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Abstract

:

Sericin derived from the white cocoon of Bombyx mori has been attracting more attention for its utilization in food, cosmetics, and biomedicine. The potential health benefits of natural carotenoids for humans have also been well-established. Some rare strains of Bombyx mori (B. mori) produce yellow–red cocoons, which endow a potential of natural carotenoid-containing sericin. We hypothesized that natural carotenoid-containing sericin from yellow–red cocoons would exhibit better properties compared with white cocoon sericin. To investigate the physicochemical attributes of natural carotenoid-containing sericin, we bred two silkworm strains from one common ancestor, namely XS7 and XS8, which exhibited different cocoon colors as a result of the inconsistent distribution of lutein and β-carotene. Compared with white cocoon sericin, the interaction between carotenoids and sericin molecules in carotenoid-containing sericin resulted in a unique fluorescence emission at 530, 564 nm. The incorporation of carotenoids enhanced the antibacterial effect, anti-cancer ability, cytocompatibility, and antioxidant of sericin, suggesting potential wide-ranging applications of natural carotenoid-containing sericin as a biomass material. We also found differences in fluorescence characteristics, antimicrobial effects, anti-cancer ability, and antioxidants between XS7 and XS8 sericin. Our work for the first time suggested a better application potential of natural carotenoid-containing sericin as a biomass material than frequently used white cocoon sericin.






Keywords:


sericin; carotenoids; physicochemical properties












1. Introduction


Bombyx mori silk is one of the valuable biological materials due to its natural abundance, high mechanical strength, and excellent biocompatibility [1]. It is widely used in biomedical materials, cosmetics, and food [2]. Structurally, silk comprises the inner core of fibroin (70–80%) and the outer layer of sericin (20–30%) along with other substances such as waxes and pigments [3]. Due to the favorable antioxidant properties, antibacterial properties, UV protection, excellent water solubility, and moisture retention [4], sericin has been used to prepare silk sericin-based biomaterials (SS-based biomaterials) by cross-linking, copolymerization, and combining with other polymers [5]. The forms of silk sericin-based biomaterials include nanoparticles, hydrogel, scaffolds, films, and microneedles [6]. At present, the most popular research and application of SS-based biomaterials are focusing on vitro/vivo monitoring, drug delivery, or wound healing [7]. Membranes, hydrogels, or scaffolds made from SS provide necessary mechanical support and physical protection for tissue injuries. Meanwhile, SS-based particles can deliver and release therapeutic agents on demand [6,8].



Carotenoids play crucial roles in animals and plants as precursors of vitamin A, antioxidants, and colorants [9]. They are often involved in physiological activities such as cell differentiation, metabolic regulation, reproductive development, and immune regulation [10]. Carotenoids usually contain eight isoprenoid units as their basic components, which endow carotenoids with good properties [11]. The potential health benefits of carotenoids have been well-established in many studies, for example anticancer, anti-inflammatory, antibacterial, antidiabetic, and neuroprotective [12]. Based on the physiological activity of carotenoids, they are embedded in drug carriers for medical research [13].



Our question is whether the natural incorporation of carotenoids into sericin will improve its unique structural characteristics and properties. Colored cocoon silk is rich in natural pigments such as lutein, β-carotene, and flavonoids [14,15]. The accumulation of carotenoids in silk sericin contributes to the pigmentation of yellow–red cocoons as yellow, red, pink, or straw [15]. Differences in the type and content of carotenoids in silkworm silk glands are responsible for the coloration of cocoons. In previous research, the raw material for sericin used was derived from white cocoons, while no reports on the use of sericin from naturally colored cocoon resources were noted [4,16].



The aim of this study was to compare the physicochemical, antimicrobial properties, and biocompatibility of natural carotenoid-containing sericin with frequently used white cocoon sericin. For this purpose, two silkworm strains spinning yellow–red cocoons were selectively bred for over 12 generations from one common ancestor, named XS7 and XS8. The two strains and a white cocoon strain Qiubai were used to obtain the natural carotenoid-containing sericin and white cocoon sericin, respectively. The antibacterial effect, anti-cancer ability, cytocompatibility, and antioxidant of sericin were comparatively investigated between natural carotenoid-containing sericin and white cocoon sericin, and between XS7 and XS8. Our work confirmed the potential of new natural carotenoid-carrying sericin as biomass material and provided evidence of the differences in physicochemical properties between different carotenoid-carrying strains.




2. Results


2.1. Breeding of Silkworm Strains XS7 and XS8


We selectively bred two silkworm strains, XS7 and XS8, from one common ancestor strain 02-320, based on cocoon color, for more than 12 generations (Figure 1). Strain 02-320 is one of the silkworm strains conserved in the National Silkworm Genetic Resource GenBank, Southwest University, China. Unlike four-molter silkworms widely used in production, 02-320 belongs to the three-molter silkworm. The larval body color of 02-320 is white and the middle silk glands exhibit a bright yellow–red color. However, it spins cocoons with inconsistent colors, some are yellow and others light red. Typical red and yellow cocoons were harvested separately, and self-fertilization was used for the breeding of the next generation. Eventually, we obtained two silkworm strains, XS7 and XS8, with red and yellow cocoons, respectively. Further analysis revealed that for strain XS7 the outer and inner cocoon is red and golden yellow, while for strain XS8 the outer and inner cocoon is dark yellow and golden yellow (Figure 1).




2.2. Differences in Cocoon Color between XS7 and XS8


To explore the reasons for differences in cocoon color between XS7 and XS8, we first dissected silk glands and examined the changes in size and color during the larval stage of the final (fourth) instar, as shown in Figure 2a,b. During the initial two days, the silk glands presented a milky white appearance, with no discernible pigmentation in either strain. Starting from the 3rd day, the middle silk glands exhibited remarkable changes in both size and color in accordance with the development of the larva. Silk glands were enlarged and their colors were intensified. The middle silk gland had the biggest size on the 6th day. The color was changed from light yellow to golden yellow and red, indicating a gradual accumulation of pigments within the middle silk gland. Silk glands were atrophied until invisible due to cocooning and apoptosis of silk gland cells during the metamorphosis from larva to pupa. Meanwhile, the silk glands still appeared light yellow, suggesting that some pigments were still reserved in the silk gland cells until the silk glands were completely degraded. Overall, the alterations of silk glands throughout the larval final instar did not show significant differences between strains XS7 and XS8.



Secondly, the content and type of carotenoids in the silk glands of XS7 and XS8 were analyzed using RP-HPLC-DAD. In XS7, the predominant carotenoid in the silk glands of the final instar was β-carotene (Figure 2d). From the initial day of the wandering stage, lutein gradually accumulated in the silk gland of XS7 (Figure 2d). In XS8, β-carotene served as the chief carotenoid in the silk glands from the first to the fifth day of the final instar. A gradual increase in lutein levels in the silk glands of XS8 started from the 6th day of the final instar. From the 2nd day of the wandering stage to 1st day of pupation, the contents of β-carotene and lutein decreased gradually in the silk glands of both strains (Figure 2e).



The cocoon layer color was consistent with the composition and content of pigments, as shown in Figure 2c. In the outer layer of the XS7 cocoon, the content ratio of β-carotene to lutein was about 2.6:1, so the outer cocoon layer of XS7 appeared light red (Figure 1d). Within the inner layer of the XS7 cocoon, the content ratio of β-carotene to lutein was drastically shifted to approximately 1:13.4. The significant surge in lutein content compared to β-carotene resulted in a golden yellow inner cocoon layer in XS7 (Figure 1d). In the outer cocoon layer of XS8, the content ratio of β-carotene to lutein was about 1:1.5, distinct from the carotenoid composition and content in the outer cocoon layer pigment of XS7. The content of β-carotene in the outer cocoon layer of XS8 was significantly lower than that of XS7 (p < 0.001). Moreover, the content of lutein was significantly higher than that of XS7 (p < 0.001). Thus, the outer cocoon layer of XS8 appeared dark yellow (Figure 1e). In the inner cocoon layer of XS8, the content ratio of β-carotene to lutein was about 1:9, which was similar to the composition and content of carotenoids in the inner cocoon layer pigment of XS7 cocoon. Therefore, the inner layer of the cocoon also appeared gold–yellow (Figure 1e).



Several key proteins that play crucial roles in the selective transportation of carotenoids to silk glands have been identified in yellow–red cocoon strains [17]. Early studies revealed that Cameo2 was responsible for transporting lutein into middle silk glands, while SCRB15 specially bonded and transported β-carotene [17]. To further clarify the forming mechanism of the coloration difference between the inner and outer cocoons of XS7 and XS8, the expression profile of SCRB15 and Cameo2 was detected by qRT-PCR. We found that SCRB15 was expressed in the silk gland of XS7 during the 2nd–6th day of the final instar, and the highest expression was observed on the 4th day of the final instar (Figure 2f). Cameo2 was expressed in the silk glands of XS7 from the 6th day of the final instar to the 2nd day of the wandering stage, and the highest expression was observed on the 1st day of the wandering stage (Figure 2g). Contrasting with XS7, SCRB15 was expressed in the silk gland of XS8 during the 2nd–4th day of the final instar, and the highest expression was observed on the 3rd day of the final instar in XS8 (Figure 2f). Cameo2 expression was detected in the silk glands of XS8 from the 6th day of the final instar to the 2nd day of the wandering stage, reaching a maximum on the 1st day of the wandering stage. Obviously, there was a higher expression of Cameo2 on the 6th day of final instar in XS8 than that in XS7 (Figure 2g). The gene expression analyses confirmed that XS7 and XS8 were two distinct silkworm strains, with significant differences in color. We thus used XS7 and XS8 sericin to further explore the differences between white cocoon sericin and yellow–red cocoon sericin.




2.3. Comparison of Sericin from XS7, XS8 and Qiubai


The external morphology of freeze-dried sericin from XS7, XS8, and Qiubai was observed by the scanning electron microscope (Figure 3a). Sericin from XS7 and XS8 (yellow–red cocoon) presented a similar lamellar and loose structure to Qiubai (white cocoon). All of them were lightweight and easy to break and collapse. However, sericin from XS7 and XS8 showed more pores compared with sericin from Qiubai.



The structural difference of sericin from XS7, XS8, and Qiubai was investigated by the FT-IR spectra (Figure 3b). Sericin extracted from XS7, XS8 and Qiubai all showed absorption peaks at 1238 cm−1, 1385 cm−1, 1400 cm−1, 1536 cm−1, 1616 cm−1, 1640 cm−1. The absorption peaks at 1238 cm−1 and 1400 cm−1 belong to the C-N stretching of the amide III band [18,19]. The absorption peaks at 1385 cm−1 and 1536 cm−1 originated mainly from the C-H stretching vibration and in-plane N-H bending of the amide II band [20]. The overlapping peaks at 1616 cm−1 and 1640 cm−1 were due to C=C, C=O stretching vibration of the amide Ι band, corresponding to a β-sheet conformation [20,21]. Sericin from XS7, XS8, and Qiubai possessed the same intensity peak at 1385 cm−1 (CH3) [19]. However, the intensity of the absorption bands of amide I in XS7, and XS8 sericin (1616 cm−1) was increased, while that of amide I (1640 cm−1) was decreased than that in Qiubai sericin. The results suggested that the secondary structure of XS7 and XS8 sericin tended to shift from a random coil to a β-sheet [20,22]. In addition, compared with Qiubai sericin, the peak intensity at 1536 cm−1 (N-H bending) in amide II, at 1238 cm−1 (C-N stretching) in amide III, 1400 cm−1 (C-N stretching) showed a significant decrease in both XS7 and XS8 sericin group. These results suggested that the chemical bonds in sericin have changed or been disrupted by the incorporation of carotenoids. We further analyzed the secondary structure of different sericin samples by the software Peakfit v4.12 (Cranes Software, San Jose, CA, USA). Results showed that β-sheet increased significantly in sericin proteins of XS7 and XS8 compared to white cocoon sericin (Table 1). The results indicated that the molecular conformation of sericin has changed due to the incorporation of carotenoids. Taken together, we found obvious differences in the molecular structure between sericin from white cocoon (Qiubai) and carotenoid-containing sericin from yellow–red cocoon (XS7, XS8), but no significant differences between XS7 and XS8 sericin.



The chemical structure of sericin from XS7, XS8, and Qiubai was analyzed by the Raman spectrum (Figure 3c). Compared with white cocoon (Qiubai) sericin, the Raman spectrum of XS7 and XS8 sericin showed three distinct characteristic peaks of the polyolefin structure of carotenoids at 1007 cm−1, 1158 cm−1, and 1521 cm−1. The characteristic peak of 1007 cm−1 was caused by a swing in methyl [23]. The characteristic peak of 1158 cm−1 belonged to the stretching vibration of the C-C [24]. In addition, the characteristic peak of 1521 cm−1 was due to the stretching vibration of the C=C in the polyene chain [23]. The results revealed that the carotenoid-containing sericin extracted from XS7 and XS8 had similar protein structures.



The interaction between carotenoids and sericin, and the differences in the secondary structures of sericin from XS7, XS8, and Qiubai were detected by the circular dichroism (CD) analysis (Figure 3d). We observed a negative band at 197 nm in sericin from Qiubai and XS8, but a strong signal negative band at 201 nm in sericin from XS7. The results showed that all the secondary structures of XS8, XS7, and Qiubai sericin contained a large amount of random coil structure [20,25]. The results also indicated that XS7 may possess a unique disordered coiled secondary structure, distinct from XS8 and Qiubai sericin.



The crystal structure of sericin extracted from XS7, XS8, and Qiubai was characterized by an X-ray diffraction (Figure 3e). All the X-ray powder diffraction curves of the three samples showed a broad hump at about 21.7°, which meant that the three kinds of sericin were amorphous [26]. The result indicated that carotenoids did not influence the crystalline structure of sericin.



Fluorescence spectra of sericin from XS7, XS8, and Qiubai were obtained by a fluorescent spectrometer excited at 340 nm. Samples of lutein and β-carotene standards and blending of white cocoon sericin with carotenoid were used as control. We found an emission peak at 530 nm in the fluorescence spectrum of carotenoid, 415 nm in the spectrum of white cocoon sericin, and 415 nm and 530 nm in the spectrum of blending of white cocoon sericin and carotenoid. Notably, we observed a new emission peak at 564 nm in the spectrum of XS7 and XS8 sericin, rather than in sericin–carotenoids blend material (Figure 3f). XS8 sericin had a stronger absorption peak at 530 nm and a weaker absorption peak at 564 nm compared with XS7 sericin. These results suggested that the emission peak at 564 nm may be due to the interaction of sericin with carotenoids, and the carotenoid-containing sericin from XS7 and XS8 is not a simple blend of pure sericin and carotenoid. Sericin and carotenoids may be incorporated together by chemical bands in the silk glands of silkworm larvae or during the process of spinning. The differences in carotenoid composition may influence the fluorescence characteristics of sericin.




2.4. Comparison of Antimicrobial Effects of Sericin from XS7, XS8 and Qiubai


Given the outstanding antimicrobial activity demonstrated by white sericin [27] and carotenoids [12], it is enticing to investigate whether XS7 and XS8 sericin exhibit stronger antimicrobial activity than Qiubai sericin. Through antibacterial experiments, Qiubai sericin manifested an inhibitory effect on E. coli at the concentration of 80 mg/mL or 40 mg/mL. We could not observe significant inhibition circles when the concentration of Qiubai sericin was equal to 20 mg/mL or less (Figure 4a). On the other hand, Qiubai sericin almost showed no inhibition effect on S. aureus when the concentration was up to 40 mg/mL and 80 mg/mL (Figure 4b). XS7 and XS8 sericin showed similar inhibitory effects on E. coli (Figure 4a) and had a better inhibition effect on S. aureus at a concentration of 80 mg/mL and 40 mg/mL (Figure 4b). These results indicated that sericin extracted from XS7, XS8, and Qiubai all showed a good antibacterial effect on E. coli (Figure 4c), whereas XS7 and XS8 sericin exhibited a better inhibitory effect on S. aureus than Qiubai sericin (p < 0.001) (Figure 4d). A remarkable observation was that 40 mg/mL XS8 sericin displayed a better antibacterial effect on S. aureus than XS7 sericin at the same concentration (p < 0.01) (Figure 4b,d).




2.5. Anticancer Capability and Biocompatibility of Sericin from XS7, XS8, and Qiubai


We investigated whether sericin showed an inhibitory effect on cancer cell growth (Figure 5). On the 1st day, B16-F10 cell activity showed no significant differences among all groups for all concentrations. On the 3rd day, XS7, XS8, and Qiubai sericin all showed significant inhibitory effects on B16-F10 cell activity compared with the control group. On the 5th day, all experiment groups showed significant inhibitory effects on B16-F10 cell activity compared with the control group. Note that XS7 and XS8 sericin displayed better inhibitory effects on the activity of B16-F10 cells than Qiubai sericin (Figure 5). Interestingly, XS8 sericin of 10 mg/mL had a more significant inhibitory effect compared with XS7 and Qiubai sericin of 10 mg/mL on the 5th day (p < 0.001) (Figure 5a). We also assessed whether sericin inhibited normal somatic cell growth with CCK-8 cytotoxicity assay using the L-929 cells (Figure 5d). On the 1st day, cell viability displayed no differences among all groups. On the 3rd day and 5th day, sericin significantly promoted the L-929 cell proliferation. These results suggested that sericin possessed favorable biocompatibility, and XS7 and XS8 sericin had better cell compatibility than Qiubai sericin (Figure 5).




2.6. Comparison of Antioxidant Properties of Sericin from XS7, XS8, and Qiubai


Both sericin and carotenoids are recognized for their excellent antioxidant properties [28]. The antioxidant properties of natural carotenoid-containing sericin derived from yellow–red cocoons were evaluated (Figure 6). Qiubai sericin exhibited a good scavenging capacity for DPPH with a scavenging rate of 47.6%, whereas XS7 and XS8 sericin showed significantly higher scavenging ability for DPPH with a scavenging rate of 56.0% and 54.9%, respectively (Figure 6a). The scavenging rate of XS7 and XS8 sericin for ABTS was also significantly higher than Qiubai sericin (Figure 6b).





3. Discussion


This is the first report looking into the application potential of natural carotenoid-containing sericin derived from yellow–red cocoons of B. mori as a biomass material. Previous studies have demonstrated many excellent properties of sericin derived from commercial white cocoons, including antioxidant properties, antibacterial properties, UV protection, good water solubility, and moisture retention [29], as a biomaterial. A lot of research has also confirmed the potential health benefits of carotenoids for humans, such as anticancer, anti-inflammatory, antibacterial, antidiabetic, and neuroprotective [12]. For B. mori, in addition to white cocoons, there are also yellow–red cocoons produced by rare local strains. These yellow–red cocoons are rich in natural carotenoids [14,15], thus offering a new kind of natural carotenoid-containing sericin. Our work demonstrated that natural carotenoid-containing sericin had a better antibacterial effect, anti-cancer ability, cytocompatibility, and antioxidant activity than white cocoon sericin, suggesting a better application potential of natural carotenoid-containing sericin than frequently used white cocoon sericin.



Our work uncovered some special physicochemical characteristics in natural carotenoid-containing sericin compared with white cocoon sericin, as well as the mixture of white cocoon sericin with lutein and β-carotene, which may lead to the better antibacterial effect, anti-cancer ability, cytocompatibility, and antioxidant activity. SEM observation revealed more pores in natural carotenoid-containing sericin than in white cocoon sericin, which may result from the phase separation of water and sericin due to the addition of hydrophobicity carotenoids. The decrease in peak intensity at 1536 cm−1 (C-H stretching vibration and N-H bending vibration), 1400 cm−1 (C-N stretching vibration), and 1238 cm−1 (C-N stretching vibration) in natural carotenoid-containing sericin suggested that the amide II and amide III bands are reduced. The enhancement at peaks of 1640 cm−1 (C=C stretching vibration) and 1616 cm−1 (C=O stretching vibration) meant that the amide Ι band is increased in natural carotenoid-containing sericin. We further analyzed the protein secondary structure of sericin materials using the software Peakfit. We found that compared to white cocoon sericin, XS7 and XS8 sericin had a decrease in random curling content and a significant increase in β-sheet content. There are a large number of hydrogen bonds in β-sheet to promote structure stability. The addition of natural carotenoids promoted the transition from random coil to β-sheet, which was conducive to improving the gel properties of sericin. This is a new discovery in the research of sericin. We speculated that due to the natural addition of carotenoids, the molecular structure of sericin rearranged and formed more hydrogen bonds. The change in chemical structure further generated the imparity of luminescent property. A special emission band near 564 nm was found in natural carotenoid-containing sericin, but not in white cocoon sericin as well as the mixture of white cocoon sericin with lutein and β-carotene, further demonstrating the interaction of carotene with sericin at the molecular level. Lutein and β-carotene are isoprene compounds, forming conjugated systems with C=C. As an electron donor, the conjugated system can form hydrogen bonds with the amino and carboxyl groups of sericin [30]. In addition, there are hydroxyl groups in lutein molecules, which can also form hydrogen bonds with sericin molecules [31]. Therefore, we speculate that hydrogen bonding between sericin and carotenoids endows XS7 and XS8 sericin proteins with unique fluorescence properties. The interaction might occur during silkworm spinning [32]. The molecular interaction produced during the silkworm spinning may enhance the dissolving capacity of carotenoids and endow a symmetrical distribution of carotenoids in sericin. Many composition materials have been developed to obtain better properties by means of synergistic effects among materials [33,34]. The more excellent properties of natural carotenoid-containing sericin obviously resulted from the synergistic effect of sericin with carotenoids, each of which also had commendable biocompatibility, inoxidizability, and antibacterial properties [12]. These results suggested that natural carotenoid-containing sericin derived from strains XS7 and XS8 is a natural hybrid material between sericin and carotenoids, rather than a simple mixture of sericin and carotenoids, and thus displays more excellent characteristics than white cocoon sericin and carotenoids. The natural hybrid material between sericin and carotenoids may be a better candidate as a scaffold material, antibacterial agent, anticancer carrier, and antioxidant than white cocoon sericin.



This study also found some differences in fluorescence characteristics, antimicrobial effects, anti-cancer ability, and antioxidants between XS7 and XS8 sericin. Previous studies have speculated that Cameo2 and SCRB15 contained the structural domains of specific recognition of lutein and β-carotene, which leads to the selective binding of Cameo2 and SCRB15 to lutein and β-carotene, respectively [17]. The results of qRT-PCR and HPLC in this study confirmed that XS7 and XS8 exhibited significant differences in the expression of the two genes related to carotenoid absorption, which indicated that after the selection of 12 generations, XS7 and XS8 have become two yellow–red cocoon silkworm strains with significant differences. The CD spectra detection revealed significant differences in the positions and intensities of the characteristic peak between XS7 and XS8 sericin, and the fluorescence spectra detection found certain structural differences in the protein structures of XS7 and XS8 sericin, further highlighting the variability between XS7 and XS8 strains. The application results also demonstrated that XS8 sericin exhibited better inhibitory effects on S. aureus and B16-F10 cells than XS7 sericin, whereas XS7 sericin showed better DPPH and ABTS radical scavenging effects than XS8 sericin, which might be attributed to the differences in the carotenoid composition and content between XS7 and XS8 sericin. Collectively, these results provide insights into future breeding efforts in the carotenoid-specific silkworm strains.




4. Materials and Methods


4.1. Silkworms


Two yellow–red cocoon strains, named XS7 and XS8, derived from one common ancestor for over 12 generations were used in this study. The two strains only had four instar and they were maintained in our laboratory at the Southwest University of China. A white cocoon strain Qiubai was also used as the control. The larvae were nurtured on fresh mulberry leaves at a consistent temperature of 25 °C under a natural light/dark cycle. Their cocoons, silk glands, and related tissues were collected and stored at −80 °C for further use.




4.2. Morphological and Molecular Comparison of the Silk Glands of XS7 and XS8 Silkworms


Silk glands were procured from larvae at various stages by the dissecting technique and observed under a microscope (SZX10, OLYMPUS, Tokyo, Japan). The quantitative reverse transcription polymerase chain reaction (qRT-PCR) method was also used to examine the expression dynamics of Cameo2 and SCRB15 in the silk glands during the developmental stages of XS7 and XS8. Cameo2 and SCRB15, two members of the scavenger receptor family, allow specific selective transmission of lutein or β-carotene to the middle silk glands of the silkworm, respectively [15]. Briefly, Trizol reagent (Takara, Shiga, Japan) was utilized for RNA extraction, then RT-PCR was conducted based on the RNA template using M-MLV reverse transcriptase (Promega, Madison, WI, USA). The subsequent quantitative PCR (qPCR) was performed for 40 cycles utilizing a Mix (Vazyme, Nanjing, China) as outlined in the instructions. Primers for qRT-PCR were generated using Primer Premier 5.0 Software (Premier, Vancouver, BC, Canada) (Table 2). The relative gene expression levels were calculated using the 2−ΔCt with rpl3 serving as the internal reference gene [35].




4.3. Carotenoid Extraction and Determination


Silk glands were intertwined with carotenoid extract solution (w:v = 1:10; extract solution: N-hexane:ethanol:acetone = 2:1:1) (CDCHEM, Chongqing, China) and sonicated for 20 min at 4 °C (1.5 s on, 3 s off, 40 W) [18,19]. Subsequently, the concoction was centrifuged at 6500× g for 10 min at 4 °C until the solution stratification was achieved. The upper phase was transferred to a new centrifuge tube, and then an equal volume of extract solution was added to the lower phase. This operation was repeated until the upper phase was colorless (more than 3 times). The upper phase solution was vacuum-dried for 1 h. The drying product was blended with MTBE (methyl tert-butyl ether) (Fisher Chemical, Waltham, MA, USA) and saponification solution at a volume ratio of 1:1 and saponified in the dark for more than 10 h.



Cocoon fragments were incorporated with 0.5% sodium carbonate solution (w:v = 1:40) (Aladdin, Shanghai, China) and heated in a water bath at 90 °C for 1 h. The carotenoid extracting solution (N-hexane:ethanol:acetone = 2:1:1) (CDCHEM, Chongqing, China) was added into the solution above (v:v = 1:1) followed by subjecting the mixture to sonication for 20 min at 4 °C (1.5 s on, 3 s off, 40 W) [36,37].



The resulting solution was then centrifuged at 6500× g for 10 min at 4 °C until the solution was stratified. The upper phase solution was collected and vacuum-dried to obtain carotenoid powder. The carotenoid powder was dissolved with MTBE and filtered with 0.22 μm filter membranes.



A high-performance liquid chromatographic instrument (HPLC, E2695, Waters, Milford, MA, USA) was utilized to identify the content and type of carotenoid. A C30 carotenoid special analytical column (YMC, Kyoto, Japan) was used to separate samples. Methanol, acetonitrile, and MTBE of HPLC grade were used as the mobile phase. The flow rate was 1 mL/min. The samples were detected in triplicates at wavelength 450 nm.




4.4. Extraction of Sericin from Cocoons


Cocoons were submerged in 0.5% sodium bicarbonate solution (w:v = 1:50) (Aladdin, Shanghai, China) and heated at 90 °C for 30 min [16]. The process was repeated once more. Solutions resulting from the above twice-degumming process were mixed, and the suspending impurities were removed firstly by filter paper, followed by filtration through 0.45 μm membranes (Millipore, Boston, MA, USA). Further, the degumming solution was dialyzed with deionized water in an 8000–12,000 Da dialysis membrane (ACMEC, Shanghai, China) for 3 days, during which, the deionized water was substituted every 6 h. The dialyzed degumming solution was then condensed using a rotary evaporator (RE-52AA, LOIKAW, Yancheng, China) at 60 °C. The final sericin solution was frozen at −80 °C for 4 h and then freeze-dried for 48 h to obtain dry powder.




4.5. Characterization of Sericin


A Phenom Pro (Phenom World, Eindhoven, The Netherlands) scanning electron microscopy (SEM) instrument was used to observe the external morphology of sericin. The samples were sprayed with gold for 90 s. The surface morphology of sericin was observed under the conditions of 10 kV acceleration voltage.



Sericin was mixed with KBr (w:w = 1:100) and detected by a Fourier transform infrared (FT-IR) spectrum analyzer (Nicolet iS, Thermo Fisher, Waltham, MA, USA). The scanning wavelength range was 4000–500 cm−1. Samples were scanned 300 times at room temperature with a scanning interval of 1 cm−1. The protein secondary structure of samples was analyzed by using Systat PeakFit v4.12 (Cranes Software, San Jose, CA, USA).



A Raman spectrometer (DXR2, Thermo Fisher, Waltham, MA, USA) was used to detect the chemical structure of sericin. Each sample was scanned for 100 times in the scanning range of 50–3000 cm−1.



The circular dichroic (CD) spectral characteristic of sericin (concentration of 0.5 mg/mL) was evaluated at 190–250 nm and 25 °C by a J-810 CD spectrometer (Jasco, Hachiōji, Japan).



Each sample was ground into a powder and filled into the glass sample rack. The tablet was pressed evenly. Diffraction angles of 0–50° were examined by an X-ray diffraction (XRD) instrument (TD-3500, Dandong Tongda Science & Technology Co., Ltd., Dandong, China).



The excitation wavelength was set at 340 nm, and the emission wavelength was detected by the fluorescence spectrometer (Aqualog, Horiba, Tokyo, Japan) spanning 350–600 nm with 5 nm intervals.




4.6. Antimicrobial Effect Investigation


Firstly, the antimicrobial filter paper discs containing sericin were prepared by adding 20 μL of each sericin sample onto the filter paper discs and drying them in air. Then bacteria were refreshed in the incubator for 12 h (E. coli: 37 °C; S. aureus: 28 °C). The single colony of bacteria in the medium was inoculated in LB liquid culture medium, and bacteria were cultured overnight in a shaking incubator (200 rpm) at appropriate temperature conditions. After culturing, 150 μL of bacterial solution was evenly spread on the surface of plate containing LB solid medium. The filter paper disc containing sericin was covered on the surface of the bacterial liquid. After standing for 30 min, they were put into the incubator upside down for 24 h, and then the diameter of the antibacterial circle was measured after removing the filter paper. The diameter of the filter paper was 5 mm, and the diameter of the antibacterial circle was measured after removing the filter paper. Therefore, the diameter of antibacterial circle without antibacterial effect was 5 mm.




4.7. Anti-Tumor Activity and Cytocompatibility of Sericin


Mouse melanoma B16-F10 cells and mouse fibroblast L-929 cells were used to detect the anti-tumor activity and cytocompatibility, respectively. The mouse melanoma B16-F10 cells were provided by the State Key Laboratory of Ultrasonic Medical Engineering of Chongqing Medical University, and the mouse fibroblast L-929 cells were purchased from the Procell Life Science and Technology Corporation (Wuhan, China). B16-F10 cells were cultured in DMEM culture medium (Gibco, Grand Island, NY, USA) containing 10% FBS (Sangon Biotech, Shanghai, China) and 1% p/s (5% CO2, 37 °C). L-929 cells were cultured in the NCTC clone 929 specific culture medium (Procell, Germany) containing 10% FBS and 1% p/s (AIDISHENG, Yangzhou, China) (5% CO2, 37 °C).



A CCK-8 kit (Beijing Zoman Biotechnology Co., Ltd., Beijing, China) was employed to detect the anti-tumor activity of sericin on the proliferation of mouse melanoma B16-F10 cells and the cytocompatibility of the sericin on the proliferation of mouse fibroblast L-929 cell. Sericin derived from XS7, XS8 (yellow–red cocoon), and Qiubai (white cocoon) of strains were dissolved into water to prepare sericin solutions at a concentration of 10 mg/mL, 40 mg/mL, and 100 mg/mL, respectively. The cell density was 10,000 cells per well for B16-F10 cells and 3000 cells per well for L-929 cells in the cell culture plate.




4.8. Antioxidant Effects of Sericin


According to the total antioxidant capacity (T-AOC) Assay Kit (DPPH and ABTS) (Sangon Biotech, Shanghai, China), each sericin sample (2 mg) was dissolved in 500 μL of extraction solution (Sangon Biotech, Shanghai, China) to obtain sericin solution at a concentration of 4 mg/mL. The 500 μL sericin solution was mixed with 500 μL T-AOC reagent I in dark for 20 min, then the reaction solution was centrifuged at 4 °C and 8000× g for 5 min. The absorbance at 515 nm for each DPPH sample supernatant and the absorbance at 714 nm for each ABTS sample supernatant were measured immediately using an ultraviolet spectrophotometer (F-4600, HITACHI, Tokyo, Japan). The calculation for the scavenging ratio of DPPH radicals was as follows [38]:


Scavenging activity (%) = (ControlOD−SampleOD)/ControlOD × 100%












4.9. Statistics Analysis


The significance of difference in data between two groups was analyzed by the Turkey Test of Origin 2021 (OriginLab, Northampton, MA, USA). The significance of differences within groups was evaluated by one-way analysis of variance (NOVA, OriginLab, Northampton, MA, USA).





5. Conclusions


This research verifies that XS7 and XS8 are two yellow–red cocoon silkworm strains with differences in cocoon color and the expression of genes related to carotenoid absorption. The addition of carotenoids alters the protein secondary structure of sericin. Compared to white cocoon sericin, the β-sheet increases significantly in XS7 and XS8 sericin. Moreover, the interaction of carotenes with sericin contributes to a special emission at 530 and 564 nm. The addition of carotenoids endows more excellent antibacterial (for S. aureus), anti-cancer, cytocompatibility, and antioxidant properties for XS7 and XS8 sericin, which implies they may be better candidates for application in biomedicine, biosensors, food, and cosmetics.
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Figure 1. Breeding selection of strains XS7 and XS8 from 02-320. (a) Larvae of 02-320; (b) silk glands of 02-320; (c) cocoons of 02-320; (d) cocoons of XS7; and (e) cocoons of XS8. Scale bar: 1 cm. 
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Figure 2. Color differences between XS7 and XS8 cocoons. (a) XS7 silk glands; (b) XS8 silk glands; (c) carotenoid content in outer and inner layers of cocoons; (d) carotenoid content in XS7 silk glands; (e) carotenoid content in XS8 silk glands; (f) relative expression level of SCRB15; and (g) relative expression level of Cameo2. 1 d–6 d, 1st–6th day of fourth instar; W1-W3, 1st–3rd day of wandering; P1, 1st day of pupation. Scale bar: 1 cm. Each bar represents the mean ± SD of three samples. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, no significance. 
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Figure 3. Characterization of physicochemical properties of sericin. (a1) SEM image of Qiubai sericin; (a2) SEM image of XS7 sericin; (a3) SEM image of XS8 sericin; (b) FT-IR spectrum; (c) Raman spectrum; (d) CD spectrum; (e) XRD spectrum; and (f) fluorescence spectrum. WC-S, white cocoon sericin; XS7-S, XS7 sericin; XS8-S, XS8 sericin; BM, sericin-carotenoids blending material; carotenoids, lutein, and β-carotene standards. 
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Figure 4. Antibacterial effects of sericin. (a1–a3) White cocoon sericin, XS7 sericin, and XS8 sericin against E. coli, respectively; (b1–b3) white cocoon (Qiubai) sericin, XS7 sericin and XS8 sericin against S. aureus, respectively; (c) antibacterial zone size of E. coli; (d) antibacterial zone size of S. aureus. The layout of filter paper discs on each plate was similar to (a1). Each bar represents the mean ± SD of three samples. **, p < 0.01; ***, p < 0.001; ns, no significance. Scale bar: 1 cm. 
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Figure 5. Biocompatibility testing of sericin: (a) 10 mg/mL sericin (B16-F10); (b) 40 mg/mL sericin (B16-F10); (c) 100 mg/mL sericin (B16-F10); and (d) 40 mg/mL sericin (L-929). Control, blank without sericin; WC-S, white cocoon (Qiubai) sericin; XS7-S, XS7 sericin; XS8-S, XS8 sericin. Each bar represents the mean ± SD of three samples. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, no significance. 
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Figure 6. Antioxidant properties testing of sericin. (a) DPPH; (b) ABTS. WC-S, white cocoon sericin; XS7-S, XS7 sericin; XS8-S, XS8 sericin. 1, Blank control; 2, White cocoon (Qiubai) sericin; 3, XS7 sericin; 4, XS8 sericin. Each bar represents the mean ± SD of three samples. ***, p < 0.001; ns, no significance. 
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Table 1. Secondary structure analysis of sericin samples.
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	Name
	β-Sheet (%)
	Random Coil (%)
	α-Helix (%)
	β-Turn (%)





	White cocoon sericin
	28.16
	16.80
	12.12
	42.92



	XS7 sericin
	63.87
	11.40
	8.74
	15.99



	XS8 sericin
	58.58
	14.54
	10.47
	14.78










 





Table 2. Primers used for qRT-PCR.
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	Name
	Sequence
	Length (bp)





	BmSCRB15-F
	TGGAATACCACGGCAATAAGAC
	22



	BmSCRB15-R
	ATGGGCAAACCATAAAAGCAAG
	22



	BmCameo2-F
	ACAAGCACTCGTTCTATTTCGC
	22



	BmCameo2-R
	TCATACAATGTGATGTGGTCGC
	22



	Bmrpl3-F
	TTCGTACTGGCTCTTCTCGT
	20



	Bmrpl3-R
	CAAAGTTGATAGCAATTCCCT
	21
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