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Keratin is a plentiful and renewable fibrous protein resource found in nature, but a great deal of keratin-containing waste causes environmental problems, especially wool waste, which accounts for the majority. A green and efficient extraction method of keratin based on microwave induction method was studied. Compared with traditional thermal induction, the extraction time was shortened by half, and the dissolution rate of the wool was improved. The effects of the above two methods on the size, structure, crystallinity, and thermal stability of wool keratin were studied by a series of analysis methods [e.g., attenuated total reflectance Fourier transform infrared spectrometry (ATR-FTIR), Raman spectroscopy, X-ray diffraction spectroscopy (XRD), dynamic light scattering (DLS), thermogravimetric analysis (TG), and so on]. The results showed that under microwave irradiation, the disulfide bonds were destroyed greatly, and the secondary structure changed significantly, which was beneficial to obtain wool keratin with low crystallinity and small particle size.
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1 INTRODUCTION
Keratin is a rich and renewable fibrin resource found in nature, which is the main component of wool, hair, feathers, nails, and horns (Vasconcelos et al., 2008; Shavandi et al., 2017a). Every year, more than 5 million tons of keratin-containing waste resources are produced in the world. These wastes come from hair, feathers, and horns of slaughterhouses, inferior raw hair, and by-products of wool fibers produced by textile processing in recycling stations (Wang et al., 2016; Shavandi et al., 2017b). Among these waste streams, wool waste is the majority. As keratin-containing wastes are not effectively utilized, this results in a significant loss of resources, with a corresponding potential of secondary ecological pollution to the environment (Zoccola et al., 2012; Khumalo et al., 2020). Recently, the comprehensive utilization of keratin has garnered more and more attention in areas, such as biological, medical, and packing applications (Aluigi et al., 2008a; Dias et al., 2010; Hill et al., 2010; Mori and Hara, 2018; Wu et al., 2018). The recovery and utilization of keratin have important economic, social, and ecological benefits, which open up new opportunities for the recovery and utilization of waste wool resources and can further broaden the application of keratin in engineering materials.
Wool is composed of about 95% keratin, containing 7–20 mol% cysteine residues (Shavandi et al., 2017a). Most cysteines in keratin are located at the end of the protein, and two cysteines form a cross-linked structure through the intermolecular and intramolecular disulfide bonds, which determines its high stability and low solubility (Aluigi et al., 2008b; Shavandi et al., 2017b). The peptide chain of wool keratin consists of an α-helix, a β-sheet, a β-turn, and a random coil conformation. Its polypeptide chain forms a tortuous cross-linked three-dimensional structure by intermolecular disulfide bonds, hydrogen bonds, salt bonds, ester bonds, and Vander Waals forces (Vasconcelos et al., 2008; Wang et al., 2016).
Recently, many researchers have explored the extraction and dissolution of keratins. The related methods and extraction rate results are shown in Table 1. In chemical methods, reducing agents or oxidants are often employed to extract keratin by breaking the disulfide bond of keratin. Physicochemical methods are mostly based on violent reaction conditions, such as hydrothermal (Zoccola et al., 2012), high density steam flash-explosion (HDSF) (Zhao et al., 2012), and steam explosion (Tonin et al., 2006). On the other hand, biological methods primarily incorporate microorganisms and enzymes to treat the wool and degrade the keratin to obtain a keratin macromolecule. Due to the specificity of the enzyme, it can significantly improve the solubility of keratin, but the temperature of this method is demanding, and most of the temperature does not exceed 75°C. However, the above extraction or dissolution methods have some disadvantages, such as high price, harsh extraction conditions, low extraction rate, or the use of non-environmentally friendly reagents, which restricts wool recycling. In addition, the current methods are mostly traditional heating methods, which are in the form of heat conduction and convection, resulting in a large amount of heat loss (Zhang et al., 2021). Therefore, researchers are focusing on finding a simple, low-cost, green method to extract and dissolve wool keratin. The microwave induction has attracted much attention in recent years and has been successfully applied in many fields such as organic, biological, catalytic, oil recovery, metallurgy, and environmental pollution control (Balu et al., 2012; Rosana et al., 2012; Falciglia et al., 2018; Katsuki et al., 2018; Sarkar et al., 2018). Compared with the conventional (water/oil) heating mechanism, under microwave irradiation, polar substances in the reaction system can convert the absorbed microwave energy into thermal energy, which becomes a miniature “molecular heater”, thereby achieving fast, uniform internal heating without temperature gradients. The unique heating mechanism of the microwave greatly increases the possibility of intermolecular collisions, thereby speeding up the reaction rate. Therefore, as a green and efficient microwave radiation technology, it has brought huge influence and opportunities to many chemical fields. Nowadays, there have been reports of microwave induction methods for the extraction of wool keratin. Jou et al. (1999) proved that microwave radiation can penetrate deep into the folding layers of the α-helix keratin to destabilize the bonds between the units and make them twirl rapidly. Zoccola et al. (2012) found the method for hydrolysis and extraction of protein material from wool using microwave irradiation in superheated water. In addition, the extraction yield increased from about 10% to about 60% in the temperature range of 150–180°C for 60 min. It could be seen from published literature reports that in the microwave method, a higher extraction temperature was used, and the extraction rate was not significantly improved compared with other methods. Therefore, the microwave induction method still has room for optimization. Under more milder temperature conditions, the structure, crystalline state, and thermal properties of the extracted keratin remain to be studied.
TABLE 1 | Methods to extract and dissolve keratins from different biomaterials.
[image: Table 1]In this paper, a better microwave-induced experimental scheme was obtained, which shortened the extraction time in half and increased the dissolution rate of the wool, compared to conventional thermal induction. Under the same experimental conditions (except microwave power), the effects of the microwave induction (MI) method and conventional thermal induction (CI) method on the size, structure, crystallinity, and thermal stability of the extracted keratin were studied by dynamic light scattering (DLS), total reflection Fourier transform infrared spectroscopy (ATR-FTIR), Raman spectroscopy, X-ray diffraction (XRD), and thermogravimetric analysis (TG) and other corresponding characterization methods. Meaningful comparisons between the MI method and the CI method were carried out.
2 EXPERIMENT
2.1 Raw Materials
Wool fiber samples (20.1 μm fineness) were provided by Linwo Wool Products (Hebei) Co., Ltd. Urea (CH4N2O, AR) and sodium metabisulfite (Na2S2O5, AR) were provided from Shanghai Maclean Biochemical Technology Co., Ltd. Sodium dodecyl sulfate (SDS, AR) was obtained from J&K Scientific in Beijing. Sodium hydroxide (NaOH, AR) was provided from Beijing Chemical Works. Protein standard (MW 10 000–170 000) was provided from Thermo Scientific, deionized (DI) water was used in all experiments.
2.2 Extraction of Wool Keratin
2.2.1 Pretreatment of Wool Fibers
The wool fibers were first rinsed with running water and dried in a vacuum drier at 100°C for 12 h. Then, they were cleaned by an acetone/ethanol (1:1) mixture solvent system in a Soxhlet extraction set for 48 h to remove fatty matters. Finally, the wool fibers were washed again with DI water and dried again in a vacuum drier at 100°C for 12 h (Zhang et al., 2018). The dried wool fibers were cut to a length of 1–2 cm and used for solubility experiments.
2.2.2 Extraction Methods of Wool Keratin
In this paper, the CI method and the MI method were explored in the process of extracting wool keratin. The optimum extraction conditions were obtained by adjusting the concentration of urea (5–12 M), sodium metabisulfite (0–0.7 M) and SDS (0–2.5 g/L), and the influence of reaction time (1–5 h), reaction temperature (25–65°C), and pH (5.5–10) on the dissolution rate of wool were also studied. The heating method used in the CI method was a water bath method while the MI method was heated by a microwave synthesis system (Mars S, CEM, United States).
The wool keratin solutions prepared by the above two extraction methods are filtered through filter paper, respectively. The filtrate was centrifuged at 10,000 rpm for 5 min, and then the transparent supernatant was collected and placed in a semipermeable membrane with a diameter of 25 mm, length of 400 mm, and nominal molecular weight cut-off value of 7000 Da. The dialysis tubes containing supernatant samples were placed into a beaker containing DI water (5000 ml), and the dialysate was replaced every 8 h until conductivity value is close to 30 μS/cm. After dialysis, the purified samples were dried by the freeze-drying method. The obtained keratin was sealed and stored at 4°C until used. Keratins prepared by CI and MI method, respectively, were designated as K-C and K-M.
2.2.3 Calculation of Wool Dissolution Rate
The filtered insoluble matter was washed repeatedly and then dried together in the electric thermostatic drying oven until the mass remains unchanged. The formula of wool dissolution rate is as follows:
[image: image]
where S (%) is wool dissolution rate, m1 (g) is the initial mass of wool, and m2 (g) is undissolved wool.
2.3 Characterization
IR spectra were obtained using an ATR-FTIR spectrophotometer (Nicolet iS 10, Thermo Fisher Scientific, United States) in a scanning frequency range of 400–4000 cm−1 at a constant spectral resolution of 8 cm−1. Raman spectra were obtained with the HORIBA micro-confocal laser Raman spectrometer over a scanning frequency range of 400–1800 cm−1 at a resolution of 1 cm−1. Laser excitation was provided by a He-Ne laser operating at 633 nm output. X-ray diffraction (XRD) was performed on a Rigaku-D/Max-2550 PC diffractometer with Cu Kα radiation at 40 kV, 40 mA from 5–90 at a rate of 0.03 cm−1. The particle size of wool keratin in an aqueous solution was measured by the dynamic light scattering measurement method (Zetasizer NANO ZS, Malvern Instruments Ltd., United Kingdom). Thermogravimetric analysis (TG) measurements were performed on an SII TG/DTA 6300 using 1–6 mg of the sample under an atmosphere of nitrogen gas. The samples were heated from 30 to 800°C at a rate of 10°C/min. Molecular weight distribution of keratins in hydrolysate was determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Samples were dissolved in a buffer containing SDS, mercaptoethanol, glycerol, and 0.1% bromophenol blue.
3 RESULTS AND DISCUSSION
The structure, size, crystallinity, and thermal stability of natural wool and wool keratins were obtained using a combination of ATR-FTIR, Raman spectroscopy, DLS, XRD, and TGA.
3.1 Exploration of the Extraction Process
In this paper, sodium metabisulfite (Na2S2O5) was adopted as a reducing agent to break the disulfide bonds of wool fibers. The effects of urea, sodium metabisulfite, and SDS on the dissolution rate of wool were explored in the experiment of extracting keratin, and its reaction time, reaction temperature, and pH were also studied as shown in Figure 1. The initial constant parameter is 8 M urea, 0.5 M sodium metabisulfite at 65°C for 2 h and pH = 10.5, and the optimum process was obtained by adjusting different parameters. The optimal concentration of SDS is finally explored after the optimal process is determined.
[image: Figure 1]FIGURE 1 | Exploration of the extraction process. (A) T, (B) pH, (C) t, (D) C(urea), (E) C(Na2S2O5), (F) C(SDS).
As the protein will lose part of its chemical and biological activity when it is above 70°C, 65°C is selected as the upper limit of the reaction temperature. From Figure 1B, both the MI method and CI method reach the optimal dissolution rate when the pH is 6.5. The reason for this result may be that the hydroxyl ion (OH-) in the system reacts with sodium metabisulfite to form sodium sulfite when the pH value is greater than 7, which decomposes the reducing agent in the system. Therefore, the damage of sodium metabisulfite on the disulfide bonds of wool fiber is affected, which shows that the dissolution rate of wool decreases significantly.
Urea is used to break the hydrogen bonds between molecules to reduce the intermolecular forces and improve solubility (Shavandi et al., 2017a). Wool swells due to the action of urea, and some of its structure is destroyed. In addition, under microwave conditions, other polar molecules (such as water molecules) in the reaction system absorb microwave energy and vibrate and collide with surrounding molecules (such as urea molecules) to generate heat. At the same time, urea molecules can better contact wool fibers and penetrate the fibers to increase the dissolution rate of wool. When the concentration of urea gradually increases, the swelling degree of wool increases and the dissolution rate increases, but if the concentration is too high, the long-chain macromolecules of wool keratin will be broken, and the dissolution rate of wool decreases due to the decomposition of small peptide chains.
As a surfactant, SDS can be absorbed on the surface of the generated keratin, forming huge micelles, preventing oxygen from reoxidizing the sulfhydryl bonds generated by the cleavage of disulfide bonds, maintaining the reduced state of sulfhydryl groups in the solution, and preventing larger molecular protein precipitates due to its weight. The micellar effect of SDS improves the solubility of keratin and the dissolution reaction of wool shifts to the direction of keratin production (Yamauchi et al., 1996; Shavandi et al., 2017b). When the concentration of SDS increases to 0.2 g/L, micelles are formed on the surface of keratin, and the dissolution rate of wool no longer increases.
The influence of each parameter on dissolution under two heating methods was compared. The verification experiment was carried out by synthesizing the optimal parameters under the two methods. The dissolution rates of the CI method and the MI method were, respectively, 61 and 71%, and the corresponding traditional heating process was that the treated wool (2.5 g) and SDS (0.01 g) were placed in an aqueous solution (50 ml) containing urea (9 M) and Na2S2O5 (0.3 M), adjusted to pH 6.5 using NaOH (5 M) and treated by stirring (500 rpm) for 4 h at 65°C; the microwave heating process was that the treated wool (2.5 g) and SDS (0.01 g) were put into 50 ml of an aqueous solution containing urea (9 M) and Na2S2O5 (0.3 M), adjusted to pH 6.5 with NaOH (5 M), and heated by microwave synthesis system (reaction conditions: 400 W, 65°C, and 2 h).
3.2 ATR-FTIR
The IR spectra of natural wool, K-C and K-M are shown in Figure 2. Absorption peaks of the peptide bonds in wool keratin and natural wool are the same, which indicates that the extracted keratin still retains the peptide chain structure. Peptide bonds (-CONH-) are common in proteinaceous materials. Mid IR absorption spectra of keratins from wool showed characteristic absorption bands due to peptide bonds (-CONH-). The atoms in the peptide bond oscillate forming spectral bands determined as amide A and amide I–III (Wang et al., 2016). The amide A band is due to stretching vibrations of (N–H) and (-OH) bonds, and the amide A band normally occurs at 3276 cm−1 (Shavandi et al., 2017a). The amide I band comes from (C=O) vibrations and appears from 1600 to 1700 cm−1. The amide II band is due to (N–H) deformations as well as stretching (C–N) vibrations and occurs between 1520–1540 cm−1. The amide III band appears at 1220–1300 cm−1, and is due to stretching vibrations of (C-N) and (C–H) and bending vibrations of (N-H) and (C=O) (Vasconcelos et al., 2008; Zoccola et al., 2009). The position and strength of the amide band are related to the conformation of keratin (Church et al., 1998).
[image: Figure 2]FIGURE 2 | IR spectra of natural wool and wool keratin samples. (A) Natural wool, (B) K-C, (C) K-M.
It can be seen from related reports that characteristic peaks of α-helices (1650–1657 cm−1), random coil (1670–1697 cm−1), and β-sheets (1620–1630 cm−1) are involved in the amide I band (Wang et al., 2016), meantime, characteristic peaks of α-helices (1330–1290 cm−1), β-turns (1295–1270 cm−1), random coil (1270–1250 cm−1), and β-sheets (1250–1220 cm−1) are involved in the amide III bands (Vasconcelos et al., 2008). Therefore, in order to explore the influence of different extraction methods on the secondary structure of wool keratin, after normalizing the infrared spectrum at 3276 cm−1 (Zhao et al., 2012), a peak fitting was performed. The deconvolutions of amide I and III spectral region for natural wool and wool keratin are shown in Figures 3A–C. The change of the vibration modes of the above three bands is closely related to the secondary structure in natural wool and wool keratins.
[image: Figure 3]FIGURE 3 | The deconvolution of the amide I and III spectral region of the IR spectra of natural wool (A), K-C (B), and K-M (C).
Therefore, the relative absorption peak area ratios of these characteristic bands were quantitatively listed in Table 2. First, it can be found that the secondary structure types of wool keratins prepared by different extraction methods remain unchanged. Furthermore, the ratios of β-sheet and α-helix structures of keratins prepared by K-C and K-M are less than natural wool, while the proportion of random rotation structures increases. This implies that the disulfide bonds in natural wool may be destroyed by the CI and MI methods, resulting in the β-sheet and α-helix structures to be destroyed and transformed into random coil structures. It is worth mentioning that the random coil structure in K-M prepared by the MI method is higher than that by the CI method. This suggests that the MI method can greatly destroy the stability of the α-helix and the β-sheet structures, which is beneficial to the extraction of keratin from wool.
TABLE 2 | The integral area ratio of the characteristic absorption peaks of the amide I and III band in IR spectra of samples.
[image: Table 2]3.3 Raman Spectroscopy
Raman spectra of natural wool and wool keratins are shown in Figure 4. The amide I band (1650–1680 cm−1) and amide III band (1230–1330 cm−1) are both caused by the skeleton vibrations of the peptide chain. Both are related to the conformation of wool, especially to the α-helix/β-sheet structures of wool keratin macromolecules (Liu and Yu, 2006). The S-S vibration (490–550 cm−1) is caused by the vibration of cysteine residues (Edwards et al., 1998). The vibrations of amide band and S-S are closely related to the secondary structure of natural wool and wool keratin. Therefore, the two bands are divided into peaks, and integrated quantitative analysis is performed. Relevant results are shown in Table 3.
[image: Figure 4]FIGURE 4 | Raman spectra of natural wool (A), K-C (B), and K-M (C).
TABLE 3 | The integral area ratios of characteristic peaks in Raman spectra of samples.
[image: Table 3]First, the Raman spectra of each sample were standardized. Standardization is based on the band at 1450 cm−1, which is assigned to the vibration of the amino acid side chain, and its peak area is independent of the vibration of the keratin molecular skeleton. The peak fitting results of the amide I band (1600–1720 cm−1) are shown in Figure 5.
[image: Figure 5]FIGURE 5 | The deconvolution of the amide I region of the Raman spectra of natural wool (A), K-C (B), and K-M (C).
The characteristic peaks of α-helix and β-sheet structures are 1652 cm−1 and 1671 cm−1, respectively (Rosana et al., 2012). It is shown that the secondary structures of the three samples are mainly α-helix structures. Quantitative analysis of each peak showed that the proportion of α-helix structures decreases, while the proportion of β-sheet structures increases. This indicates that the disulfide bond is opened after reduction, destroying the α-helix structure, and transforming it into a β-sheet structure. Under microwave irradiation, the additional disulfide bonds break, resulting in more α-helix structures transformed into β-sheet structures.
The deconvolution of the S-S region of the Raman spectra is shown in Figure 6. There are three conformations of disulfide bonds in wool: gauche-gauche-gauche (g-g-g), gauche-gauche-trans (g-g-t), and trans-gauche-trans (t-g-t) conformations (Schlucker et al., 2006; Ackermann et al., 2009). Their corresponding Raman spectral peaks are at 512 cm−1, 527 cm−1, and 547 cm− 1, respectively. It can be seen from Figure 6 and Table 3 that the extracted wool keratin still contains disulfide bonds, and g-g-g conformation is dominant, which is the most energy-stable conformation in the keratin (Schlucker et al., 2006). The reduction method leads to the destruction of some disulfide bonds in wool, and the stability of the g-g-g conformation decreases, gradually transforming into the g-g-t and t-g-t conformations. Under microwave irradiation, the degree of disulfide bonds damage is greater than that of water bath heating, and the contributions of g-g-t and t-g-t conformational isomers with unstable energy increase significantly. To sum up, the above results show that microwave radiation is more beneficial to breaking of disulfide bonds in natural wool, increases the disorder degree of wool keratin, and improves the extraction rate.
[image: Figure 6]FIGURE 6 | The deconvolution of the S-S region of the Raman spectra of natural wool (A), K-C (B), and K-M (C).
3.4 XRD
The diffraction peak at 10° corresponds to the α-helix structure of natural wool, while the diffraction peak of the β-sheet structure appears at 20° (Xie et al., 2005; Aguayo-Villarreal et al., 2011). Figure 7A shows obvious diffraction peaks, which appear at 5°–15° and 15°–35°, corresponding to the α-helix and β-sheet structures, respectively. The intensity of the diffraction peaks also differs due to the different extraction methods. The crystallinity of each sample is obtained by fitting the peak in 5–35° sections and calculating the area ratio of crystal to amorphous. Take the peak results of natural wool as an example, see Figure 7B.
[image: Figure 7]FIGURE 7 | XRD spectrum of samples (A) i: natural wool, ii: K-C, iii: K-M; (B) peak fitting results of natural wool XRD spectrum.
As shown in Table 4, the crystallinity of natural wool keratin decreases after being treated with the reducing agent, indicating that the crystallinity of natural wool is seriously damaged after reduction. The crystallinity of keratin prepared by microwave irradiation is only 12.3%, which shows that this method can effectively destroy the crystallinity of natural wool. By contrast, the crystallinity of K-C is 25.3%.
TABLE 4 | Crystallinities of natural wool and wool keratin samples.
[image: Table 4]3.5 DLS
Owing to keratin contains hydrophobic segments, it is dispersed in water to form a suspension. Therefore, the particle size of keratin in water can also indirectly characterize the size of keratin molecules. The particle size and distribution of K-C and K-M in water are shown in Figure 8. The particle sizes of wool keratin prepared by the CI and MI methods are 255 and 142 nm, respectively, indicating that microwave induction is beneficial to obtain keratin with smaller particle sizes. This conclusion proves once again that the MI method is more beneficial to the cleavage of the disulfide bond, and the smaller the particle size of keratin, the more beneficial it is for graft polymerization and further research.
[image: Figure 8]FIGURE 8 | Particle sizes and their distribution of K-C (A) and K-M (B).
3.6 TG
The thermal stability of natural wool and wool keratin was investigated by TG and DTG as shown in Figure 9 and Table 5. A three-step decomposition process was observed in all DTG curves. The initial weight loss at about 100°C is due to moisture evaporation, and the second and the third weight loss occur in the temperature range from 200 to 500°C, which is attributed to the lateral chain destruction of wool keratin (Idris et al., 2014). The second weight loss at around 220°C is related to the denaturation of the α-helix structure. Compared with K-C (232°C) and natural wool (234°C), K-M occurs at a lower temperature (228°C). The maximum temperature of thermal decomposition appears in this third step weight loss, K-M (306°C) and K-C (311°C) are lower compared to natural wool (312°C), probably due to the cleavage of the disulfide bonds during the extraction process of wool keratin (Li and Wang, 2013). In this stage, the weight loss of K-M (59.5%) is the smallest, indicating that the content of the disulfide bond in K-M is the least, which is due to the large destruction of the disulfide bond by microwave in the extraction process. This result is also evidenced by Raman spectra. It can be seen from the above data that the thermal stability of wool keratin is lower than that of natural wool. Moreover, microwave radiation is more conducive to opening disulfide bonds, destroying the α-helix structure, and extracting wool keratin.
[image: Figure 9]FIGURE 9 | Thermogravimetric analysis curves of natural wool (A), K-C (B), and K-M (C).
TABLE 5 | Thermogravimetric data of natural wool and wool keratin samples.
[image: Table 5]3.7 SDS-PAGE
SDS-PAGE gel electrophoresis was used to evaluate the molecular weight and distribution of keratins in Figure 10. Several bands are observed at 10, 15, 44, and 64 kDa corresponding to K-C (Figure 10, lane 1) and K-M (Figure 10, lane 2). Meanwhile, strong bands at 10, 15 kDa are clearly observed in both keratins, indicating that the molecular weight of keratin obtained by two extraction methods is consistent. These results are coherent with the previously published reports (Wang et al., 2016; Zhang et al., 2018).
[image: Figure 10]FIGURE 10 | SDS-PAGE pattern, lane 1: K-C, lane 2: K-M.
4 CONCLUSION
This work provided a green and highly efficient wool keratin by the MI method and provided important guidance to the disposal of wool wastes. Its extraction time is shortened by half, and the dissolution rate of the wool is also improved to 71%, which can be used to enhance the sustainable development of keratin-containing waste. The MI method can greatly destroy the stability of the α-helix and the β-sheet structures, and transform them to random coil structures. Meanwhile, it further promotes the transformation of g-g-g conformation to g-g-t and t-g-t conformation, which leads to more disulfide bonds breakage. The crystallinity of keratin prepared by the MI method is only 12.3%, indicating that microwave radiation can effectively destroy the crystallinity of natural wool. Compared with the CI method, the MI method has no significant effect on molecular weight of keratin, whereas this method is beneficial for obtaining keratin with a smaller particle size.
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