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Abstract: The development of a method for the quantitative determination of the sericin content ratio (SCR) is urgently needed for silk refining and the purification of silk fibroin for biomedical applications. In this work, a series of sericin/fibroin mixed samples with known SCRs were prepared by mixing initial samples of extracted sericin and fibroin from Bombyx mori silk. Significant differences were found in the contents of characteristic hydrophilic amino acids abundant in sericin and hydrophobic amino acids abundant in fibroin, and several linear relationships of SCR associated with the content ratios of Ser/Ala, Asp/Ala, Lys/Ala, Asp/Gly and Ser/Gly were established by amino acid analysis. Subsequently, the linear equation expressing SCR (%) as a function of the Asp to Ala content ratio X (%) was established as SCR = 2.5634X − 12.5587 (R2 =  0.9972). The results indicated that the SCR of degummed silks calculated by the equation is more objective and effective than the results obtained by the traditional weight loss method. Our study provides a novel approach for the sensitive and quantitative detection of the sericin content within the detection limit in unknown silks, which can contribute to quality control in the silk production process.
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1  Introduction

Bombyx mori silk, a large-scale natural protein fiber, is attracting intense attention for its uses from the textile industry to various biomaterials because of its outstanding mechanical properties, attractive aesthetic features, good biocompatibility, and tunable degradability [1–3]. Silk is composed of two major protein components: fibroin forms the thread core, and glue-like sericin surrounds the fibroin fibers and cements them together. Sericin, a globular protein, plays an important role in silk reeling, finishing, and weaving; however, residual sericin after degumming has substantial influences on the properties of silk fiber and is responsible for harsh and stiff handling, dim luster, unstable rubbing behavior, poor staining uniformity and poor colorfastness [4]. In the field of silk-based biomaterials, removing sericin from the silk covering is essential to guarantee the biocompatibility of the materials [5]. The textile processing of silk products or further processing into regenerative medical biomaterials generally requires the silk to undergo a preparatory treatment called degumming to remove unwanted sericin. Hence, a quantitative and effective detection method for determining the amount of residual sericin in silk fiber is highly desired for quality control in the silk production process. The quantitative determination of residual sericin will provide additional valuable information on the evaluation of the degumming efficiency and the degree of damage to fibroin because hydrolysis of the core fibroin frequently occurs during the degumming process [6], which will contribute to the further optimization and design of silk-based products.

Sericin accounts for approximately 25% of the total weight of silk fiber. The sericin content ratio (SCR) is commonly defined as the weight loss ratio of raw silk treated with 10 g/L Marseille soap or 0.5 g/L Na2CO3 before and after degumming [7,8]; however, the SCR measured by the weight-reduction method is higher than the actual SCR and does not objectively reflect the residual degree of sericin on the surface of silk after degumming, since Marseille soap and Na2CO3 not only hydrolyze and dissolve sericin but also cause the hydrolysis of silk fibroin. Picric acid-carmine staining (PACS) is recognized as a classic qualitative method to evaluate whether silk is degummed by observing the dyeing difference of silk based on the fact that silk fibroin selectively adsorbs picric acid molecules under alkaline conditions [9,10]. This method has the advantages of simple and rapid processing; nevertheless, the method that depends on visually observing the color of degummed silk after dyeing is greatly affected by factors such as the intensity of light, the frequency of the light source and the subjective judgment criteria of the observer, and it is insufficient for the effective evaluation of the residual sericin in silk, especially in the case of low sericin content or excessive degumming.

Quantitative characterization of residual sericin in silk based on the substantial differences between sericin and fibroin is the key to establishing a new method for detecting SCR to address the disadvantages of traditional detection techniques. Fourier transform infrared spectroscopy is a sensitive technology used for the detection and characterization of various types of molecules. Previous work has demonstrated that sericin and fibroin exhibit distinct IR absorptions due to the differences in their primary and secondary structures. The absorption intensity ratios I1650/I1625, I1400/I1445, and I1070/I1165, which are derived from the characteristic absorptions of sericin and fibroin, were proposed as useful quantitative indicators of the sericin content; however, this method is limited in the analysis of aged silks, historic silks and silks with different molecular conformations [11].

Silk fibroin and sericin are significantly different in amino acid composition and content. Silk fibroin is mainly composed of Gly (45.9%), Ala (30.3%), and Ser (12.1%) [12], while sericin contains approximately 33.4% Ser, 13.5% Gly, and 16.7% Asp, totaling over 60% of the overall amino acid composition [13]. Some studies have aimed to measure the SCR in terms of the differences in the contents of the main amino acids between fibroin and sericin. The relative molar content ratio of Asp/Gly was considered a marker for aged raw silks [14]. Another study suggested that the content of Ser decreased and the content of Gly increased the most as the sericin content increased; therefore, the molar ratio of Ser/Gly was selected as the index of sericin content with a detection limit between 1.0 and 10 wt% sericin content [15]. However, the silk fibroin sample was isolated from silk fiber degummed with Na2CO3 solution, which could potentially hydrolyze silk fibroin, interfering with the accuracy of the amino acid contents due to the incorporation of fibroin hydrolysates [16]. Moreover, Ser and Gly are abundant in both silk fibroin and sericin, resulting in an unchanged Ser/Gly ratio for silk with low sericin content.

Silk fibroin contains approximately 80% hydrophobic amino acids [17], among which the content of Ala is the highest. In contrast, 70% hydrophilic amino acids predominate in sericin [18], and hydrophilic Asp residues are the main components of sericin, while their content in silk fibroin is very low. Therefore, we suggest that the content ratio of hydrophilic and hydrophobic amino acids in silk can reflect the SCR. The content of Asp is high among the hydrophilic amino acids of sericin, and the content of Ala is the highest among the hydrophobic amino acids of fibroin. Asp and Ala could be selected as the representative amino acids in sericin and fibroin, respectively, because they are expected to show more significant differences between sericin and fibroin. Thus, the relationship between the SCR and the content ratio of Asp/Ala could be estimated, providing a quantitative measurement method for SCR.

In our previous study, silk fibroin was completely separated from silk fiber after degumming with 3.0 g/L papain, which is highly specific to sericin, thus preventing damage to silk fibroin during the complete removal of sericin [19]. Herein, a series of samples with known SCRs were prepared by mixing different ratios of fibroin and sericin initial (standard) samples to mimic the changes in SCR during the dynamic degumming process. The differences in the total content ratios of hydrophilic to hydrophobic amino acids as well as the content ratios of several typical amino acids in the samples were investigated by amino acid analysis. Then, several linear relationships of SCR as a function of the content ratios of different amino acids were established and compared with the SCR∼Asp/Ala. Finally, the applicability of the equation between SCR and Asp/Ala was validated by determining the SCR of silk fibers with unknown SCR, and the data were compared with the results of the weight loss method.

2  Experimental Section

2.1 Experimental Materials

Fresh silkworm cocoons from Bombyx mori were provided by the Qidong cocoon drying station (Nantong, Jiangsu, China). Grade 6A Bombyx mori raw silk with a 20/22 denier was supplied by Haian Soho Silk Making Co., Ltd. (Nantong, Jiangsu, China). Papain (EC 3.4.22.2, 8 × 105 units/g solid, lyophilized powder) was purchased from Beijing Solarbio Science and Technology Co., Ltd. (China). All other chemicals were of analytical grade. Deionized water was used throughout the experiment.

2.2 Extraction of Sericin and Fibroin

The cocoon shells were cut into 1 cm × 1 cm patches and thoroughly washed with distilled water. Sericin was extracted by treating the cocoon shells in water at 98–100°C for 2 h according to the published literature [20]. The insoluble cocoon shells were leached, and the solution was further filtered. The obtained sericin solution was frozen at −80°C for 6 h and lyophilized as an initial sericin sample.

Bombyx mori raw silks were degummed by the established procedure described previously [19]. Briefly, silk fibers were degummed at 85°C for 60 min in 3.0 g/L papain solution at a bath ratio of 1:50. The pH was maintained at 6.0 by adding buffer solution that was prepared by mixing 0.2 mol/L sodium dihydrogen phosphate solution and 0.1 mol/L citric acid solution with a volume ratio of 12.63:7.37. The degummed silks were thoroughly washed with hot and cold distilled water and finally air-dried. The morphology of the degummed silks was observed using field-emission scanning electron microscopy (SEM, S-4800, Hitachi, Tokyo, Japan) after being sputtered with gold. The obtained silk fibroin fiber was used as the initial silk fibroin sample for subsequent preparation of the sericin/fibroin composites and amino acid analysis.

2.3 Preparation and Amino Acid Analysis of the Sericin/Fibroin Composites

A series of sericin/fibroin mixed solid samples with various SCRs were prepared by mixing initial sericin samples with initial fibroin samples. The weight percentage of sericin in the mixture was set to 0.0, 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, 15.0, 20.0, 25.0, and 30.0%. The ratio was calculated according to Eq. (1):

Y  (%)  = WSWS+WF×100(1)

where Y (%) is the sericin content ratio, Ws (g) is the weight of the initial sericin sample, and WF (g) is the weight of the initial fibroin sample.

Amino acid analysis was carried out to determine amino acid composition with a Hitachi L-8900 amino acid analyzer with a 4.6 mm × 60 mm custom ion exchange resin packed column (Hitachi High-Technologies Corporation). The detection limit of this analyzer was 3 pmol (signal/noise ratio: 2, Asp) with a coefficient of variance of 0.1% in the repeatability of the peak area. Mixed protein solids were hydrolyzed in 6.0 mol/L HCl for 24 h at 110°C. After removal of the HCl, the residue was diluted to 0.02% with 0.02 mol/L HCl and filtered through a Millipore 0.22 μm syringe filter (Milford, USA) [21]. The absorbance of the amino acid derivatives from post column derivatization with ninhydrin was measured at 570 nm for most amino acids and 440 nm for proline. The contents of free amino acids were determined on the basis of peak areas of known concentration standards using an EZChrom EliteTM chromatography data system. The analyses were performed in triplicate, and the results are presented as the mean ± SD.

2.4 Establishment of the Equation for Detection of SCR

The content ratios Xi (%) of more abundant amino acids in sericin to more abundant amino acids in fibroin are defined in Eqs. (2)–(7), respectively.

X1(%)  = Mhydrophilic     Mhydrophobic   ×100(2)

X2(%)  =    MSer  MAla×100(3)

X3(%)  =    MAsp  MAla×100(4)

X4(%)  =   MLys     MAla  ×100(5)

X5(%)  =  MAsp MGly×100(6)

X6(%)  =  MSer MGly×100(7)

where Mhydrophilic and Mhydrophobic are the total molar contents (mol%) of all hydrophobic amino acids and all hydrophilic amino acids in sericin/fibroin mixed samples, respectively. MSer, MAla, MAsp, MLys, and MGly represent the molar content (mol%) of Ser, Ala, Asp, Lys, and Gly, respectively.

The linear functional relationship between SCR (%) and the content ratios Xi (%) was established by linear regression. The optimal functional relationship for SCR detection was determined by comparison of the linear correlation coefficient (R2).

The linearity of SCR∼Asp/Ala in the range of different SCRs (0.0–30.0%, 0.05–30.0%, 0.1–30.0%, 0.2–30.0%, 0.5–30.0%, 1.0–30.0%, 2.0–30.0%, 5.0–30.0%, 10.0–30.0%) was further investigated to estimate the detection limit of the corresponding equation with the highest linear correlation coefficient.

2.5 Preparation and Determination of Silk Fibers with Unknown SCR

A series of silk fibers with unknown SCR were prepared, including nondegummed raw silk, silk degummed with 0.5 and 1.0 g/L papain at pH 6.0 and 85°C for 60 min, and silk boiled three times for 30 min each in 0.5 g/L Na2CO3 [22]. The SCR was determined by the established optimal function of SCR∼Asp/Ala in 2.4.

To verify the availability of the established optimal function of SCR∼Asp/Ala for the determination of SCR, SCR data obtained by this equation method were compared with the results of the weight loss method. Briefly, the above silk samples were further degummed three times with 0.5 g/L Na2CO3 solution for 30 min, and the SCRs measured by the weight loss method were calculated by Eq. (8):

SCR'(%)  = W0-W1W0×100(8)

where SCR’ (%) is the sericin content ratio measured by the weight loss method, W0 (g) and W1 (g) are the weights of the dried fiber before and after degumming with Na2CO3 solution, respectively.

3  Results and Discussion

3.1 Extraction of Silk Sericin and Fibroin

Silk fibroin is very resistant to hot water due to its highly oriented crystalline structure; in contrast, sericin in the fresh cocoon can be gradually dissolved in water at 98–100°C, which is still a classical technique for the isolation of sericin with a high molecular weight from cocoons or raw silk [23–25]. Lyophilized sericin powder (Fig. 1a) was used as an initial sericin sample.
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Figure 1: Photographs of extracted initial sericin and silk fibroin. (a) sericin solid, (b) silk fibroin fiber. (b’) SEM image of (b)

In our previous study, it was demonstrated that the sericin in silk fibers could be completely removed without obvious damage to silk fibroin after treatment with 3.0 g/L papain solution (pH = 6.0) at 85°C for 60 min based on the specificity of papain to sericin, and the degummed silks have a clean and smooth surface morphology, as shown in Figs. 1b and 1b’, leading to a significantly higher molecular weight and improved tensile strength of silk fibroin compared to the traditional Na2CO3 degumming method. The obtained fibroin fibers retained a high level of peptide chain integrity by amino acid analysis. Silk fibers degummed with 3.0 g/L papain solution were proven to be a high-purity fibroin protein [19] and employed as the initial fibroin sample in this study.

3.2 Amino Acid Analysis

Amino acid composition analysis is considered a reliable technique for SCR determination [15,16]. It consists of two steps: hydrolyzing protein or peptides to liberate amino acids and their analysis and quantification. Hydrolysis is a critical step, and its successful realization has a direct impact on the accuracy and precision of the resulting amino acid analysis [26,27]. Three methods are usually performed the hydrolysis of bound amino acids, including alkaline, enzymatic and acidic reagents. Alkaline hydrolysis readily provokes extensive decomposition to some amino acids, such as serine, threonine, arginine and cysteine, accompanied by a low yield. The usefulness, therefore, still seems to be mainly employed in the determination of tryptophan, where the direct spectrophotometric methods used for pure proteins are not applicable [28]. Enzymatic hydrolysis is used to avoid hydrolytic losses of amino acids, to some degree, on account of the milder conditions than acid and alkaline hydrolysis; nevertheless, the major drawback of this method is incomplete degradation, and amino acids that are liberated from peptide linkages without destruction can be more accurately determined by acid hydrolysis, leading to the limited application of enzymatic hydrolysis. In comparison, acid hydrolysis has become the most commonly used method for the analysis of total amino acids because it creates complete hydrolysis with the least destruction and has little effect on the racemization of hydrolysates, although the yield and decay processes of amino acids take place simultaneously during acid hydrolysis [26,29–31]. Acid hydrolysis of silk fibroin and sericin remains the most common in most studies [32–36].

Fibroin and sericin, two protein constituents of silk fiber, are clearly different in amino acid composition and contents. Fibroin is dominated by hydrophobic amino acids, while sericin contains more hydrophilic amino acids. Variations in sericin content led to changes in the content of hydrophilic/hydrophobic amino acids and the main characteristic amino acids in silk sericin/fibroin mixed samples. The content of amino acids in the sericin/fibroin mixed samples at different SCRs are listed in Table 1. As shown by Table 1, the content of some hydrophilic amino acids such as Thr, Glu, Asp, Ser, Tyr, Lys, and His gradually increased; conversely, the content of hydrophobic amino acids including Phe, Leu, Ile, and Ala had a declining trend concomitant with an increase in the SCR. The changes in the total contents of hydrophilic or hydrophobic amino acids and the changes in the contents of the main amino acids with increasing SCR are visualized in Figs. 2a and 2b, respectively. As shown in Fig. 2a, the total content of hydrophilic amino acids gradually increased from 19.60 mol% to 30.37 mol% as the SCR increased from 0.0% to 30.0%; in contrast, the amount of hydrophobic amino acids decreased from 80.40 mol% to 69.92 mol%, and their content basically showed a linear change as the SCR ranged from 5.0% to 30.0%. The results of amino acid analysis demonstrated that changes in the sericin content were associated with significant differences in the total contents of hydrophobic and hydrophilic amino acids.
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Figure 2: The changes in the content of amino acids in sericin/fibroin mixed samples with increasing SCR. (a) The total content of hydrophilic and hydrophobic amino acids and (b) several representative amino acids, such as Ala, Ser, Asp and Lys. The error bars are invisible since they are smaller than the marker size

The contents of characteristic amino acids, especially Ala, Ser, Asp and Lys, in mixed samples were significantly variable, as shown in Fig. 2b. As the SCR increased from 0.0% to 30.0%, the content of Ala gradually decreased from 31.09 mol% to 27.00 mol%. In contrast, the amounts of Ser, Asp and Lys continuously increased, among which the contents of Ser and Asp changed more obviously than that of Lys. The contents of Ser and Asp gradually increased from 10.52 mol% and 1.51 mol% to 14.97 mol% and 4.51 mol%, respectively.

The linear relationships between the content of the four characteristic amino acids and the SCR in different ranges (0.0–30.0%, 0.05–30.0%, 0.1–30.0%, 0.2–30.0%, 0.5–30.0%, 1.0–30.0%, 2.0–30.0%, 5.0–30.0%, 10.0–30.0%) were investigated. As revealed in Supplementary Data Figs. S1–S4, the linear correlation coefficient (R2) of Ala and SCR in each range was distributed between 0.95 and 0.97. There are high linear correlation coefficients (R2  > 0.99) between Ser and SCR and between Asp and SCR in every range. Additionally, their highest linear coefficients appeared when the SCR was in the range of 0.05–30.0% and 2.0–30.0%, respectively. The linear correlation coefficient between the content of Lys and SCR also exceeded 0.99 when the initial SCR was ≥0.05%, indicating that an obvious linear correlation existed between the four amino acids and the SCR.

The two hydrophilic amino acids with the highest content in sericin are Ser and Asp. Lys is much more abundant in sericin than in fibroin, while the content of Ala is the highest among the hydrophobic amino acids of silk fibroin due to the high frequency of repetitive Gly–Ala sequences in the H-chain of silk fibroin [37,38]. Therefore, the change degree of amino acids in Ala, Ser, Asp and Lys in the mixed samples is more obvious than that of the other 12 amino acids (data not shown) with increasing SCR. These results suggested that Ser, Asp or Lys could be considered marker amino acids of sericin, while Ala was employed as a marker amino acid of silk fibroin.

3.3 The Functional Equation for SCR Detection Based on the Content Ratio of Amino Acids

Our analysis suggested that the most significant differences in the amino acid contents between sericin and fibroin should be assessed and are expected to establish a functional relationship between the SCR and the differences in the amino acid contents. To estimate the degree of differences in the amino acid contents associated with an increase in the SCR, we defined several content ratios Xi% of more abundant amino acids in sericin to more abundant amino acids in fibroin. Six content ratios Xi% were considered: (a) the ratio of hydrophilic amino acids to hydrophobic amino acids, (b) the ratio of hydrophilic Ser with highest content in sericin to hydrophobic Ala with the highest content in silk fibroin, (c) the ratio of hydrophilic Asp with high content in sericin but low content in fibroin to hydrophobic Ala with the highest content in silk fibroin, (d) the ratio of hydrophilic Lys with high content in sericin but low content in fibroin to hydrophobic Ala with the highest content in silk fibroin, (e) the ratio of Asp/Gly and (f) the ratio of Ser/Gly. Among these ratios, (e) Asp/Gly and (f) Ser/Gly, which were suggested as useful markers for residual sericin in the previous literature [15,16], were used as controls. The results are shown in Fig. 3, and the original data are from Table 1.
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Figure 3: The relationships between SCR and the content ratio of several representative amino acids, including (a) hydrophilic/hydrophobic, (b) Ser/Ala, (c) Asp/Ala, (d) Lys/Ala, (e) Asp/Gly, and (f) Ser/Gly

As shown in Fig. 3, obvious linear relationships existed between the SCRs and the content ratios of hydrophilic/hydrophobic amino acids, Ser/Ala, Asp/Ala, Lys/Ala, Asp/Gly and Ser/Gly. Six deduced linear functions were established and compared. All functions had a high linear correlation coefficient with R2 values of 0.9652, 0.9946, 0.9958, 0.9916, 0.9924, and 0.9750, respectively, demonstrating that SCR was highly correlated with the content ratios of these selected amino acids, in other words, these content ratios of characteristic amino acids all reflect the SCR to some extent. The equation SCR = 2.6913X − 14.2885 in Fig. 3c shows the highest linear correlation coefficient (R2 = 0.9958) of all relational expressions and the lower dispersion of points remained to be observed when the SCR was in the range of 0.0% to 2.0% compared to other groups, which suggested that the variation in the content ratio of Asp/Ala yielded the most significant linear change with respect to SCR and that the content ratio of Asp/Ala was the most effective marker of sericin content in the sericin/fibroin mixture. In Fig. 3, data points are scattered when SCR was less than 2.0%. The reason was that the contents of hydrophilic amino acids, Ser, Asp, Lys, Asp and Ser in these samples were all very low, leading to relatively large deviations in the measured data.

To further identify the detection limit concerning the equation of SCR∼Asp/Ala, a similar method as described in 3.2 was adopted to investigate the degree of linearity between the content ratio of Asp/Ala and the SCR in different ranges (0.0–30.0%, 0.05–30.0%, 0.1–30.0%, 0.2–30.0%, 0.5–30.0%, 1.0–30.0%, 2.0–30.0%, 5.0–30.0%, 10.0–30.0%). From Fig. 4, all deduced linear functions possessed a high degree of linearity in each scope of SCR, and the linearity decreased when SCR was less than 2.0%. The equation SCR = 2.5634X − 12.5587 showed the highest linear correlation coefficient (R2 = 0.9972), where the SCR was in the range of 2.0% to 30.0%, demonstrating that the SCR values calculated by this equation can reflect the actual SCR in the silk samples most objectively.
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Figure 4: The relationships between SCR and the content ratio of Asp/Ala when the SCR was in different ranges (0.0–30.0%, 0.05–30.0%, 0.1–30.0%, 0.2–30.0%, 0.5–30.0%, 1.0–30.0%, 2.0–30.0%, 5.0–30.0%, 10.0–30.0%)

The increase in sericin content of sericin/fibroin mixed samples resulted in an increase in the hydrophilic/hydrophobic amino acid ratio (Fig. 3a); however, the linearity of the SCR∼hydrophilic/hydrophobic amino acid ratio was less than that of the SCR∼selected amino acid ratios (Figs. 3b–3F). The main reason is that some hydrophilic amino acids, such as Tyr, are more abundant in fibroin than in sericin, while some hydrophobic amino acids, including Val, Ile, and Phe, are more abundant in sericin than in fibroin. Hence, the selection of representative hydrophilic and hydrophobic amino acids in sericin and fibroin can reflect the difference between sericin and fibroin more objectively. Among them, the content of Asp in sericin reached 16.21 ± 0.05%, while that in silk fibroin was only 1.51 ± 0.00%. The content of Ala in fibroin reached 31.09 ± 0.03% but remained at only 6.28 ± 0.04% in sericin (in Table 1). The content ratio of Asp/Ala can most effectively reflect the difference in the amino acid composition between sericin and fibroin. Therefore, the SCR correlated with the content ratio of Asp/Ala showed a high degree of linear correlation with a squared correlation coefficient of 0.9958 (Fig. 3c). By comparison, Ser was abundant in both sericin and fibroin (32.75 ± 0.01% vs. 10.52 ± 0.01%, Table 1), and Gly was rich in both sericin and fibroin (15.20 ± 0.05% vs. 45.46 ± 0.05%, Table 1). The content of Lys in sericin is higher than that in silk fibroin, but it is not abundant in sericin. Therefore, the linear correlations derived from SCR associated with Ser/Ala, Lys/Ala, Asp/Gly, and Ser/Gly are all lower than those of SCR∼Asp/Ala.

The detection limit is one of the most important characteristics of any quantitative method, and it helps to determine to what extent the equation is applicable. The emergence of dispersion of the points in Fig. 3c indicated that the linearity will gradually weaken as the initial SCR decreases to below 2.0%, suggesting that a detection limit belonging to the equation should be considered. Consistently, the highest linear coefficient occurred in the range of 2.0–30.0% in Fig. 4, and the linear correlation coefficient decreased as the initial SCR decreased below 2.0%, which was mainly because a large deviation had been created from measured data in this scope once exceeding the detection limit. Hence, the SCR of degummed silks could be calculated from the ratio of Asp to Ala using the equation SCR = 2.5634X − 12.5587 (R2 = 0.9972) with a detection limit between 2.0% and 30.0% w/w.

3.4 SCR Determination of Silk Fibers with Unknown SCR

To verify the applicability of this equation, the SCR of nondegummed raw silk and silks degummed with 0.5 g/L, 1.0 g/L papain and 0.5 g/L Na2CO3 were detected. Fig. 5 displays the contents of Asp and Ala of silk samples, SCRs calculated by the equation SCR = 2.5634X − 12.5587, and SCRs’ determined by the weight loss method. The data in Fig. 5a show that the raw silk contained approximately 3.89 mol% Asp and 27.58 mol% Ala. Sericin removal decreased the content of hydrophilic Asp, which predominates in sericin, while the proportion of hydrophobic Ala correspondingly increased after degumming. The SCR calculated by substituting the content ratio of Asp to Ala X (%) into the equation SCR = 2.5634X − 12.5587 is shown in Fig. 5b and compared with the SCR determined by the weight loss method. The SCRs’ obtained from the weight loss method was generally higher than the SCR calculated from the equation method. The SCR of nondegummed raw silks was approximately 23.60%, which is very close to the SCR’ value calculated from the weight loss method. The silk degummed with traditional 0.5 g/L Na2CO3 suffered a weight loss of 2.76% after retreatment with 0.5 g/L Na2CO3 solution, suggesting that significant damage to the silk fibroin core had occurred, thus excessive degumming. However, the SCR of this sample calculated by the equation method was 0.69%, indicating that the equation is no longer applicable in this case.
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Figure 5: SCR determination of silk fibers with unknown SCR. (a) The contents of Asp and Ala in silk fibers, including nondegummed raw silk, silk degummed with 0.5 g/L or 1.0 g/L papain solution and silk degummed with 0.5 g/L Na2CO3 solution. (b) The SCRs of silk samples calculated by the equation method and SCRs’ determined by the traditional weight loss method

Many studies have confirmed that nonspecific Na2CO3 degumming provokes hydrolysis and damage to the core fibroin though sericin is completely removed [39–41]. The weight loss arising from degraded silk fibroin is incorrectly attributed to the weight reduction of sericin, leading to a higher sericin content measured by the weight loss method than the equation method. However, the SCR of the silk sample degummed with 0.5 g/L Na2CO3 remained at 0.69%, indicating that once the SCR value calculated by the equation exceeded the detection limit (2.0–30.0%), there would be a large error.

In our study, a linear relationship of SCR associated with the content ratio of Asp/Ala was finally established by the significant differences in the contents of characteristic hydrophilic amino acids abundant in sericin and hydrophobic amino acids abundant in fibroin. Compared with traditional PACS, the equation method can provide quantitative detection for SCR in silk instead of qualitative observation. The determination method in this study was established based on the differences in amino acid composition in silk samples to be tested and can avoid interference with the measurement results caused by changes in the molecular conformation of silk fibroin or sericin compared by infrared absorption spectroscopy. Ser and Gly are abundant in both sericin and fibroin. The content of Ala in fibroin is up to 31.09% but remains only 6.28% in sericin, which is the highest in hydrophobic amino acids of fibroin. Asp has a higher content in hydrophilic amino acids of sericin, which reached 16.21%, while that in silk fibroin was only 1.51%. Therefore, in comparison with Asp/Gly and Ser/Gly, the content ratio of Asp/Ala showed a stronger correlation with the sericin content in silk and can reflect the sericin content in unknown silk more sensitively. In summary, the equation method derived from amino acid analysis is more reasonable and practical. Our study provides a novel approach for the quantitative detection of sericin content within the detection limit in unknown silk samples, which can be widely used in silk fiber or fabric refining and the purification of biomedical silk fibroin.

4  Conclusion

In this study, a novel method for the quantitative detection of the sericin content in silk fiber was proposed based on the content ratio of Asp to Ala. Changes in the sericin content can lead to significant differences in the content ratio of Asp, with higher content in sericin, and Ala, with the highest content in fibroin. The sericin content ratio SCR (%) is highly correlated with the ratio X (%) of aspartate to alanine according to the equation SCR = 2.5634X − 12.5587 (R2 = 0.9972) in the SCR range of 2.0% to 30.0%. The established linear functional relationship can quantitatively and effectively detect the residual sericin content in degummed silk fiber and can monitor and prevent the occurrence of insufficient degumming, which is highly desired for quality control in the processing of silk-based products.
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Figure S1: The relationships between the content of Ala and SCR in different ranges (0–30%, 0.05–30%, 0.1–30%, 0.2–30%, 0.5–30%, 1–30%, 2–30%, 5–30%, 10–30%)
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Figure S2: The relationships between the content of Ser and SCR in different ranges (0–30%, 0.05–30%, 0.1–30%, 0.2–30%, 0.5–30%, 1–30%, 2–30%, 5–30%, 10–30%)
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Figure S3: The relationships between the content of Asp and SCR in different ranges (0–30%, 0.05–30%, 0.1–30%, 0.2–30%, 0.5–30%, 1–30%, 2–30%, 5–30%, 10–30%).
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Figure S4: The relationships between the content of Lys and SCR in different ranges (0–30%, 0.05–30%, 0.1–30%, 0.2–30%, 0.5–30%, 1–30%, 2–30%, 5–30%, 10–30%).
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Table 1: The amino acid composition (mol%) of silk sericin/fibroin mixed samples with various sericin content

ratios (n =3)

Amino acids

Sericin content ratio (%)

0.0 0.05 0.1 0.2 0.5 1.0 2.0
Asp 1.51+£0.00 1.77£0.02 1.77+£0.02 1.73+£0.03 1.80+0.03 1.80+0.05 1.83+0.07
Thr 0.82+0.01 0.96+0.02 1.00£0.03 096+0.03 1.00£0.00 0.97+0.01 1.01+0.00
Ser 10.52+0.01 10.82+0.07 10.86+0.08 10.77+0.06 10.90+0.08 10.92+0.15 10.93+0.12
Glu 1.32+£0.00 2.06+0.02 1.94+0.02 192+£0.01 2.20+0.01 1.94+0.02 1.93+0.03
Gly 4546+0.05 41.53+£0.41 41.57+0.33 42.14+£0.40 41.10£0.06 41.92+0.05 41.67+0.07
Ala 31.09+0.03 31.52+0.15 31.76+0.12 31.55+0.15 31.30+£0.09 31.59+0.17 31.65+0.18
Val 229+0.01 243+0.06 2.38+0.05 231+£0.05 240+£0.03 2.33+0.04 2.31+£0.02
Met 0.00£0.00 0.15+0.00 0.11+0.01 ND ND ND ND
Ile 0.39+0.01 0.59+0.02 0.61+£0.01 0.63+£0.01 0.60+£0.03 0.58+0.00 0.63+0.04
Leu 0.08+0.01 0.52+0.01 0.50£0.01 0.53+£0.02 0.60+£0.00 0.53+0.00 0.53+0.00
Tyr 477+£0.02 5.08+0.08 5.04+0.08 491+0.10 5.10£0.07 4.90+0.06 4.87+0.04
Phe 0.70£0.02 0.81+0.02 0.78+0.03 0.82+0.03 0.90+0.01 0.78+0.01 0.82+0.02
Lys 0.11+0.00 0.37+0.00 0.33+£0.00 0.34+0.00 040+£0.03 0.34+0.04 0.39+0.04
His 028+0.01 0.22+0.01 0.22+£0.01 0.24+0.01 0.20+£0.02 0.24+0.01 0.24+0.02
Arg 027+0.01 0.44+0.01 0.44+0.01 043+£0.01 040+0.03 0.44+0.04 0.43+0.03
Pro 0.39+0.01 0.74+0.03 0.67+£0.04 0.72+0.04 1.10+£0.09 0.73+0.11 0.77+0.08
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Amino acids Sericin content ratio (%)

5.0 10.0 15.0 20.0 25.0 30.0 100.0
Asp 2.04+0.05 2.68+0.05 3.04+£0.02 3.57+0.03 4.08+0.02 4.51+0.02 16.21+0.05
Thr 0.88+£0.00 1.00+0.01 1.14+£0.01 1.21£0.01 133+£0.01 1.43+£0.00 3.83+0.02
Ser 11.23+0.03 12.21+0.03 12.82+0.04 13.68+0.04 14.15+£0.03 14.97+0.04 32.75+0.01
Glu 1.65+0.01 2.07+0.02 240+£0.03 2.76+0.01 3.08+0.06 3.34+0.02 11.55+0.04
Gly 4439+0.04 42.68+0.03 41.32+0.05 40.73+0.08 39.38+0.04 38.30+£0.06 15.20+0.05
Ala 30.39£0.04 29.44+0.04 29.09+0.03 28.14+£0.04 27.95+0.02 27.00£0.02 6.28+0.04
Val 228+0.02 243+0.03 249+£0.00 2.30+0.01 2.33+0.02 238+0.01 249+0.01
Met ND ND ND ND ND ND 0.14+0.01
Ile 0.39+0.03 0.39+0.03 042+0.00 0.43+0.01 045+0.00 0.44+0.00 0.51+0.00
Leu 0.11+£0.00 0.11£0.00 0.25+£0.01 0.23+£0.02 0.58+0.01 0.29+0.1 1.25+0.00
Tyr 460+£0.01 4.43+£0.03 438+0.01 4.13+£0.00 3.72+0.00 3.96+0.02 0.23+0.01
Phe 0.63+0.00 0.68+0.00 0.63+£0.01 0.66+0.04 0.58+0.01 0.66+0.03 0.83+0.01
Lys 042+0.03 0.61+0.02 0.76+0.03 0.92+£0.08 1.07+£0.05 1.21+£0.05 4.99+0.11
His 0.18+0.00 0.21+0.02 025+£0.03 0.30+£0.02 0.32+0.01 0.33+0.02 0.88+0.02
Arg 0.35+0.04 043+0.05 046+£0.04 0.52+0.01 0.62+0.03 0.62+0.01 2.03+£0.03
Pro 049+0.06 0.64+0.09 055+0.09 043+£0.11 036+0.07 0.55+0.06 0.83+0.08
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Note: *ND: Not detected.
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