differential scanning calorimetry curves (2nd scan) of thermoplastic starch (TPS), TPS with sericin 
(TPSS), and TPSS 1–10 phr blending with polyethylene grafted maleic anhydride (PEMAH).

Figure 6.  Melt-viscosity of TPS and TPSS 1–10 phr blending with polyethylene grafted maleic anhydride 
(PEMAH) at 160 °C.
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groups of cassava starch and the MAH groups of  PEMAH60. However, the TPSS/PEMAH spectra had a higher 
1582  cm−1 intensity than in the TPS/PEMAH spectra owing to a new C‒O vibration from the reaction between 
the ‒NH groups of sericin and the MAH groups of  PEMAH43,61. The suggested reactions are shown in Fig. 8. 
These reactions enhanced the interfacial adhesion between TPS and PEMAH, which improved the mechanical 
properties and morphology of the  blends62,63. The relatively high amount of sericin (10 phr) enhanced the high 
crosslinking reaction inside the PEMAH phase (Fig. 8c), with an increased Young’s modulus and maximum 
tensile  strength64,65 of TPSS10/PEMAH.

Conclusions
The mechanical properties and morphology of the TPS/PEMAH blend were successfully improved using sericin 
as a compatibilizer. Sericin contains many ‒NH groups in its structure. The ‒NH groups of sericin formed 
a hydrogen bond interaction with ‒OH groups of TPS and a reaction (covalent bond) with MAH groups of 
PEMAH, which influenced mechanical properties, morphology, surface tension and melt viscosity of the blends. 
The tensile strength, elongation at break, and Young’s modulus were elevated because of the improvement in the 
interfacial adhesion between TPS and PEMAH and the crosslinking reaction inside the PEMAH phase via the 
sericin structure. The particle sizes of PEMAH were dispersed to nano-sizes owing to improvement of interfacial 
crosslink through sericin compatibilizer. The morphology of the nano-sized PEMAH particles in the TPS matrix 
enhanced surface tension and provided a highly transparent material. Moreover, the increase of interfacial cross-
link and the crosslinking reaction inside the PEMAH phase also enhanced melt viscosity of the blends These 
crosslinks induced formation of small crystals inside the PEMAH phase, and reduced  Tm of the TPSS/PEMAH 
blend compared to PEMAH. The rheological properties and FTIR results confirmed that the ‒OH groups of 
starch and the ‒NH groups of sericin reacted with the MAH groups of PEMAH. These reactions improved the 
mechanical properties, morphology, and water resistance of the TPSS/PEMAH blend. The new transparent 
TPS exhibits high mechanical properties, water resistance, and melt processing ability, which could be used for 
packaging, agriculture, and medical applications.

Methods
Materials. Cassava starch (Dragon fish brand), with an amylose/amylopectin content of 17/83% w/w, 11% 
moisture content, and a molecular weight of 1.34 ×  108 g/mol, was purchased from Tong Chan Registered Ordi-
nary Partnership (Bangkok, Thailand). Glycerol was purchased from Union Science Co., Ltd. (Chiang Mai, Thai-
land). PEMAH (Fusabond, DuPont, Bangkok, Thailand) with a melt flow index of 1.75 g/10 min and 2% MAH 
content was obtained from Chemical Innovation Co., Ltd. (Bangkok, Thailand). Cocoon was kindly supplied by 
Chul Thai Silk Co., Ltd. (Phetchabun, Thailand).

Sample preparation. Sericin extraction was performed using a high temperature-high pressure  method22,66. 
Briefly, 45 g of the cocoon pieces (2 × 2 cm) were immersed in distilled water (1.5 L) in a 2.5 L laboratory bottle. 
Sericin was extracted by autoclaving at 121 °C for 30 min. The aqueous solution was filtered through filter paper 
and stored at 4 °C until further use. Cassava starch was mixed with glycerol (70:30% w/w) in a water bath at 
80 °C for 30 min for incorporation of an additive. During premixing, sericin at 1–10 phr (part/hundred) of TPS 

Figure 7.  Fourier transform infrared spectra of sericin, thermoplastic starch (TPS), TPS with sericin (TPSS), 
polyethylene grafted maleic anhydride (PEMAH), TPS/PEMAH, and TPSS/PEMAH.
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was incorporated into the solution to modify starch. The solutions were then dried at 50 °C for 24 h to remove 
moisture before melt mixing. The dried samples were melt-mixed using an internal mixer (Labo Plastomill; Toyo 
Seiki Co. Ltd., Tokyo, Japan) to prepare the TPSS. The melt-blending of TPSS with PEMAH was also performed 
using the same mixer at 160 °C for 10 min. The samples were compressed into sheets at 160 °C for 3 min. The 
formulations of the blended samples are listed in Table 1.

Figure 8.  Suggested reactions and interactions (a) interaction of cassava starch/sericin and cassava starch/
glycerol, (b) TPS/PEMAH reaction, and (c) TPSS/PEMAH reaction.

Table 1.  Composition and codes of thermoplastic starch (TPS) and thermoplastic starch with sericin blending 
with polyethylene grafted maleic anhydride (PEMAH).

Samples

Composition

TPS
(w%)

PEMAH
(w%)

Sericin
(phr/TPS)

TPS 80 – –

TPS/PEMAH 80 20 –

TPSS1/PEMAH 80 20 1

TPSS2.5/PEMAH 80 20 2.5

TPSS5/PEMAH 80 20 5

TPSS10/PEMAH 80 20 10
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Tensile properties. A tensile tester (Tensilion UTM-II-20; Orientec Co. Ltd., Tokyo, Japan) was used to 
investigate the tensile properties of the samples at a speed of 10 mm/min. The samples were compressed into 
sheets by compression molding at 160 °C for 3 min, followed by conditioning at 50% RH for 48 h at 25 °C. The 
width, length, and thickness were 2 mm × 30 mm × 1 mm. The maximum tensile strength (MPa) and elongation 
at break were observed for the five specimens for each composition.

Scanning electron microscopy. The morphologies of the samples were observed using a scanning elec-
tron microscope (SM-200, Topcon Corp., Tokyo, Japan). The samples were immersed and broken into liquid 
nitrogen. The fracture surfaces of the samples were coated with a thin layer of gold by sputtering and observed 
at a voltage of 15 kV.

Contact angle. Water droplet contact angle was observed using a drop shape analysis (DSA30E, Kruss 
Co. Ltd., Hamburg, Germany). The samples were prepared as films using hot compression molding at 160 °C 
for 3 min. Water was dropped onto the surface of the samples and recorded the images at 3 min. Five repeated 
samples were observed for each condition.

Differential scanning calorimetry. Differential scanning calorimetry (DSC) (PerkinElmer Pyris Dia-
mond DSC, Connecticut, USA) was used to observe the melting temperatures of the samples. The sample 
(8–10 mg) was placed in aluminum pans and put in sample holder of DSC with a pan reference. The samples 
were observed during the first and second scans at a heating rate of 10 °C/min. The melting temperature  (Tm) 
was determined from the temperature at the maximum level of the endothermic peak.

Rheology. A rheometer (dynamic analyzer RDA II; Rheometric Scientific Corp., Delaware, USA) was used 
to determine the complex dynamic viscosity (η*) under a nitrogen atmosphere. Samples with 25 mm diameter 
and 1 mm thickness were compressed at 160 °C for 3 min. The experiments were performed at 160 °C with a 
frequency range of 0.1–1000 rad/s at a 10% strain rate (within the linear viscoelastic range of materials).

Reaction mechanism. Fourier-transform infrared spectroscopy (FTIR-480plus; Jasco Corp., Tokyo, Japan) 
was used to investigate the reaction between TPS, sericin, and PEMAH. The samples were prepared as thin films 
by compression molding at 160 °C for 3 min. The IR spectrum was measured at 800–4000  cm−1 with a resolution 
of 4  cm−1.

Statistical analysis. All results were analyzed by one-way analysis of variance (ANOVA) using SPSS soft-
ware. Differences found (P < 0.05) were evaluated using Duncan’s test. Five replicates for each sample were used 
for the evaluation.

Received: 9 July 2021; Accepted: 23 September 2021

References
 1. Dang, K. M. & Yoksan, R. Morphological characteristics and barrier properties of thermoplastic starch/chitosan blow film. Car-

bohydr. Polym. 150, 40–47 (2016).
 2. Peidayesh, H., Ahmadi, Z., Khonakdar, H. A., Abdouss, M. & Chodak, I. Fabrication and properties of thermoplastic/montmoril-

lonite composite using dialdehyde starch as a crosslinker. Polym. Int. 69, 317–327 (2020).
 3. Javanbakht, S. & Namazim, H. Solid state photoluminescence thermoplastic starch film containing graphene quantum dots. 

Carbohydr. Polym. 176, 220–226 (2017).
 4. Ghanbari, A., Tabarsa, T., Ashori, A., Shakeri, A. & Mashkour, M. Preparation and characterization of thermoplastic starch and 

cellulose nanofibers as green nanocomposites: Extrusion processing. Int. J. Biol. Macromol. 112, 442–447 (2018).
 5. Jantanasakulwong, K. et al. Reactive blending of thermoplastic starch, epoxidized natural rubber and chitosan. Eur. Polym. J. 84, 

292–299 (2016).
 6. Kodsangma, A. et al. Effect of sodium benzoate and chlorhexidine gluconate on a bio-thermoplastic elastomer made from ther-

moplastic starch-chitosan blended with epoxidized natural rubber. Carbohydr. Polym. 242, 116421 (2020).
 7. Ren, J., Fu, H., Ren, T. & Yuan, W. Preparation, characterization and properties of binary and ternary blends with thermoplastic 

starch, poly (lactic acid) and poly(butylene adipate-co-terephthalate). Carbohydr. Polym. 77, 576–582 (2009).
 8. Peres, A. M., Pires, R. R. & Orefice, R. L. Evaluation of the effect of reprocessing on the structure and properties of low density 

polyethylene/thermoplastic starch blends. Carbohydr. Polym. 136, 210–215 (2016).
 9. Cuevas-Carballo, Z. B., Duarte-Aranda, S. & Canche-Escamilla, G. Properties and biodegradability of thermoplastic starch obtained 

from granular starches grafted with polycaprolactone. Int. J. Polym. Sci. 2017, 1–13 (2017).
 10. Takenaka, S. et al. Characterization of the native form and the carboxy-terminally truncated halotolerant form of α-amylases from 

Bacillus subtilis strain FP-133. J. Basic Microbiol. 55, 780–789 (2015).
 11. Jantanasakulwong, K. et al. Effect of dip coating polymer solutions on properties of thermoplastic cassava starch. Polymers 11, 

1746 (2019).
 12. Roy, K., Theory, R., Sinhmar, A., Pathera, A. K. & Nain, V. Development and characterization of nano starch-based composite 

films from mung bean (Vigna radiata). Int. J. Biol. Macromol. 144, 242–251 (2020).
 13. Moscicki, L. et al. Application of extrusion-cooking for processing of thermoplastic starch (TPS). Food Res. Int. 47, 291–299 (2012).
 14. Jantanasakulwong, K. et al. Mechanical properties improvement of thermoplastic corn starch and polyethylene-grafted-maleican-

hydride blending by  Na+ ions neutralization of carboxymethyl cellulose. Int. J. Biol. Macromol. 120, 297–301 (2018).
 15. Rosa, D. S., Guedes, C. G. F. & Carvalho, C. L. Processing and thermal, mechanical and morphological characterization of post-

consumer polyolefins/thermoplastic starch blends. J. Mater. Sci. 42, 551–557 (2007).
 16. Homsaard, N. et al. Efficacy of cassava starch blending with gelling agents and palm oil coating in improving egg shelf life. Int. J. 

Food Sci. Technol. 56(8), 3655–3661 (2020).



9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:19945  | https://doi.org/10.1038/s41598-021-99417-3

www.nature.com/scientificreports/

 17. Volpe, V., De, F. G., Marco, D. I. & Pantani, R. Use of sunflower seed fried oil as an ecofriendly plasticizer for starch and application 
of this thermoplastic starch as a filler for PLA. Ind. Crops Prod. 122, 545–552 (2018).

 18. Belhassena, R., Vilasecab, F., Mutjéb, P. & Bouf, S. Thermoplasticized starch modified by reactive blending with epoxidized soybean 
oil. Ind. Crops Prod. 53, 261–267 (2014).

 19. Dong, X. et al. Silk sericin has significantly hypoglycaemic effect in type 2 diabetic mice via anti-oxidation and anti-inflammation. 
Int. J. Biol. Macromol. 150, 1061–1071 (2020).

 20. Aramwit, P., Damrongsakkul, S., Kanokpanont, S. & Srichana, T. Properties and antityrosinase activity of sericin from various 
extraction methods. Biotechnol. Appl. Biochem. 55, 91–98 (2010).

 21. Wang, F. & Zhang, Y. Q. Effects of alkyl polyglycoside (APG) on Bombyx mori silk degumming and the mechanical properties of 
silk fibroin fibre. Mater. Sci. Eng. C 74, 152–158 (2017).

 22. Yakul, K. et al. Enzymatic valorization process of yellow cocoon waste for production of antioxidative sericin and fibroin film. J. 
Chem. Technol. Biotechnol. 96, 953–962 (2021).

 23. Jantanasakulwong, K., Kuboyama, K. & Ougizawa, T. Thermoplastic elastomer by terpolymer reactive blending of polyamide-6, 
ethylene-1-butene rubber and ethylene ionomer. J. Macromol. Sci. Phys. 53, 1090–1102 (2014).

 24. Wu, D., Wang, X. & Jin, R. Toughening of poly(2,6-dimethyl-1,4-phenylene oxide)/nylon 6 alloys with functionalized elastomers 
via reactive compatibilization: Morphology, mechanical properties, and rheology. Eur. Polym. J. 40, 1223–1232 (2004).

 25. Jantanasakulwong, K., Rohindra, D., Mori, K., Kuboyama, K. & Ougizawa, T. Thermoplastic elastomer by reactive blending of 
poly(butylene succinate) with ethylene-propylene-diene terpolymer and ethylene-1-butene rubbers. J. Elastomers Plast. 47, 215–231 
(2015).

 26. Jantanasakulwong, K., Kobayashi, Y., Kuboyama, K. & Ougizawa, T. Thermoplastic vulcanizate based on poly(lactic acid) and 
acrylic rubber blended with ethylene ionomer. J. Macromol. Sci. Phys. 55, 1068–1085 (2016).

 27. Klunklin, W. et al. Synthesis, characterization, and application of carboxymethyl cellulose from asparagus stalk end. Polymers 13, 
81 (2021).

 28. Suriyatem, R. et al. Physical properties of carboxymethyl cellulose from palm bunch and bagasse agricultural wastes: effect of 
delignification with hydrogen peroxide. Polymers 12, 1505 (2020).

 29. Tantala, J., Rachtanapun, C., Tongdeesoontorn, W., Jantanasakulwong, K. & Rachtanapun, P. Moisture sorption isotherms and 
prediction models of carboxymethyl chitosan films from different sources with various plasticizers. Adv. Mater. Sci. Eng. 2019, 
4082439 (2019).

 30. Rachtanapun, P. et al. Characterization of chitosan film incorporated with curcumin extract. Polymers 13(6), 963 (2021).
 31. Chaiwong, N. et al. Antioxidant and moisturizing properties of carboxymethyl chitosan with different molecular weights. Polymers 

12, 1445 (2020).
 32. Rachtanapun, P. et al. Carboxymethyl bacterial cellulose from nata de coco: Effects of NaOH. Polymers 13(3), 348 (2021).
 33. Rachtanapun, P. et al. Effect of monochloroacetic acid on properties of carboxymethyl bacterial cellulose powder and film from 

nata de coco. Polymers 13(4), 488 (2021).
 34. Manosroi, A. et al. Physico-chemical properties of cationic niosomes loaded with fraction of rice (Oryza sativa) bran extract. J. 

Nanosci. Nanotechnol. 12, 7339–7345 (2012).
 35. Surin, S. et al. Optimization of ultrasonic-assisted extraction of polysaccharides from purple glutinous rice bran (Oryza sativa L.) 

and their antioxidant activities. Sci. Rep. 10, 10410 (2020).
 36. Jantrawut, P., Chambin, O. & Ruksiriwanich, W. Scavenging activity of rutin encapsulated in low methoxyl pectin beads. Cellul. 

Chem. Technol. 49, 51–54 (2015).
 37. Chaiwarit, T., Ruksiriwanich, W., Jantanasakulwong, K. & Jantrawut, P. Use of orange oil loaded pectin films as antibacterial mate-

rial for food packaging. Polymers 10(10), 1144 (2018).
 38. Wongkaew, M., Sommano, S. R., Tangpao, T., Rachtanapun, P. & Jantanasakulwong, K. Mango peel pectin by microwave-assisted 

extraction and its use as fat replacement in dried chinese sausage. Foods. 9(4), 450 (2020).
 39. Kaewsalud, T. et al. Biochemical characterization and application of thermostable-alkaline keratinase from Bacillus halodurans 

SW-X to valorize chicken feather wastes. Waste Biomass Valorization 12, 3951–3964 (2020).
 40. Garalde, R. A., Thipmanee, R., Jariyasakoolroj, P. & Sane, A. The effects of blend ration and storage time on thermoplastic starch/

poly(butylene adipate-co-terephthalate) films. Heliyon. 5(3), e01251 (2019).
 41. Jantanasakulwong, K. et al. Reactive blending of thermoplastic starch and polyethylene-graft-maleic anhydride with chitosan as 

compatibilizer. Carbohydr. Polym. 153, 89–95 (2016).
 42. Hamid, F., Akhbar, S. & Halim, K. H. Mechanical and thermal properties of polyamide 6/HDPE-g-MAH/high density polyethylene. 

Proc. Eng. 68, 418–424 (2013).
 43. Moustafa, H. & Darwish, N. A. Effect of different types and loadings of modified nanoclay on mechanical properties and adhesion 

strength of EPDM-g-MAH/nylon 66 systems. Int. J. Adhes. Adhes. 61, 15–22 (2015).
 44. Fu, Z., Wang, L., Li, D., Wei, Q. & Adhikari, B. Effects of highpressure homogenization on the properties of starch-plasticizer 

dispersions and their films. Carbohyd. Polym. 86, 202–207 (2011).
 45. Muller, C. M. C., Laurindo, J. B. & Yamashita, F. Effect of cellulose fibers addition on the mechanical properties and water vapor 

barrier of starchbased films. Food Hydrocoll. 23, 1328–1333 (2009).
 46. Sarkari, N. M., Mohseni, M. & Ebrahimi, M. Examining impact of vapor-induced crosslinking duration on dynamic mechanical 

and static mechanical characteristics of silane-water crosslinked polyethylene compound. Polym. Test. 93, 106933 (2021).
 47. Chen, J. et al. Accelerated water tree aging of crosslinked polyethylene with different degrees of crosslinking. Polym. Test. 56, 83–90 

(2016).
 48. Xie, X. M., Xiao, T. J., Zhang, Z. M. & Tanioka, A. Effect of interfacial tension on the formation of the gradient morphology in 

polymer blends. J. Colloid Interface Sci. 206, 189–194 (1998).
 49. I’Abee, R. M. A., Duin, M. V., Spoelstra, A. B. & Goossens, J. G. P. The rubber particle size to control the properties-processing 

balance of thermoplastic/cross-linked elastomer blends. Soft Matter 6, 1758–1768 (2010).
 50. Zhaohui, L., Zhang, X., Tasaka, S. & Inagaki, N. The interfacial tension and morphology of reactive polymer blends. Mater. Lett. 

48, 81–88 (2001).
 51. Tavares, K. M., Compos, A. D., Mitsuyuki, M. C., Luchesi, B. R. & Marconcini, J. M. Corn and cassava starch with carboxymethyl 

cellulose films and its mechanical and hydrophobic properties. Carbohydr. Polym. 223, 115055 (2019).
 52. Kim, D. J. & Kim, H. Degradation of toluene vapor in a hydrophobic polyethylene hollow fiber membrane bioreactor with Pseu-

domonas putida. Process Biochem. 40, 2015–2020 (2005).
 53. Castillo, L. A., Lopez, O. V., Garcia, M. A., Barbosa, S. E. & Villar, M. A. Crystalline morphology of thermoplastic starch/talc 

nanocomposites induced by thermal processing. Heliyon 5, e01877 (2019).
 54. Zhang, W. & Zou, L. Molecular dynamics simulations of crystal nucleation near interfaces in incompatible polymer blends. Polymers 

13, 347 (2021).
 55. Aumnate, C., Rudolph, N. & Sarmadi, M. Recycling of polypropylene/polyethylene blends: Effect of chain structure on the crystal-

lization behaviors. Polymers 11, 1456 (2019).
 56. Seo, Y. P. & Seo, Y. Effect of molecular structure change on the melt rheological properties of a polyamide (nylon 6). ACS Omega 

3, 16549–16555 (2018).



10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:19945  | https://doi.org/10.1038/s41598-021-99417-3

www.nature.com/scientificreports/

 57. Vega, J. F., Rastogi, S., Peters, G. W. M. & Meijer, H. E. H. Rheology and reptation of linear polymers. Ultrahigh molecular weight 
chain dynamics in the melt. J. Rheol. 43, 663–678 (2004).

 58. Khanoonkon, N., Yoksan, R. & Ogale, A. A. Morphological characteristics of stearic acid-grafted starch-compatibilized linear low 
density polyethylene/thermoplastic starch blown film. Eur. Polym. J. 76, 266–277 (2016).

 59. Kwak, W. H. & Lee, K. H. Polyethylenimine-functionalized silk sericin beads for high-performance remediation of hexavalent 
chromium from aqueous solution. Chemosphere 207, 507–516 (2018).

 60. Andre, J. S. et al. Interfacial reaction of a maleic anhydride grafted polyolefin with ethylene vinyl alcohol copolymer at the buried 
solid/solid interface. Polymer 212, 123141 (2021).

 61. Hu, G., Wang, B. & Zhou, X. Effect of EPDM-MAH compatibilizer on the mechanical properties and morphology of nylon 11/PE 
blends. Mater. Lett. 58, 3457–3460 (2004).

 62. He, M. et al. Effects of side chains in compatibilizers on interfacial adhesion of immiscible PLLA/ABS blends. Mater. Chem. Phys. 
262, 124219 (2021).

 63. Wang, R., Sun, X., Chen, L. & Liang, W. Morphological and mechanical properties of biodegradable poly(glycolic acid)/
poly(butylene adipate-co-terephthalate) blends with in situ compatibilization. RSC Adv. 11, 1241–1249 (2021).

 64. Boboo, M., Gupta, S., Sharma, G. & Saxena, N. S. Dynamic mechanical, mechanical and thermal analysis of CPI/NBR blend: effect 
of blend composition and crosslink density. Polym. Bull. 73, 2003–2018 (2016).

 65. Zhou, J. et al. Preparation and characterization of surface crosslinked TPS/PVA blend films. Carbohydr. Polym. 76, 632–638 (2009).
 66. Yakul, K. et al. Characterization of thermostable alkaline protease from Bacillus halodurans SE5 and its application in degumming 

coupled with sericin hydrolysate production from yellow cocoon. Process Biochem. 78, 63–70 (2019).

Acknowledgements
The authors gratefully acknowledge the Faculty of Agro-Industry, Chiang Mai University, for their support. This 
research was supported by The Program Management Unit for Human Resources & Institutional Development, 
Research and Innovation, Office of National Higher Education Science Research and Innovation Policy Council 
(Grant Number B16F640001). This research was partially supported by Chiang Mai University.

Author contributions
K.J., and T.C. designed the research study; N.T., K.Y., K.K. and K.J. prepared sample and investigated; K.J., T.C., 
P.R., P.J., W.R., P.S. contributed to data analisis; K.J., T.C., T.O., C.T., S.R.S. and discussed the results; K.J., N.L., 
and Y.P., were involved in drafting this work.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.J.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Sericin cocoon bio-compatibilizer for reactive blending of thermoplastic cassava starch
	Results and discussions
	Tensile properties. 
	Morphology. 
	Contact angle. 
	Thermal properties. 
	Rheological properties. 
	Reaction mechanism. 

	Conclusions
	Methods
	Materials. 
	Sample preparation. 
	Tensile properties. 
	Scanning electron microscopy. 
	Contact angle. 
	Differential scanning calorimetry. 
	Rheology. 
	Reaction mechanism. 
	Statistical analysis. 

	References
	Acknowledgements


