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Abstract

:

Chitin and its derivative chitosan are among the most used polysaccharides for biomedical and pharmaceutical applications. Most of the commercially available chitin is obtained from seafood wastes. However, the interest in alternative renewable sources of chitin and chitosan, such as insects, is growing. When new sources are identified, their stability over time has to be evaluated to allow for their commercialization. The aim of this study is to compare the physicochemical properties of chitin extracted from Cicada orni sloughs harvested in three different years (2017, 2019 and 2020) in order to assess the stability of the source and the repeatability of the extraction process. Chitin and its derivative chitosan were characterized by simple techniques such as Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD). Results suggest that the physicochemical properties of the extracted chitin varied from year to year, and that these differences are not due to the extraction process, but rather to intrinsic differences within the source. We showed that these differences could already be detected by analyzing the raw material (i.e., cicada sloughs) using the above-mentioned simple methods. The chitosan obtained from deacetylation of chitin had a low degree of deacetylation (  66.2 ± 1.6  %). This low degree of deacetylation can be attributed to the deacetylation process, which is probably not appropriate for this source of chitin.






Keywords:


chitin; chitosan; extraction; physicochemical characterization












1. Introduction


Chitin is a linear polymer composed of units of N-acetyl-d-glucosamine (acetylated unit) and D-glucosamine (deacetylated unit), found in natural sources (i.e., the exoskeleton of arthropods, cell walls of fungi) in association with proteins, minerals and pigments. The removal of these elements, in order to obtain pure chitin, is realized in three steps: the demineralization of the raw material, its deproteinization and its decolorization [1]. Through a process of deacetylation, which consists in the removal of acetyl groups, chitin can be transformed into its derivative chitosan. The amount of acetylated units remaining reveals the efficiency of the transformation of chitin into chitosan and determines their so-called degree of acetylation (DA—usually employed for chitin) or degree of deacetylation (DD—usually employed for chitosan). If the product resulting from this transformation contains more than 50% of acetylated units (DA > 50% and DD < to 50%), it is called chitin, while if it contains more than 50% of deacetylated units (DA < 50% and DD > to 50%) it is called chitosan [1]. Within a source, chitin can be found in three different polymorphs:  α ,  β  and  γ , depending on the parallel, antiparallel or alternated orientation of the fibers, respectively [2].  α -chitin is the most abundant polymorph and if found in fungi, insect exoskeleton and shells of crustaceans, while  β - and  γ -chitin are uncommon and are found in squid pens and in beetles (family Lucanidae), respectively [3]. Both chitin and chitosan, due to their biodegradability, biocompatibility and low toxicity, are widely studied in the biomedical and pharmaceutical research fields. However due to the high number of acetyl groups, which form strong hydrogen bonds, chitin is insoluble in water and in most of the common organic solvents such as acetic acid [2]. As a consequence, the use of chitin is limited, and it is often converted to its derivative chitosan. Chitosan has a pKa value of 6.2, meaning that when the pH is above this value, its amino groups (NH   2  ) are protonated (NH   3 +  ) and chitosan becomes cationic and soluble. The cationic nature of chitosan is rather special, since most of the natural polysaccharide are either neutral or negatively charged when dissolved in acidic environment. This property allows chitosan to form electrostatic complexes with negatively charged polymers [4]. Furthermore, chitosan presents a high number of reactive amino (NH   2  ) and hydroxyl (OH) groups, which can be easily chemically modified to produce chitosan derivatives [5]. Commercially, chitin is mainly extracted from crustaceans and, in a minor part, from fungi. However, the interest in insects as an alternative source of chitin and chitosan is growing [6]. The investigation of alternative renewable sources is an active field of research that could not only lead to their commercialization, but also the identification of products with different properties and applications. When new sources are identified, it is necessary to characterize the physicochemical properties of the resulting product chitin and investigate its stability over the years. In fact, all the sources (i.e., the exoskeleton of arthropods) are usually composed of the same elements (i.e., chitin, proteins, minerals and pigments), whose relative abundance is usually source-specific. However, the precise amounts can vary due to environmental causes and lead to chitin with different physicochemical properties. Green et al. [7], for example, reported that within the same source (in this case crustacean shells), the content in minerals, proteins and chitin, as well as the physicochemical properties of the latter, can differ based on the season when the shells are collected. In another study, Youn et al. [8] compared the chitosan obtained from shells of crabs harvested in three different years and seasons showing that their physicochemical characteristics slightly differed depending on the harvest year. Among the physicochemical characteristics, the DA/DD and the crystallinity index (CrI) are the ones that mostly show the physical, chemical and biological properties of chitin and its derivative chitosan. In a previous study, we extracted chitin from Cicada orni sloughs harvested in the south-eastern French Mediterranean basin in 2017, and we characterized its physicochemical properties (i.e., its DA and CrI) using two simple techniques such as Fourier-transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) [9]. For the first time to our knowledge, we used the same techniques to analyze the raw material (i.e., cicada sloughs) and the intermediary products of the extraction process (i.e., demineralized and deproteinized products) to assess the efficiency of the extraction process. We suggested that these analyses could be used to compare different extractions among them [9]. Here, we compare the physicochemical properties of chitin extracted from cicada sloughs harvested in two different years (2019 and 2020) in order to evaluate the repeatability of the extraction process and the stability of the source. We found that the physicochemical properties of the chitin obtained varied from year to year, and that these differences are not due to the extraction process, but rather to intrinsic variations within the source. Furthermore, we found that these differences could already be detected by analyzing the raw material (i.e., cicada sloughs) using the above-mentioned simple methods. Subsequently, we deacetylated the chitin extracted from cicada sloughs harvested in 2020, to obtain chitosan, and compared it to three commercially available chitosan, in order to assess the effectiveness of the deacetylation process. We found that it has a low degree of deacetylation, which can be attributed to the extraction process, which is probably not appropriate for the deacetylation of this source.




2. Materials and Methods


2.1. Materials


Cicada orni sloughs were harvested during the summer of 2017, 2019 and 2020 in the south-eastern French Mediterranean basin (PinRolland—La Seyne sur Mer). Chitosan 80/200 (ref. 23405), chitosan 90/10 (ref. 23601), and chitosan 95/500 (ref. 23706) were obtained from Heppe Medical Chitosan GmbH (Halle (Saale), Germany). Chitin (ref. C7170), Acetic acid (ref. 33209) and Hydrochloric acid (HCl) (ref. 30721) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Sodium hypochlorite (NaClO) (ref. 33369) was purchased from Alfa Aesar. Sodium hydroxide (NaOH) (ref. 28244) was purchased from VWR Chemicals (Radnor, PA, USA).




2.2. Extraction of Chitin


Chitin was extracted from Cicada orni sloughs, as previously described [9]. Briefly, cicada sloughs were washed with distilled water, dried at 50 °C for 24 h in a drying oven and then mechanically ground in a mortar. The powder (raw material) was then demineralized using 1M HCl aqueous solution under agitation at 30 °C at 200 rpm for 2 h. The sample was then filtered and washed with deionized water until neutral pH was detected. Subsequently, the demineralized sample was treated with a solution 1M NaOH heated at 90 °C under reflux for 2 h to remove proteins. Again, the sample was filtered and washed extensively with deionized water until neutral pH was reached and dried in a drying oven at 50 °C for 24 h. Finally, the deproteinized sample was treated with a solution 1% of sodium hypochlorite (NaClO) for 30 min at 25 °C, filtered, washed with distilled water, and treated two additional times with 1% NaClO for 10 min, until the solution was transparent. After this last step, the decolorized sample (chitin) was extensively washed to reach neutral pH and remove any residual chemicals and dried again in a drying oven at 50 °C for 24 h.




2.3. Deacetylation to Obtain Chitosan


The deacetylation process was performed according to Luo et al. [10]. Briefly, the chitin extracted from cicada sloughs harvested in 2020 has been treated with a 60% NaOH solution at 100 °C (oil bath) for 8 h under continuous stirring. The sample was then filtered, washed with deionized water until neutral pH was reached, and placed in a drying oven at 50 °C for 24 h.




2.4. Fourier Transformed Infrared Spectroscopy (FTIR)


Powdered samples (demineralized and deproteinized products and chitin obtained from the extractions performed on cicada sloughs harvested in 2019 and 2020, commercial chitin, as well as extracted and commercial chitosan) were used for the preparation of KBr pellets (1 mg of the sample with 100 mg KBr). FTIR spectra were collected in a range of 400 to 4000 cm    − 1    with a Nicolet 6700 Spectrophotometer, by the accumulation of 64 scans, with a resolution of 4 cm    − 1   . However, only peaks from 400 to 2000 cm    − 1    are shown in the results, since they are important for the calculation of the degree of deacetylation (DD) and for the investigation of the differences among the samples.



The DD was calculated according to the following equation:


  D D ( % ) = 100 − D A %  



(1)




where DA is the degree of acetylation. DA was calculated as proposed by Brugnerotto et al. [11] as follows:


  D A  ( % )  =     A 1320   A 1420   − 0.3822   0.03133   · 100  



(2)




where A1320 and A1420 are the absorbance values at 1320 and 1420 cm    − 1    obtained by the FTIR spectra. For each type of chitin and chitosan were produced three KBr pellets and the results were presented as mean ± standard deviation of three measurements.




2.5. X-ray Diffraction (XRD)


Powdered samples (demineralized and deproteinized products and chitin obtained from the extractions performed on cicada sloughs harvested in 2019 and 2020, commercial chitin, as well as extracted and commercial chitosan) were used to collect X-ray diffraction (XRD) spectra. Data were collected at a scan rate of 1°/min and a scan angle from 5 to 40°, using a D8 Advance (Bruker, Billerica, MA, USA) equipped with a monochromatic copper radiation (K α  = 0.154060 nm). The Crystallinity Index (CrI) was determined using the formula:


  C r I  ( % )  =    I 110  −  I  a m     I 110   · 100  



(3)




where   I 110   is is the maximum intensity the (110) diffraction peak in the crystalline region at 20° and   I  a m    is the maximum intensity of amorphous diffraction at 16°.




2.6. Scanning Electron Microscopy (SEM)


The morphology of the samples (demineralized and deproteinized products and chitin obtained from the extractions performed on cicada sloughs harvested in 2019 and 2020) were imaged using a Quanta 650-FEG (FEI, Hillsboro, OR, USA) scanning electron microscope. The samples in form of powder were dried in a drying oven at 50 °C for 24 h, fixed on an adhesive tape, gold sputter-coated (≈5–10 nm of thickness) and then imaged using an acceleration voltage of 5 kV (and a magnification of ≈4000×).




2.7. Abbreviations


Through the text, the samples will be abbreviated as shown in Table 1.





3. Results


3.1. FTIR Spectra of Chitin and Degree of Acetylation


In a previous study [9], we analyzed the different steps of the extraction process (i.e., demineralization, deproteinization and decolorization) from cicada sloughs collected in 2017. The FTIR characterization showed that the raw material and the demineralized sample presented a single peak at approximately 1660 cm    − 1   , while after the deproteinization two individual peaks appeared at 1620 cm    − 1    and 1660 cm    − 1   . This phenomenon was attributed to the removal of proteins since the peak at 1660 cm    − 1    might be assigned to the amide I vibrational modes [12]. Furthermore, the presence of two individual peaks also suggested that the extracted chitin was the  α -polymorph, while the presence of a single peak is attributed to the  β -polymorph [13]. In order to validate these observations, we collected the FTIR spectra of the raw material and of the intermediary products of the extraction of chitin from cicada sloughs harvested in 2019 and 2020—see Figure A1. We found that the FTIR spectra for the extractions performed on cicada sloughs harvested in 2019 and 2020 are very similar to each other. In both the extraction processes, the raw material and the demineralized product present only one peak at 1660 cm    − 1    while two peaks appear at 1620 cm    − 1    and 1660 cm    − 1    for the deproteinized and decolorized products, confirming that proteins were efficiently removed, and that chitin is in its  α -polymorph.



According to Jang et al. [3]  α -chitin has two types of hydrogen bonding: intra-sheet and inter-sheet. The absorption band at 1660 cm    − 1    correspond to hydrogen bonding between the carbonyl groups (C=O) of amide I and amide II (NH) while the absorption band at 1620 cm    − 1    correspond to the hydrogen bonding between the CH   2  OH side chain and the carbonyl group (C=O). Since the amide I of proteins absorbs at wavelengths comprised between 1600 and 1700 cm    − 1   , the presence of proteins and the interactions of the latter with chitin, lead to the appearance of a single peak, at wavelengths comprised between 1620 and 1660 cm    − 1   , in the samples before deproteinization (i.e., raw material and demineralized sample). Here, in order to evaluate the quality of the final product (i.e., chitin extracted from cicada sloughs harvested in three different years), we compare the FTIR spectra (shown in Figure 1) of the samples CH-17, CH-19, and CH-20 among them and with a commercial chitin. The three extracted chitin present similar spectra and, in particular, very similar to the spectrum of the commercial chitin.



The FTIR spectra were used for the measurements of the degree of acetylation (DA). In Table 2 are presented the average DA of CH-17, CH-19 and CH-20. The results show that chitin extracted from cicada sloughs collected in three different years had a different degree of acetylation. In particular, CH-17 and CH-19 were more acetylated than CH-20, suggesting that chitin extracted from cicada sloughs harvested in 2020 was different from the others.



To better understand if the difference in the DA is due to the extraction process or to an intrinsic difference within the source, we compared the FTIR spectra of the raw materials (cicada sloughs) harvested in 2017, 2019 and 2020. Results (shown in Figure 2) evidence a major difference in the peaks at 1420 cm    − 1    and 1375 cm    − 1   . In fact, these two peaks show an opposite conformation in the three spectra with the peak at 1375 cm    − 1    being less intense than the peak at 1420 cm    − 1    for CH-20 compared to CH-17 and CH-19. The peak at 1375 cm    − 1    can be attributed to CH   3   deformations typical of chitin (in particular, typical of the acetyl group), while the peak at 1420 cm    − 1    can be attributed to the CH   2   bending. Since the amount of CH   2   groups does not change according to the degree of acetylation, we can suppose that the different conformation of these two peaks is only given by a change in the amount of CH   3   groups and, consequently, in the amount of acetyl groups, which is lower in CH-20 compared to CH-17 and CH-19. As a result, the DA of the final product, chitin, is lower for CH-20 compared to CH-17 and CH-19.




3.2. XRD Spectra of Chitin and Evaluation of the Cristallinity Index


As resulted from studies based on their supramolecular structure, chitin and chitosan, in solid state, are linear semicrystalline polymers [14]. Chitin macromolecules interact through hydrogen bonds to form nanofibrillar bundles called microfibrils, characterized by alternated ordered crystallites and non-ordered (amorphous) domains [15]. Figure 3 shows the XRD spectra of chitin extracted from cicada sloughs harvested in 2017, 2019 and 2020, as well as the spectrum of commercial chitin. All samples present similar spectra with peaks at 2 θ  of about 8.9° from (020) planes, 12.5° from (021) planes and 18.9° for from (110) planes of crystalline unit cells and some additional weak peaks (i.e., 25.9° from (130) planes).



In a previous study [9], we analyzed the XRD spectra and measured the CrI not only of the final product chitin, but also of the intermediary products of the extraction process (demineralization, deproteinization and decolorization) performed on cicada sloughs harvested in 2017. Here, we do the same with cicada sloughs harvested in 2019 and 2020. The XRD spectra of raw material, demineralized, deproteinized and decolorized samples extracted from cicada sloughs collected in 2019 and 2020 are shown in Figure A2. We evidenced no particular differences among the XRD spectra of the intermediary products deriving from the extractions performed on the three different lots. Nevertheless, the measure of the CrI value shows interesting results concerning the evolution of the crystallinity of the products during the extraction processes. Table 3 shows the CrI values for the intermediary products of the extraction performed on cicada sloughs collected in 2017 (data reused from [9]), 2019 and 2020. The three lots (2017, 2019 and 2020) showed the same trend with the crystallinity slightly decreasing from the raw materials to the demineralized ones, increasing from the demineralized to the deproteinized and being almost stable from the deproteinized to the decolorized chitin. According to these results, chitin extracted from cicada sloughs collected in 2017 has a greater crystallinity (72.1%) compared to the chitin extracted from sloughs collected in 2019 and 2020 (61.5% and 61.6%, respectively). However, it has to be noticed that the decrease in the value of crystallinity for the chitin extracted from cicada sloughs harvested in 2019 and 2020, compared to the one extracted from cicada sloughs collected in 2017, is due to a different initial value of crystallinity in the raw materials (that was 68.6%, 56.4% and 56.1% for chitin 2017, chitin 2019 and chitin 2020, respectively). The trend of the crystallinity value through the extraction process suggests that the extraction process produces coherent results, even if the sources (i.e., raw materials) differ among them.




3.3. Scanning Electron Microscopy


Figure 4 shows the SEM images of raw material, demineralized and decolorized (chitin) samples from extractions performed on cicada slough harvested in 2019 and 2020 (for SEM images of extraction performed on cicada sloughs harvested in 2017, refer to the previously published paper [9]). Raw materials present a high amount of granular material, which could be attributed to calcium carbonate crystals. In fact, after the demineralization process, the surfaces appear smoother, suggesting an efficient removal of minerals. On the surface of the final decolorized product (chitin), it is possible to observe the thick chitin micro- and nano-fibers.




3.4. Characterization of the Extracted Chitosan


Chitin extracted from cicada sloughs collected in 2020 has subsequently been deacetylated to obtain chitosan. In order to assess the effectiveness of the deacetylation process and to characterize the extracted chitosan, the FTIR spectrum of the latter has been compared to the spectra of three commercial chitosan (CS-80, CS-90 and CS-95). Even though the spectra (shown in Figure 5) present high similarities among them, the extracted chitosan shows two additional peaks at 1556 and 1631 cm    − 1   . According to Dahmane et al. [16], the peak at 1631 cm    − 1    may indicate a specific hydrogen bond between C=O and the hydroxymethyl group (CH   2  -OH) of the next chitin residue of the same chain. Since C=O belongs to the acetyl group, which is characteristic of chitin rather than chitosan, its presence suggests that a high amount of acetyl groups are still present in the extracted chitosan. Dahmane et al. [16] also report that after the deacetylation of chitin, the peak at 1556 cm    − 1   , corresponding to amide II (N-H bending), disappeared along with the appearance of a new sharp peak at 1595 cm    − 1   (NH   2   bending). Since these two peaks (i.e., 1556 and 1631 cm    − 1   ) are more characteristics of chitin rather than chitosan, their presence suggests that the deacetylation process was only partially efficient. This can be confirmed by observing the peak at 1320 cm    − 1   , which is more intense for the extracted chitosan, while its intensity decreases as the DD increases (CH-95 has the less intense peak). This is due to the fact that the peak at 1320 cm    − 1    corresponds to the N-acetyl-d-glucosamine, which belongs to chitin (and for this reason included in the calculation of the DA/DD [11]).



The degree of deacetylation of the four chitosan samples has been calculated using the Equations (1) and (2) from their FTIR spectra. In order to assess the accuracy of the calculation of the DD for the extracted chitosan, we used the same method to calculate the DD of the three commercial chitosan (whose DD was stated in the product specification sheet obtained from Heppe Medical Chitosan, HMC   +   (refer to Section 2.1)). Table 4 shows the measured average DD of the extracted chitosan, CS-80, CS-90 and CS-95 as well as their DD obtained from the product specification sheets. The results show that the FTIR method employed for the calculation of the DD is highly efficient for chitosan with high DD. In fact, the measured value of DD for CS-90 and CS-95 (91.1 ± 1.1 and 93.7 ± 0.7, respectively) falls in the expected values of DD indicated by the company HMC   +   (87.6–92.5% and ≥92.6%, respectively). However, for the CS-80, we measured a higher DD (89.9 ± 1.6%) compared to the expected one (77.6–82.5%). According to the employed method, the extracted chitosan has a degree of deacetylation of 66.2 ± 1.6%. The low DD measured is not surprising considering the presence of the peaks at 1320, 1556 and 1631 cm    − 1    described above.



We then looked at the crystallinity of the extracted chitosan. The XRD spectra of the extracted chitosan, CS-80, CS-90 and CS-95 are shown in Figure 6. All the spectra are very similar and present peaks at approximately 12° from (020) plane and 19.5° from (110) plane, which are characteristics of chitosan. The peak at approximately 12° is indicative of the efficiency of the deacetylation process. In fact, while chitin (which is more crystalline than chitosan) present two distinct peaks at 8.9° and 12.5° (see Figure 6), chitosan only presents one large peak between 11.6 and 12.7° [17]. Our result shows that the extracted chitosan still presents a small peak at 8.9° from (020) plane, suggesting that the deacetylation process was not totally efficient. The peak at approximately 19.5° from (110) reflection is representative of the DD and it moves to higher angles while the DD increases. In fact, the peak at 18.9° of chitin (see Figure 3), moves to 19.1° for the extracted chitosan, to 19.7° for CS-80, to 19.9° for CS-90 and to 20° for CS-95. These results confirm that chitin was only partially deacetylated using this deacetylation process and that the extracted chitosan has a lower DD compared to the commercial ones.



Subsequently, we calculated the crystallinity index (CrI) of the extracted chitosan, CS-80, CS-90 and CS-95. The results are shown in Table 5. The extracted chitosan presented a higher CrI (53.7%) compared to CS-80, CS-90 and CS-95 (42.8, 49.4 and 49.4%, respectively). Several studies report that there is an indirect correlation between the DD and CrI with the CrI decreasing with increased DD [18,19], while other studied show opposite trends [20,21]. According to Wu et al. [22], the decrease in the CrI with increased DD is due to the fact that fewer acetyl groups are present, they are distributed more randomly and, consequently, the development of broad crystalline regions is not allowed. We found that the CrI increased with increased DD for the commercial chitosan (CS-80 has a lower CrI compared to CS-90 and CS-95). However, the extracted chitosan does not follow the same trend. On the contrary, the CrI of the extracted chitosan was more similar to the CrI found for chitin (CH-20, which was 61.6%), suggesting that the deacetylation was only partially efficient.



Figure 7 shows SEM images of extracted chitosan, CS-80, CS-90 and CS-95. The surface morphology of the four samples is similar and presents a fibrillar structure. However, the nano-fibers of the extracted chitosan are less evident compared to the commercial samples.





4. Discussion


In this study, chitin extracted from cicada sloughs harvested in two different years (2019 and 2020) has been characterized from a physicochemical point of view and compared to the chitin extracted from cicada sloughs harvested in 2017, the results of which are reported in a previous study [9]. The main objective of this comparison was to assess the stability of cicada sloughs as a source of chitin and to evaluate the efficiency of the extraction process. For that, we evaluated two of the parameters that mostly influence the chemical, physical and biological behavior of chitin and its derivative chitosan: the degree of acetylation/deacetylation (DA/DD) and the index of crystallinity (CrI) using simple techniques such as FTIR and XRD.



Our results show that chitin extracted from cicada sloughs harvested in 2020 has a significantly lower degree of acetylation compared to chitin extracted from cicada sloughs collected in 2017 and 2019. Other authors reported variabilities within the source harvested in different years or seasons. For example, Youn et al. [8] reported that the degree of deacetylation of chitosan obtained from the transformation of chitin extracted from shells of crabs harvested in three different seasons and years (July 2004, January 2005, and September 2007) was slightly different: 89.01%, 84.11% and 82.49% for the three seasons, respectively. However, in addition to having been harvested in three different years and seasons, samples (crab shells) were stored for different time before being characterized, and in particular for 3.5 years, 3 years and 3 months, respectively for shells harvested in July 2004, January 2005, and September 2007. The results showed that chitosan having longer storage time presented higher DD. However, the authors of the study were unable to conclude if the differences were due to the storage time or to the season or year of collection of crab shells.In another study, Green et al. [7], reported that within the same source (that in their case was crustacean shells), the content in minerals, proteins and chitin and the physicochemical properties of the latter can differ based on the season when the shells are collected. However, again, there is no information about how the different compositions in minerals, proteins and chitin would influence the characteristics of the final product chitin, in terms of degree of acetylation. In order to better analyze the differences that we found in the degree of acetylation of chitin extracted from cicada sloughs in different years, we compared the FTIR spectra of the raw materials (i.e., cicada sloughs). We found that two specific peaks (at 1420 and 1375 cm    − 1   ) have an opposite conformation in the sample CH-20 as compared to CH-17 and CH-19 which might justify the lower degree of acetylation of CH-20. However, the reasons for the lower degree of acetylation are unknown and further investigations are needed to understand the relation between DA/DD and, for example, abundance and structural organization of proteins and minerals within the source.



Concerning the crystallinity, we found that chitin extracted from cicada sloughs collected in 2017 has a greater crystallinity compared to the ones extracted from cicada sloughs harvested in 2019 and 2020. The evaluation of the CrI measured for the raw material showed that also the raw material of cicada sloughs harvested in 2017 had a greater crystallinity compared to the raw materials of cicada sloughs collected in 2019 and 2020. This result suggests that, within the source, chitin might be organized differently, or sloughs have a different composition (in terms of proteins and minerals) giving rise to a more or less crystalline structure [23]. The evaluation of the CrI and for the intermediary products resulting from the extraction of chitin (i.e., demineralized, deproteinized) gave us some important information about the repeatability of the extraction process. In fact, the trend of crystallinity displayed by these products (i.e., decreasing after demineralization, increasing after deproteinization and being almost stable after decolorization) suggests that the extraction process produces coherent results.



We then performed the deacetylation of chitin in order to obtain chitosan using a previously published protocol [10]. We compared the FTIR and XDR spectra and the resulting measured DD and CrI values of the extracted chitosan to three commercial chitosan with known DD. We found that the method employed in this study for the calculation of the DD was efficient for chitosan with high DD (90 and 95%), while it was less precise for chitosan with lower DD (80%). Using this method, the DD that we measured for the extracted chitosan was   66.2 ± 1.6  %. Even if the molecule extracted could be considered as chitosan (since the DD is higher than 50%), this result suggests that the deacetylation process was not the most appropriate for the deacetylation of this source. Luo et al. [10], by using the same protocol for the deacetylation of chitin extracted from cicada sloughs, obtained a chitosan with a DD of 84.1%. However, in their study, the DD was calculated using different absorbance peaks of the FTIR spectra, which might lead to different results. Concerning the crystallinity, we found that the extracted chitosan had a higher CrI compared to the commercial chitosan. Several studies show a tendency of the DD and CrI to be indirectly related with higher DD showing lower CrI [18,22]. However, other studies show an opposite trend [20,21] and this relation is still an object of discussion. The methods employed in this study for the calculation of the DA/DD and CrI present some limitations. In fact, more sophisticated techniques such as Nuclear Magnetic Resonance (NMR) spectrometry and X-ray photoelectron spectroscopy (XPS) would allow us to obtain more precise measurements of the degree of acetylation and alternative methods for the calculation of the CrI have been proposed in the literature (i.e., the use of the peak   I 020   in the Equation (3) instead of   I 110   [18]). However, when applied uniformly, the FTIR and XRD methods employed in this study are highly efficient to compare multiple samples among them. The characterization, in particular, of the DD of chitosan, is essential since it influences its possible applications [24]. In the biomedical field, DD is one of the most important properties of chitosan since most of its biological properties are attributed to its cationic behavior, which depends on its DD. In fact, in acidic solutions, the amine groups (NH   2  ) of chitosan acquire a positive charge (NH   3     +  ) [25]. This property makes chitosan the only naturally cationic polysaccharide, allowing it to form polyelectrolyte complexes with negatively charged polymers [4]. Several studies investigated the effect of different DD for different applications. Some authors report that chitosan with high DD is more suitable for tissue engineering [26] because usually constructs made of chitosan with lower DD degrade faster, leading to less supportive healing. However, other studies reported the higher the DD of chitosan, the lower was the adhesion of keratinocytes and fibroblasts on chitosan films [27]. Chitosan is also highly used as a vehicle for nucleic acid or drug delivery (in form of nano- or micro-particles). Sizovs et al. [28] reported that a degree of deacetylation of at least 65% is required for an efficient transfection with the desirable value being in the range of 65–80%. Gupta et al. [29] showed that microspheres prepared using chitosan with a DD comprised between 48–62% presented a higher drug loading capacity.




5. Conclusions


In this work, we compared the physicochemical properties (i.e., degree of deacetylation and crystallinity index) of chitin extracted from Cicada orni sloughs harvested in three different years in order to assess the repeatability of the extraction process and the stability of cicada sloughs as a source of chitin. We found that the extracted chitin presented different physicochemical characteristics from one year to another and that this variability seems not to be dependent on the extraction process, but rather on intrinsic differences within the source, as suggested by the results obtained on the raw material (i.e., cicada sloughs) through FTIR and XRD analysis. The methodology employed in this study, based on the evaluation of the raw material and the resulting intermediary products of the extraction (i.e., demineralized and deproteinized products) in terms of FTIR spectra and trends of crystallinity, could be extended to the evaluation of the quality of other sources and the effectiveness of different extraction protocols. We then determined the physicochemical properties of chitosan and found that it has a low degree of deacetylation (  66.2 ± 1.6  %), which can be attributed to the deacetylation process, which is probably not appropriate for this source. Further studies should be conducted to understand the causes of the variability in cicada sloughs over the years and to optimize the protocol of deacetylation in order to obtain chitosan with a higher degree of deacetylation.
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Appendix A


Appendix A.1. FTIR Spectra of All the Steps of the Extraction
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Figure A1. FTIR spectra of raw material (a), demineralized (b), deproteinized (c) and decolorized (d) samples extracted in (A) 2019 and (B) 2020. 
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Appendix A.2. XRD Spectra of All the Steps of the Extraction




[image: Applsci 11 11278 g0a2 550] 





Figure A2. XRD spectra of raw material (yellow), demineralized (black), deproteinized (orange) and decolorized (blue) samples extracted in (A) 2019 and (B) 2020. 






Figure A2. XRD spectra of raw material (yellow), demineralized (black), deproteinized (orange) and decolorized (blue) samples extracted in (A) 2019 and (B) 2020.
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Figure 1. FTIR spectra of CH-17 (a), CH-19 (b), CH-20 (c) and of a commercial chitin (d). 






Figure 1. FTIR spectra of CH-17 (a), CH-19 (b), CH-20 (c) and of a commercial chitin (d).
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Figure 2. FTIR spectra of raw material (cicada sloughs) harvested in 2017 (a), 2019 (b) and 2020 (c). 






Figure 2. FTIR spectra of raw material (cicada sloughs) harvested in 2017 (a), 2019 (b) and 2020 (c).
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Figure 3. XRD spectra of CH-17 (a), CH-19 (b), CH-20 (c) and of a commercial chitin (d). 
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Figure 4. SEM images of raw material, demineralized and decolorized samples harvested in 2019 and 2020. 
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Figure 5. FTIR spectra of: (a) extracted chitosan, (b) CS-80, (c) CS-90 and (d) CS-95. 
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Figure 6. XRD of: (a) extracted chitosan, (b) CS-80, (c) CS-90 and (d) CS-95. 
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Figure 7. SEM images of: (a) extracted chitosan, (b) CS-80,(c) CS-90 and (d) CS-95. 
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Table 1. Abbreviations of the samples used through the text.
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	Abbreviations
	Corresponding Sample





	CH-17
	Chitin extracted from cicada sloughs harvested in 2017



	CH-19
	Chitin extracted from cicada sloughs harvested in 2019



	CH-20
	Chitin extracted from cicada sloughs harvested in 2020



	CS-80
	Commercial chitosan with a DD of ≈80 %



	CS-90
	Commercial chitosan with a DD of ≈90 %



	CS-95
	Commercial chitosan with a DD of ≈95 %
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Table 2. Average degree of acetylation (DA) of CH-17, CH-19 and CH-20.
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	CH-17
	CH-19
	CH-20





	DA %
	   96.3 ± 3.4   
	   102.7 ± 5.5   
	   74.7 ± 3.1   
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Table 3. Crystallinity index (CrI) % of raw material, demineralized, deproteinized and decolorized samples extracted in 2017, 2019 and 2020.






Table 3. Crystallinity index (CrI) % of raw material, demineralized, deproteinized and decolorized samples extracted in 2017, 2019 and 2020.











	
	2017
	2019
	2020





	Raw material
	   68.6   
	   56.4   
	   56.1   



	Demineralized
	   55.8   
	   54.2   
	   49.4   



	Deproteinized
	   73.4   
	   65.2   
	   62.5   



	Decolorized
	   72.1   
	   61.5   
	   61.6   
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Table 4. Measured average degree of deacetylation (DD) of chitosan extracted form cicada sloughs harvested in 2020 and of three commercial chitosan with known DD (CS-80, CS-90 and CS-95). For the latter, the DD provided by the supplier company is also indicated.






Table 4. Measured average degree of deacetylation (DD) of chitosan extracted form cicada sloughs harvested in 2020 and of three commercial chitosan with known DD (CS-80, CS-90 and CS-95). For the latter, the DD provided by the supplier company is also indicated.












	
	Extracted Chitosan
	CS-80
	CS-90
	CS-95





	DD %
	   66.2 ± 1.6   
	   89.9 ± 1.6   
	   91.1 ± 1.1   
	   93.7 ± 0.7   



	Expected DD %
	–
	77.6–82.5
	87.6–92.5
	≥92.6
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Table 5. Crystallinity index (CrI) % of the extracted chitosan and CS-80, CS-90 and CS-95.






Table 5. Crystallinity index (CrI) % of the extracted chitosan and CS-80, CS-90 and CS-95.












	
	Extracted Chitosan
	CS-80
	CS-90
	CS-95





	CrI (%)
	   53.7   
	   42.8   
	   49.4   
	   49.4   
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