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Abstract

:

The chemical functionalization of polysaccharides to obtain functional materials has been of great interest in the last decades. This traditional synthetic approach has drawbacks, such as changing the crystallinity of the material or altering its morphology or texture. These modifications are crucial when a biogenic matrix is exploited for its hierarchical structure. In this work, the use of lectins and carbohydrate-binding proteins as supramolecular linkers for polysaccharide functionalization is proposed. As proof of concept, a deproteinized squid pen, a hierarchically-organized β-chitin matrix, was functionalized using a dye (FITC) labeled lectin; the lectin used was the wheat germ agglutinin (WGA). It has been observed that the binding of this functionalized protein homogenously introduces a new property (fluorescence) into the β-chitin matrix without altering its crystallographic and hierarchical structure. The supramolecular functionalization of polysaccharides with protein/lectin molecules opens up new routes for the chemical modification of polysaccharides. This novel approach can be of interest in various scientific fields, overcoming the synthetic limits that have hitherto hindered the technological exploitation of polysaccharides-based materials.
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1. Introduction


Polysaccharides are biopolymers widely diffused in nature; cellulose and chitin are the two most abundant biopolymers on earth [1,2,3,4,5]. The properties of polysaccharides and their biological roles are diverse, i.e., involving signaling, water retention, mechanical protection, and structural integrity [6,7,8]. In particular in the last two roles, polysaccharides with large varieties of different functional morphologies have been observed [9,10,11,12]. From this view, chitin is likely the biopolymer with the most diverse varieties of hierarchical structures [13,14,15,16,17,18]. It has been documented that these structures exhibit greater mechanical resistance, positively influence biomineralization processes, and modulate the mechanical stress distribution and the propagation of light and cracks [14,15,17,19,20,21,22].



The abundance of polysaccharides, their diverse properties, and their availability as highly-organized structures have led to significant interest in their technological applications. Indeed, there is a vast amount of literature available on this topic, which includes a wide range of fields, such as cosmetics, medicine, construction, water remediation, etc. [23,24,25,26,27,28,29,30,31,32,33,34,35]. Among these, chitin has received special attention for its high mechanical resistance, biocompatibility, biodegradability, crystallinity, mild antimicrobial activity, transparency, and abundance of highly-organized biogenic matrices [23,36,37,38,39,40,41].



In many of these studies, chitin, similar to many other polysaccharides, was provided with new properties by chemical functionalization to obtain innovative functional materials [42,43,44,45]. Covalent functionalization is the most commonly used method of conferring new properties to a material. Despite the high versatility and stability of the covalent bioconjugation approach, such an approach usually affects the chemical structure of the polymer and its preexisting order, such as its morphology or crystallinity [46]. This is a major concern when a hierarchically-organized biogenic matrix is used with the intent to exploit its remarkable micro- and nanoscale structural properties. For example, functionalization on chitin usually targets the amide group hydrolyzed into an amine, which means that a step introducing positive charges in the material is performed [47,48,49,50]. This deacetylation step was observed to induce significant changes in the mechanical resistance of the material, even when performed on just 17% of the monomers (decreasing more than 10 times the Young’s modulus of the material) [51]. Higher degrees of deacetylation can also induce changes in the crystallographic structure [52]. Moreover, the functionalization of polysaccharide-based organized matrices necessarily implies syntheses in the hetero-phase. Despite the multiple advantages provided by hetero-phase syntheses, such as the easy purification processes of unconjugated molecules and the possible synthesis subproducts, the different diffusion rates of a reactive molecule into a multiscale porous matrix may preclude the uniform modification of the targeted chemical moieties. As a result, a pore-size-dependent functionalization degree could occur, producing non-homogeneous functional materials.



Lectins are a group of proteins, typical of plants, capable of specific recognition, and reversible binding to carbohydrate moieties without altering the covalent structure of the ligand [53]. These proteins play a major role in biological recognition. In plants, chitin-binding lectins are applied in the defense against pests and parasites [54,55,56]. Due to their specificity and strong binding, lectins have been widely applied in diagnostics [57,58], and, less frequently, in drug delivery [53,59]. On the other hand, their use in material science has been neglectable; there have only been a few studies aimed at enhancing cell adhesion through protein–carbohydrate interactions [60,61].



A wide variety of lectins with a specific affinity for polysaccharides is available [62]. Of these, wheat germ agglutinin (WGA) is one of the most studied. This protein is a homodimer composed of four homologous domains with a total of eight potential binding sites and a molecular weight of 36 kDa [63,64]. It has a strong binding capability and specificity for N-acetylglucosamine oligomers, which increase for sequences above three sugar units, such as chitin [64].



In this work, we propose the use of functionalized lectins as a tool for polysaccharide functionalization. Since the binding with lectins is based on non-covalent interaction [65,66], the hypothesis is that the pre-existing organization and order of the matrix should also be preserved upon binding. Unlike the reactive molecules commonly used for bioconjugation, WGA (as well as many other lectins) is chemically inert, preventing uncontrolled functionalization. Here, compared to the standard heterogenous bioconjugation approach, a different process occurs. In fact, surface functionalization takes place under target-oriented adsorption control [66], where the different diffusion processes of the proteins do not affect the surface coverage of the matrix. Moreover, lectins are multivalent ligands showing enhanced binding capabilities compared to monovalent systems [67]. This is due to a cooperativity effect often attributed to a favorable spatial pre-organization of the ligands or to “rebinding”, where as soon as a single ligand dissociates, another ligand binds in its place. Another advantage of using proteins is that they display a wide number of functional groups, compared to the relatively simple chemical structure of a polysaccharide. Lectins are a suitable platform for non-covalent chitin modification, by following standard procedures commonly used for protein modification in the homo-phase, offering a wide number of chemical targets (carboxylic, amine, thiol, phenolic groups, etc.) for bioconjugation [68].



This study was carried out on a chitin matrix since chitin is one of the most reported polysaccharides in the literature but its functionalization can be problematic due to its insolubility [46,51]. WGA was used since it is the most studied chitin-binding lectin. As a proof of concept, WGA was covalently functionalized with a dye (namely fluorescein-5-isothiocyanate, FITC), allowing for easy detectability of the protein during and after the binding process, by UV-Vis spectrometry. A deproteinized squid pen was chosen as the model of the hierarchically-organized biogenic matrix. Squid pen architecture is well studied, and its aligned nano-fibrillar structure allows for an easy evaluation of the influence of functionalization on the structure at different dimensional scales [69,70].



To summarize, this study presents a new approach for the exploitation of polysaccharide-based organized biogenic matrices and synthetic materials, allowing a one-pot functionalization of the material in an aqueous solution without altering pre-existing ordered hierarchical structures.




2. Results


The WGA conjugation with FITC had a 33% reaction yield (percentage of FITC conjugated to WGA in the reaction conditions) that was determined by the UV-Vis analysis, quantifying the number of fluorescein molecules conjugated to WGA (Figure S1). Based on the extinction coefficient of the fluorophore at 495 nm, an average FITC of 3.1 was determined to be conjugated to each WGA. The electrophoretic characterization (carried out on a 15 wt.% SDS-PAGE) revealed the main spot of WGA monomers around 17 kDa (Figure S2). A broader band, characterized by an MW slightly higher than WGA, showed a distribution of proteins conjugated with different FITC numbers. The faint band at 36 kDa for WGA, and the associated bands at higher MWs, corresponded to the residual dimeric form of the protein. Under UV irradiation, the only fluorescent spot came from the WGA-FITC, further confirming the successful conjugation after the purification process.



The hierarchically-organized chitin-based matrix was obtained from the blade of the squid pen of Loligo vulgaris after deproteination by the alkaline treatment [17,46,51,71]. This treatment resulted in a final degree of acetylation of about 88% (acetyl groups on sugar monomer number) [51]. Before exposing the matrix to the lectin, it was swelled in an HCl solution at pH 2, a treatment observed to increase the swelling of β-chitin matrices. This swelling was maintained by moving the matrix to higher pH solutions [17,72]. The matrix was then treated with a WGA-FITC solution 0.5 mg·mL−1 with a protein/chitin ratio of 5 wt.% for 72 h in a buffered environment at pH 7.4. In the end, the WGA-FITC bonded to the matrix was 3.3 ± 0.4 wt.% of WGA-FITC, corresponding to 65 ± 9% of the protein in the initial loading solution. The functionalized matrix appeared bright yellow in daylight and showed fluorescence under UV light, Figure 1. A control using pristine WGA, not functionalized with FITC, was carried out to evaluate eventual adsorption differences due to the FITC functionalization. The binding was assessed using the 280 nm absorption band of the protein. No significant difference was found, being 70 ± 10% of the WGA absorbed in the same experimental condition.



The UV-Vis spectra (Figure 2) of the chitin matrix treated with WGA-FITC showed both the FITC absorption band at 495 nm and the WGA absorption band at 280 nm, while the blank control of the chitin matrix showed no absorption bands. The 495 nm signal of the FITC was used to map the distribution of the WGA-FITC bioconjugates in the chitin matrix using confocal microscopy, Figure 2. The mapping showed a homogeneous distribution of the WGA-FITC bioconjugates along the surface and the bulk of the chitin matrix. No signal was observed in the chitin blank control, Figure S3.



The FTIR and XRD investigation of the functionalized matrix (WGA-FITC treated) showed no differences compared to the blank control, confirming the β-chitin polymorph (Figure 3). Indeed, the FTIR spectra of the pure chitin and the WGA-treated matrix showed the same absorption bands, with no significant shift observable. Among them, the main absorption bands observed were: 1031 cm−1, 1068 cm−1, 1111 cm−1, and 1154 cm−1 associated with the vibration modes of the sugar ring; 1262 cm−1, 1555 cm−1, and 1646 cm−1, respectively, amides III, II, and I; 2856 cm−1, and 2920 cm−1 associated with the CH3 and CH2 stretching modes; 3289 cm−1, and 3424 cm−1 associated with N-H and O-H stretching [73,74,75]. A full description of the absorption bands of the two matrices can be found in Table S1. The ratio between the 1646 cm−1 (which is associated with both chitin and WGA) and the 1031 cm−1 (only associated with chitin) absorption bands was calculated to evaluate the protein binding [76]. A value of 0.46 was calculated for the control sample, while a value of 0.67 was observed for the WGA-treated sample.



In addition, the XRD peak position was not affected by the functionalization, Table 1. The diffraction peak intensity ratio (010)/(100), used as an index of the fibril coherent orientation along the main axis of the pen, and the full width at half maximum (FWHM) of both peaks, used as an index of crystallinity, had no significant difference (t-test, p = 0.05) between the functionalized sample and the chitin control, Table 1.



SEM observation of both the surface and the section of the sample revealed no significant difference in the morphology, Figure 3. Both the layered structure of the section and the uniaxial fibril/fiber orientation on the matrix surface were maintained. Compared to the control, the functionalized sample appeared to exhibit a smoother surface.



Uniaxial tensile tests were performed on samples treated using WGA not functionalized with FITC; Table 1 and Figure S4. The samples were tested by stretching the squid pen blades along their main axis, which is parallel to the fibrillar orientation. No significant differences (t-test, p = 0.05) were observed between the control and the WGA-treated chitin matrix.



The desorption of WGA-FITC from the chitin matrix was evaluated by setting the matrix (1–2 mg) in 1 mL of PBS and observing the evolution of the FITC signal in the solution over time. The kinetic was studied for three days; Figure S5. During this time, the WGA-FITC slowly desorbed. After one day, 1.8 ± 0.8% of the WGA-FITC adsorbed to the chitin matrix (0.06 ± 0.04 wt.% of WGA-FITC/chitin) was desorbed. After three days, a desorption of 4 ± 2% of the WGA-FITC (0.13 ± 0.09 wt.% of WGA-FITC/chitin) was observed. At the end of the kinetic experiment, the cuvette was kept in a dark room for ten days and then its UV-Vis spectrum was collected again. The desorption was 7 ± 3% (0.2 ± 0.1 wt.% of WGA-FITC/chitin. No detectable desorption of UV-Vis absorbing matter was observed from the control sample.




3. Discussion


Although chemical functionalization is able to introduce new properties to a material, the alteration of the chemical structure of a polymer has a strong influence on its properties, even if a low degree of functionalization is achieved [46,51]. This might be due to changes in the polymer network of interaction, such as hydrogen bond pairing or changes in the crystallographic packing. For example, in Montroni et al. (2021), a drastic change in the swelling of a chitin matrix was observed after the functionalization with a catechol group despite the very low degree of functionalization [46]. Alternatively, the functional group might change the hydrophobicity or polarity at the polymeric chain interface, or insert charges in the materials, inducing electrostatic repulsion. As an example, Gallego et al. reported a functionalization of chitin with 1,6-hexamethylene diisocyanate below 25% (on C6, C3, and C2) showing drastic changes in the solubility, rheology, and thermal properties of the polysaccharide [78]. This issue is particularly relevant when a hierarchically-organized matrix is used with the aim of maintaining its native organization, such as in photonic or porous structures. The introduction of new functionalities and the alteration of the main chemical backbone of the polymer might lead to an alteration of the texture, morphology, or architecture of the matrix. In Machalowski et al., the functionalization with silver nanoparticles of a porous chitinous sponge skeleton is reported to induce a strong reduction of the polymer crystallinity, with a loss of the (020) diffraction peak [79]. This alteration may result in a decrease in the mechanical properties of the matrix.



To overcome the above criticisms, this study proposes a new route for the supramolecular functionalization of polysaccharide matrices using lectins as linkers of functional moieties. Considering the high specificities of lectins, this protocol of functionalization is highly selective for a specific polysaccharide, granting a high specificity even if a composite with a material having analog functional groups is used.



As a representative example of this approach, the deproteinized blade of the squid pen of L. vulgaris was functionalized, by supramolecular interaction, with a WGA protein tagged with FITC.



The WGA-FITC bioconjugate bound to the chitinous matrix in the same way as wild type WGA, meaning that the chemical functionalization of the protein did not affect the carbohydrate-binding sites of the lectin. Moreover, the confocal microscopy analysis showed that the WGA-FITC-binding was uniform across the entire matrix. This means that the protein was able to diffuse properly in the inner layers of the squid pen.



The analysis of the FTIR data indicates that no changes in the hydrogen bond network occurred during the functionalization process. In fact, the only alteration observed in the FTIR spectra was the intensity increase of the amide band signals due to the addition of the WGA. The same pristine organization was observed on the crystal structure using XRD, with no visible alteration of crystallinity. This is very important since β-chitin, contrary to α-chitin, presents a (011) crystal plane with no inter-chain hydrogen bonds [80]. In this plane, the interactions are mediated by water molecules in the hydrated form [81,82]. Due to this lack of interaction, this crystal plane is more prone to chemical functionalization, easily exposing the crystal structure to potential alteration. A conserved crystal structure means that the proposed protocol does not affect the crystallographic packing of the biopolymer in any way.



The evaluation of the hierarchical organization of the matrix, performed by XRD peak intensity and profile analyses, showed that the WGA did not introduce modifications, such as misalignments, at the nano-fibrillar level. Furthermore, the SEM images showed that the micro-organization of the chitin fibril, i.e., fibril alignment and lamellar structure, did not change with the functionalization. The smoother surface observed on the functionalized chitin was likely an effect of the homogenous coverage of the matrix with the protein. Apart from this, a clustering of the lamellae is usually visible when a crosslinking is present [46]. This means that the lectin functionalization does not introduce any long-range interaction or cross-linking in the matrix, despite each WGA presenting more than one chitin-binding site.



The absence of cross-linking or other alterations at shorter distances, as in the fibrillar packing, was also confirmed by the mechanical behaviors of the matrices. No significant changes were observed in the mechanical parameters studied. This excludes both the formation of inter-chain cross-linking bridges [83,84,85] and the decrease of the interaction among fibrils, which would significantly alter the mechanical properties of the material, even when present to a low extent [17].



To evaluate the stability of the functionalized chitin, a desorption kinetic was performed. The results showed that in a wet environment the WGA-FITC slowly desorbed from the matrix. After 10 days, the amount desorbed was about 7% of the total WGA-FITC present in the sample. This desorption was very slow (a plateau was not observed in three days) and gradually slowed down over time. This result shows how (after ten days) 93% of the WGA-FITC functionalization was still bound to the matrix in a wet environment. This is remarkable considering the concentration gradient between the matrix and the solution. On the other hand, the slow-release kinetics could find important applications in drug delivery. Since the functionalization is highly specific and can be performed in water over a wide pH range (including physiological conditions) [64,86], the material can be reloaded when necessary, or even modified with a different functionalization depending on the envisioned application.




4. Materials and Methods


4.1. Materials


Pure wheat germ agglutinin (WGA), from Triticum vulgare, was purchased from EY Laboratories, Inc. (San Mateo, CA, USA) and stored in a freezer at −20 °C.



Squid pens from Loligo vulgaris were collected from a local market (Bologna, Italy). Once hydrated, the lateral blades were isolated, cleaned with abundant distilled water (carefully eliminating eventual residual tissues), ethanol 70 vol.%, distilled water to remove the ethanol, and then stored dry in a desiccator.



The β-chitin matrices were obtained by putting about 25 g of squid pen in 1 L of boiling 1 M NaOH solution and stirring for 1 h [17,51]. Then, the solution was replaced with a fresh one and stirred under reflux for one hour more (counting the time from when the reflux restarted). The obtained β-chitin was washed two times with a 1 M NaOH solution, and then with distilled water until the wash water was neutral. The chitin obtained was stored dry in a desiccator.



All remaining reagents mentioned were purchased from Merck and used without any further purification.




4.2. WGA-FITC Synthesis


FITC bioconjugation to WGA was performed following the standard procedure provided by the supplier. Stock solutions of FITC and WGA were prepared by dissolving (i) 1 mg of FITC in 1 mL of DMSO and (ii) 2 mg of WGA in 1 mL of a 0.1 M sodium carbonate buffer at pH 9. Then, 50 µL of a FITC solution was slowly added to the 1 mL WGA solution in a dropwise manner under gentle stirring. The mixture, contained in an Eppendorf tube, was incubated at 25 °C under constant shaking for 8 h at 700 rpm (ThermoMixer HC, S8012-0000; STARLAB, Hamburg, Germany). Successively, the excess of FITC was removed by two consecutive dialysis cycles in 10 mM of carbonate buffer at pH 9 while the last cycle was carried out in PBS. All dialysis cycles were performed at room temperature (25 °C).




4.3. Chitin Functionalization


A chitin sample, cut into a 5 mm side square (dry weight from 4 to 7 mg), was pre-swelled in an HCl solution at pH 2 for 48 h. After the swelling, the sample was soaked in distilled water for 1.5 h, replacing the water every 30 min, and set on a rocking table to eliminate the HCl from the chitin. The sample was then soaked in a 0.5 mg·mL−1 lectin solution in a 50 mM phosphate buffer at pH 7.4. The volume of the solution used gave a final WGA/chitin ratio of 5 wt.%. The mixture was shaken on a rocking table for 72 h at room temperature (25 °C) in a dark room. A control experiment was carried out without adding protein to the solution. The sample was then washed three times with 150 µL of the buffer, soaking the sample for 30 min each time, then dried in a desiccator and stored at 4 °C. Once exposed to the protein, all the passages were done keeping the sample in a dark environment.




4.4. WGA Adsorption and Desorption Analyses


The WGA adsorption on the chitin matrix was determined by the differences between the initial and final protein amounts in the solution during the chitin functionalization. The protein quantification was determined by evaluating the UV-Vis absorption bands of the FITC at 495 nm (for the WGA-FITC) or of the protein at 280 nm (for WGA). The initial protein solution was analyzed prior to chitin exposure. The final protein amount was determined by analyzing the final solution, after 72 h of exposure to chitin, and added to the buffer aliquots used to wash the functionalized chitin. The protein absorption data were calculated as the average of four independent measurements. Each time, the control experiment was performed without adding the protein to the loading solution.



WGA desorption from the functionalized chitin was evaluated by UV-Vis spectroscopy monitoring the FITC absorption band at 495 nm. A dry functionalized chitin sample (1–2 mg) was set in a plastic cuvette with 1 mL of phosphate saline buffer (PBS). The solution was analyzed every 20 min for 2 h and then every 30 min for three days using a Cary60 spectrophotometer, equipped with the multicell holder (Agilent Technologies), collecting the spectra from 800 to 230 nm. The cuvette was then set in a dark room and analyzed again after 10 days, prior to homogenization by manual stirring. For each time collected, the baseline was corrected, assuming linear interpolation between the absorbances at 400 and 550 nm to estimate the value at 495 nm. A blank control experiment was carried out using bare chitin. Each condition was carried out in duplicate.




4.5. UV-Vis Spectroscopy and Confocal Microscopy


UV-Vis spectra of chitin samples were collected between 250 and 650 nm with a 1 nm resolution, and an average time of 0.1 s.



Confocal microscopy imaging was performed using an NIS-Elements C, Nikon, and exciting the sample using a 489.3 nm laser. The 512 × 512 images were acquired at a pixel size of 0.62 μm (optical resolution of 0.25 μm) and a Z step of 0.35 μm.




4.6. X-ray Diffraction and Infrared Spectroscopy


Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) spectra were collected using a Nicolet IS10 spectrophotometer equipped with a germanium crystal ATR accessory. The spectra were obtained with 2 cm−1 resolution and 100 scans. Omnic software (Thermo Electron Corp., Woburn, MA) was used for data processing and baseline correction.



X-ray diffraction (XRD) patterns were collected using a PanAnalytical X’Pert Pro equipped with X’Celerator detector powder diffractometer using a Cu Kα radiation generated at 40 kV and 40 mA (λ = 1.54056 Å). The diffraction patterns were collected within the 2θ range from 4 ° to 25 ° with a step size (Δ2θ) of 0.05 ° and a counting time of 180 s. The chitin samples were analyzed by orienting the X-ray radiation plane parallel to the fibril orientation.



XRD and FTIR measurements were carried out in duplicate on two independent samples.




4.7. Scanning Electron Microscopy


SEM images were acquired with a Leica Cambridge Stereoscan 360 scanning electron microscope equipped with an Everhart and Thornley SE detector. The images were collected using a tension of 20 kV. For SEM, the wet specimens were lyophilized, eventually cut with a scalpel to expose the section, glued on carbon tape, dried overnight in a desiccator, and coated with 20 nm of gold layer prior to imaging them.




4.8. Uniaxial Tensile Tests


Monotonic uniaxial tensile tests were performed using a universal testing machine (mod. 4465 with Series IX software, Instron) and dedicated grips. Prior to analysis, each sample was hydrated in water for 24 h. While hydrated, each sample was cut in a proper dimension using scissors and tested. The actual width and thickness of each hydrated sample were measured before testing them using a SM-LUX POL microscope collecting images with a 5.0 MP digital camera (Motic Moticam 5+). The images were analyzed using ImageJ. Each sample was about 50–60 mm long, 6 mm wide, and 30–70 µm thick (the thickness varied between samples, because of the intrinsic variability of the initial biological samples). The samples were connected to the instrument, leaving a free length of about 40–50 mm between the clamps. The tests were performed with an actuator speed of 5 mm·min−1 (resulting in a strain rate of about 0.2%·sec−1) at room temperature. As the curves were rather linear until failure started, the following parameters could be calculated, taking into account the actual dimensions of each specimen:




	
Young’s modulus of elasticity: defined as the slope of the linear part of the stress-strain curve (usually between 30% and 80% of the maximum strain) and calculated using linear interpolation (R2 ≥ 0.99). The portion of this region considered was reduced in case changes in the linearity were observed; in this case, only the initial linear region was considered;



	
Maximum stress and strain.








At least five specimens were tested for each group. Slipping, early breakage, or inhomogeneity in data were not observed in the samples examined. Statistical analyses were performed using a t-test (ν = 8, p = 0.05).





5. Conclusions


A new route based on a one-step supramolecular functionalization of polysaccharide-based matrices in an aqueous solution is proposed. The idea builds upon the use of lectins, proteins with high affinities and specificities for polysaccharides, as linkers for functionalization. The validity of this new method was proved using WGA, a lectin, tagged with FITC, and a deproteinized squid pen, as a β-chitin hierarchically-organized matrix. This approach has several advantages over classical chemical functionalization: (i) a protein platform offers different chemical groups allowing an easy route for the functionalization of the material, especially when compared to a polysaccharide; (ii) the chemical functionalization of the protein occurs in the homo-phase, instead of the hetero-phase used for materials; (iii) lectins are strongly specific for polysaccharides, making the supramolecular functionalization homogeneous and highly selective; (iv) the polysaccharide supramolecular functionalization can occur in water and physiological environments. In addition, the separation of the lectin chemical functionalization and the polysaccharide supramolecular functionalization in two different steps allows the use of sensitive chemical moieties on the lectin without precluding the use of harsh treatments in the preparation of the polysaccharide matrix.



As proven in this study, the use of a supramolecular functionalization guarantees additional important benefits compared to a covalent interaction, i.e., it (i) does not alter the crystal structure of the target material; (ii) does not modify the texture or hierarchical organization of the matrix, even at the nanoscale; (iii) does not affect the interaction among polymer fibrils, leading to no changes in the material properties (i.e., mechanical properties). The complex formed appears very stable, with 93% of the lectin bound to the matrix after 10 days in solution. This slight loss of lectin might find important application in drug delivery (mainly due to the very slow-release kinetics). Moreover, since the functionalization can occur in a wide range of water-based environments, the matrix could be reloaded with the functionalized lectin. This allows an increase in the functionalization yield if necessary as well as the possibility to change the functionalization of the matrix directly in situ.



In conclusion, this methodology opens a landscape of possibilities in polysaccharide material science, especially in exploiting biogenic matrices, and can find application in almost every research field, including the medical field.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules27175633/s1, details on the synthesis and characterization of the WGA-FITC, and the WGA-FITC functionalized scaffold, the confocal analysis of the control sample, the desorption kinetic, the stress-strain curve of the mechanical tests, and the FTIR absorption band positions. Reference [73] is cited in the supplementary materials.





Author Contributions


Methodology, formal analysis, investigation, data curation, D.M. and M.D.G.; conceptualization, writing—original draft preparation, D.M.; resources, supervision, funding acquisition, M.C. and G.F.; validation, writing—review and editing, D.M., M.D.G., M.C. and G.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors thank Davide Paci for assisting in the preparation of the samples.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Klemm, D.; Heublein, B.; Fink, H.P.; Bohn, A. Cellulose: Fascinating biopolymer and sustainable raw material. Angew. Chem. Int. Ed. 2005, 44, 3358–3393. [Google Scholar] [CrossRef] [PubMed]

	



Jeuniaux, C.; Voss-Foucart, M.F. Chitin biomass and production in the marine environment. Biochem. Syst. Ecol. 1991, 19, 347–356. [Google Scholar] [CrossRef]

	



Keyhani, N.O.; Roseman, S. Physiological aspects of chitin catabolism in marine bacteria. Biochim. Biophys. Acta Gen. Subj. 1999, 1473, 108–122. [Google Scholar] [CrossRef]

	



Yeul, V.S.; Rayalu, S.S. Unprecedented Chitin and Chitosan: A Chemical Overview. J. Polym. Environ. 2013, 21, 606–614. [Google Scholar] [CrossRef]

	



International Institute for Species Exploration. State of Observed Species; Arizona State University: Tempe, AZ, USA, 2011. [Google Scholar]

	



Wang, S.; Ni, L.; Fu, X.; Duan, D.; Xu, J.; Gao, X. A Sulfated Polysaccharide from Saccharina japonica Suppresses LPS-Induced Inflammation Both in a Macrophage Cell Model via Blocking MAPK/NF-κB Signal Pathways In Vitro and a Zebrafish Model of Embryos and Larvae In Vivo. Mar. Drugs 2020, 18, 593. [Google Scholar] [CrossRef]

	



Vorwerk, S.; Somerville, S.; Somerville, C. The role of plant cell wall polysaccharide composition in disease resistance. Trends Plant Sci. 2004, 9, 203–209. [Google Scholar] [CrossRef]

	



Goa, K.L.; Benfield, P. Hyaluronic Acid: A Review of its Pharmacology and Use as a Surgical Aid in Ophthalmology, and its Therapeutic Potential in Joint Disease and Wound Healing. Drugs 1994, 47, 536–566. [Google Scholar] [CrossRef]

	



Segmehl, J.S.; Studer, V.; Keplinger, T.; Burgert, I. Characterization of wood derived hierarchical cellulose scaffolds for multifunctional applications. Materials 2018, 11, 517. [Google Scholar] [CrossRef]

	



Vignolini, S.; Rudall, P.J.; Rowland, A.V.; Reed, A.; Moyroud, E.; Faden, R.B.; Baumberg, J.J.; Glover, B.J.; Steiner, U. Pointillist structural color in Pollia fruit. Proc. Natl. Acad. Sci. USA 2012, 109, 15712–15715. [Google Scholar] [CrossRef]

	



Vignolini, S.; Gregory, T.; Kolle, M.; Lethbridge, A.; Moyroud, E.; Steiner, U.; Glover, B.J.; Vukusic, P.; Rudall, P.J. Structural colour from helicoidal cell-wall architecture in fruits of Margaritaria nobilis. J. R. Soc. Interface 2016, 13, 1–6. [Google Scholar] [CrossRef]

	



Thielen, M.; Schmitt, C.N.Z.; Eckert, S.; Speck, T.; Seidel, R. Structure-function relationship of the foam-like pomelo peel (Citrus maxima)—An inspiration for the development of biomimetic damping materials with high energy dissipation. Bioinspiration Biomim. 2013, 8, 025001. [Google Scholar] [CrossRef] [PubMed]

	



Chen, P.Y.; Lin, A.Y.M.; McKittrick, J.; Meyers, M.A. Structure and mechanical properties of crab exoskeletons. Acta Biomater. 2008, 4, 587–596. [Google Scholar] [CrossRef] [PubMed]

	



Ehrlich, H.; Krautter, M.; Hanke, T.; Simon, P.; Knieb, C.; Heinemann, S.; Worch, H. First Evidence of the Presence of Chitin in Skeletons of Marine Sponges. Part II. Glass Sponges (Hexactinellida: Porifera). J. Exp. Zool. Part B Mol. Dev. Evol. 2007, 308B, 473–483. [Google Scholar] [CrossRef] [PubMed]

	



Ehrlich, H.; Maldonado, M.; Spindler, K.; Eckert, C.; Hanke, T.; Born, R.; Goebel, C.; Simon, P.; Heinemann, S.; Worch, H. First Evidence of Chitin as a Component of the Skeletal Fibers of Marine Sponges. Part I. Verongidae (Demospongia: Porifera). J. Exp. Zool. Part B Mol. Dev. Evol. 2007, 308B, 347–356. [Google Scholar] [CrossRef]

	



Montroni, D.; Zhang, X.; Leonard, J.; Kaya, M.; Amemiya, C.; Falini, G.; Rolandi, M. Structural characterization of the buccal mass of Ariolimax californicus (Gastropoda; Stylommatophora). PLoS ONE 2019, 14, e0212249. [Google Scholar] [CrossRef] [PubMed]

	



Montroni, D.; Sparla, F.; Fermani, S.; Falini, G. Influence of proteins on mechanical properties of a natural chitin-protein composite. Acta Biomater. 2021, 120, 81–90. [Google Scholar] [CrossRef]

	



Huang, W.; Montroni, D.; Wang, T.; Murata, S.; Arakaki, A.; Nemoto, M.; Kisailus, D. Nanoarchitected Tough Biological Composites from Assembled Chitinous Scaffolds. Acc. Chem. Res. 2022, 55, 1360–1371. [Google Scholar] [CrossRef]

	



Weaver, J.C.; Milliron, G.W.; Miserez, A.; Evans-lutterodt, K.; Herrera, S.; Gallana, I.; Mershon, W.J.; Swanson, B.; Zavattieri, P.; Dimasi, E.; et al. The Stomatopod Dactyl Club: A Formidable Damage-Tolerant Biological Hammer. Science 2012, 336, 1275–1280. [Google Scholar] [CrossRef]

	



Miserez, A.; Schneberk, T.; Sun, C.; Zok, F.W.; Waite, J.H. The Transition from Stiff to Compliant Materials in Squid Beaks. Science 2008, 319, 1816–1819. [Google Scholar] [CrossRef]

	



Chung, K.; Yu, S.; Heo, C.J.; Shim, J.W.; Yang, S.M.; Han, M.G.; Lee, H.S.; Jin, Y.; Lee, S.Y.; Park, N.; et al. Flexible, angle-independent, structural color reflectors inspired by morpho butterfly wings. Adv. Mater. 2012, 24, 2375–2379. [Google Scholar] [CrossRef]

	



Caveney, S. Cuticle reflectivity and optical activity in scarab beetles: The role of uric acid. Proc. R. Soc. Lond. B 1971, 178, 205–225. [Google Scholar] [CrossRef] [PubMed]

	



Wan, A.C.A.; Tai, B.C.U. Chitin—A promising biomaterial for tissue engineering and stem cell technologies. Biotechnol. Adv. 2013, 31, 1776–1785. [Google Scholar] [CrossRef] [PubMed]

	



Andres, Y.; Giraud, L.; Gerente, C.; Cloirec, P. Le Antibacterial Effects of Chitosan Powder: Mechanisms of Action. Environ. Technol. 2007, 28, 1357–1363. [Google Scholar] [CrossRef] [PubMed]

	



Semenzato, A.; Costantini, A.; Baratto, G. Green polymers in personal care products: Rheological properties of tamarind seed polysaccharide. Cosmetics 2015, 2, 1–10. [Google Scholar] [CrossRef]

	



Magnabosco, G.; Ianiro, A.; Stefani, D.; Soldà, A.; Rapino, S.; Falini, G.; Calvaresi, M. Doxorubicin-Loaded Squid Pen Plaster: A Natural Drug Delivery System for Cancer Cells. ACS Appl. Bio Mater. 2020, 3, 1514–1519. [Google Scholar] [CrossRef]

	



Montroni, D.; Kobayashi, T.; Hao, T.; Lublin, D.; Yoshino, T.; Kisailus, D. Direct Ink Write Printing of Chitin-Based Gel Fibers with Customizable Fibril Alignment, Porosity, and Mechanical Properties for Biomedical Applications. J. Funct. Biomater. 2022, 13, 83. [Google Scholar] [CrossRef]

	



Agulló, E.; Rodríguez, M.S.; Ramos, V.; Albertengo, L. Present and future role of chitin and chitosan in food. Macromol. Biosci. 2003, 3, 521–530. [Google Scholar] [CrossRef]

	



Srinivasa, P.C.; Tharanathan, R.N. Chitin/chitosan—Safe, ecofriendly packaging materials with multiple potential uses. Food Rev. Int. 2007, 23, 53–72. [Google Scholar] [CrossRef]

	



Ifuku, S.; Ikuta, A.; Egusa, M.; Kaminaka, H.; Izawa, H.; Morimoto, M.; Saimoto, H. Preparation of high-strength transparent chitosan film reinforced with surface-deacetylated chitin nanofibers. Carbohydr. Polym. 2013, 98, 1198–1202. [Google Scholar] [CrossRef]

	



Daubert, L.N.; Brennan, R.A. Passive Remediation of Acid Mine Drainage Using Crab Shell Chitin. Environ. Eng. Sci. 2007, 24, 1475–1480. [Google Scholar] [CrossRef]

	



Arun Kumar, R.; Sivashanmugam, A.; Deepthi, S.; Iseki, S.; Chennazhi, K.P.; Nair, S.V.; Jayakumar, R. Injectable chitin-poly(ε-caprolactone)/nanohydroxyapatite composite microgels prepared by simple regeneration technique for bone tissue engineering. ACS Appl. Mater. Interfaces 2015, 7, 9399–9409. [Google Scholar] [CrossRef] [PubMed]

	



Pirnazar, P.; Wolinsky, L.; Nachnani, S.; Haake, S.; Pilloni, A.; Bernard, G.W. Bacteriostatic Effects of Hyaluronic Acid. J. Periodontol. 1999, 70, 370–374. [Google Scholar] [CrossRef] [PubMed]

	



Nishiyama, Y. Structure and properties of the cellulose microfibril. J. Wood Sci. 2009, 55, 241–249. [Google Scholar] [CrossRef]

	



Moon, R.J.; Martini, A.; Nairn, J.; Simonsen, J.; Youngblood, J. Cellulose Nanomaterials Review: Structure, Properties and Nanocomposites. Chem. Soc. Rev. 2011, 40, 3941–3994. [Google Scholar] [CrossRef] [PubMed]

	



Khor, E. Chitin: Fulfilling a Biomaterials Promise; Elsevier: Amsterdam, The Netherlands, 2014. [Google Scholar]

	



Benhabiles, M.S.; Salah, R.; Lounici, H.; Drouiche, N.; Goosen, M.F.A.; Mameri, N. Antibacterial activity of chitin, chitosan and its oligomers prepared from shrimp shell waste. Food Hydrocoll. 2012, 29, 48–56. [Google Scholar] [CrossRef]

	



Fouda, M.M.G.; Hrdina, R.; Abdel-Rahman, R.M.; Soliman, A.Y.; Mohamed, F.K.; Abdel-Mohsen, A.M.; Mohsin, K.; Pinto, T.D. Chitin and chitosan from Brazilian Atlantic Coast: Isolation, characterization and antibacterial activity. Int. J. Biol. Macromol. 2015, 80, 107–120. [Google Scholar] [CrossRef]

	



Ogawa, Y.; Hori, R.; Kim, U.J.; Wada, M. Elastic modulus in the crystalline region and the thermal expansion coefficients of α-chitin determined using synchrotron radiated X-ray diffraction. Carbohydr. Polym. 2011, 83, 1213–1217. [Google Scholar] [CrossRef]

	



Vincent, J.F.V.; Wegst, U.G.K. Design and mechanical properties of insect cuticle. Arthropod Struct. Dev. 2004, 33, 187–199. [Google Scholar] [CrossRef]

	



Montroni, D. Hierarchically Organized Chitin-Based Matrices. Ph.D. Thesis, University of Bologna, Bologna, Italy, 2020. [Google Scholar]

	



Koschella, A.; Fenn, D.; Illy, N.; Heinze, T. Regioselectively functionalized cellulose derivatives: A mini review. Macromol. Symp. 2006, 244, 59–73. [Google Scholar] [CrossRef]

	



Masina, N.; Choonara, Y.E.; Kumar, P.; du Toit, L.C.; Govender, M.; Indermun, S.; Pillay, V. A review of the chemical modification techniques of starch. Carbohydr. Polym. 2017, 157, 1226–1236. [Google Scholar] [CrossRef]

	



Kim, J.; Lee, C.; Ryu, J.H. Adhesive catechol-conjugated hyaluronic acid for biomedical applications: A mini review. Appl. Sci. 2021, 11, 21. [Google Scholar] [CrossRef]

	



Jedvert, K.; Heinze, T. Cellulose modification and shaping—A review. J. Polym. Eng. 2017, 37, 845–860. [Google Scholar] [CrossRef]

	



Montroni, D.; Palanca, M.; Morellato, K.; Fermani, S.; Cristofolini, L.; Falini, G. Hierarchical chitinous matrices byssus-inspired with mechanical properties tunable by Fe (III) and oxidation. Carbohydr. Polym. 2021, 251, 116984. [Google Scholar] [CrossRef] [PubMed]

	



Martin, L.; Wilson, C.G.; Koosha, F.; Tetley, L.; Gray, A.I.; Senel, S.; Uchegbu, I.F. The release of model macromolecules may be controlled by the hydrophobicity of palmitoyl glycol chitosan hydrogels. J. Control. Release 2002, 80, 87–100. [Google Scholar] [CrossRef]

	



Mi, F.L.; Shyu, S.S.; Chen, C.T.; Lai, J.Y. Adsorption of indomethacin onto chemically modified chitosan beads. Polymer 2002, 43, 757–765. [Google Scholar] [CrossRef]

	



Macquarrie, D.J.; Hardy, J.J.E. Applications of functionalized chitosan in catalysis. Ind. Eng. Chem. Res. 2005, 44, 8499–8520. [Google Scholar] [CrossRef]

	



Jayakumar, R.; Nair, A.; Rejinold, N.S.; Maya, S.; Nair, S.V. Doxorubicin-loaded pH-responsive chitin nanogels for drug delivery to cancer cells. Carbohydr. Polym. 2012, 87, 2352–2356. [Google Scholar] [CrossRef]

	



Montroni, D.; Fermani, S.; Morellato, K.; Torri, G.; Naggi, A.; Cristofolini, L.; Falini, G. β-Chitin samples with similar microfibril arrangement change mechanical properties varying the degree of acetylation. Carbohydr. Polym. 2019, 207, 26–33. [Google Scholar] [CrossRef]

	



Zhang, K.; Geissler, A.; Fischer, S.; Brendler, E.; Bäücker, E. Solid-state spectroscopic characterization of α-chitins deacetylated in homogeneous solutions. J. Phys. Chem. B 2012, 116, 4584–4592. [Google Scholar] [CrossRef]

	



Nicholls, T.J.; Green, K.L.; Rogers, D.J.; Cook, J.D.; Wolowacz, S.; Smart, O.D. Lectins in ocular drug delivery: An investigation of lectin binding sites on the corneal and conjunctival surfaces. Int. J. Pharm. 1996, 138, 175–183. [Google Scholar] [CrossRef]

	



Hilder, V.A.; Powell, K.S.; Gatehouse, A.M.R.; Gatehouse, J.A.; Gatehouse, L.N.; Shi, Y.; Hamilton, W.D.O.; Merryweather, A.; Newell, C.A.; Timans, J.C.; et al. Expression of snowdrop lectin in transgenic tobacco plants results in added protection against aphids. Transgenic Res. 1995, 4, 18–25. [Google Scholar] [CrossRef]

	



Peumans, W.J.; Van Damme, E.J. Lectins as plant defense proteins. Plant Physiol. 1995, 109, 347–352. [Google Scholar] [CrossRef] [PubMed]

	



Peumans, W.J.; Van Damme, E.J.M. The role of lectins in plant defence. Histochem. J. 1995, 27, 253–271. [Google Scholar] [CrossRef] [PubMed]

	



Goldstein, I.J.; Winter, H.C.; Poretz, R.D. Plant Lectins: Tools for the Study of Complex Carbohydrates; Elsevier: Amsterdam, The Netherlands, 1997; Chapter 12; pp. 403–474. [Google Scholar]

	



Dige, I.; Tawakoli, P.N.; Rey, Y.C.D.; Lund, M.B.; Schramm, A.; Schlafer, S. Fluorescence lectin binding analysis of carbohydrate componentsindental biofilms grown in situ in the presence or absence of sucrose. Mol. Oral Microbiol. 2022, 1–10. [Google Scholar] [CrossRef]

	



Cantelli, A.; Piro, F.; Pecchini, P.; Di Giosia, M.; Danielli, A.; Calvaresi, M. Concanavalin A-Rose Bengal bioconjugate for targeted Gram-negative antimicrobial photodynamic therapy. J. Photochem. Photobiol. B Biol. 2020, 206, 111852. [Google Scholar] [CrossRef]

	



Wang, Y.C.; Kao, S.H.; Hsieh, H.J. A chemical surface modification of chitosan by glycoconjugates to enhance the cell—Biomaterial interaction. Biomacromolecules 2003, 4, 224–231. [Google Scholar] [CrossRef]

	



Teuschlab, A.H.; Neutschc, L.; Monforteab, X.; Rünzlerab, D.; van Griensven, M.; Franz, G.; Redl, H. Enhanced cell adhesion on silk fibroin via lectin surface modification. Acta Biomater. 2014, 10, 2506–2517. [Google Scholar] [CrossRef]

	



Itakura, Y.; Nakamura-Tsuruta, S.; Kominami, J.; Tateno, H.; Hirabayashi, J. Sugar-binding profiles of chitin-binding lectins from the hevein family: A comprehensive study. Int. J. Mol. Sci. 2017, 18, 1160. [Google Scholar] [CrossRef]

	



Kristiarisen, A.; Nysaæer, Å.; Grasdalen, H.; Vårum, K.M. Quantitative studies of the binding of wheat germ agglutinin (WGA) to chitin-oligosaccharides and partially N-acetylated chitosans suggest inequivalence of binding sites. Carbohydr. Polym. 1999, 38, 23–32. [Google Scholar] [CrossRef]

	



Bains, G.; Lee, R.T.; Lee, Y.C.; Freire, E. Microcalorimetric Study of Wheat Germ Agglutinin Binding to N-Acetylglucosamine and Its Oligomers. Biochemistry 1992, 31, 12624–12628. [Google Scholar] [CrossRef]

	



Bojar, D.; Meche, L.; Meng, G.; Eng, W.; Smith, D.F.; Cummings, R.D.; Mahal, L.K. A Useful Guide to Lectin Binding: Machine-Learning Directed Annotation of 57 Unique Lectin Specificities. ACS Chem. Biol. 2022. [Google Scholar] [CrossRef] [PubMed]

	



Wittmann, V.; Pieters, R.J. Bridging lectin binding sites by multivalent carbohydrates. Chem. Soc. Rev. 2013, 42, 4492–4503. [Google Scholar] [CrossRef]

	



Weber, M.; Bujotzek, A.; Haag, R. Quantifying the rebinding effect in multivalent chemical ligand-receptor systems. J. Chem. Phys. 2012, 137, 054111. [Google Scholar] [CrossRef] [PubMed]

	



Hermanson, G. Bioconjugate Techniques; Elsevier: Amsterdam, The Netherlands, 2013; ISBN 9780123822406. [Google Scholar]

	



Yang, F.C.; Peters, R.D.; Dies, H.; Rheinstädter, M.C. Hierarchical, self-similar structure in native squid pen. Soft Matter 2014, 10, 5541–5549. [Google Scholar] [CrossRef] [PubMed]

	



Hunt, S.; El Sherief, A. A periodic structure in the “pen” chitin of the squid Loligo vulgaris. Tissue Cell 1990, 22, 191–197. [Google Scholar] [CrossRef]

	



Ianiro, A.; Giosia, M.; Fermani, S.; Samorì, C.; Barbalinardo, M.; Valle, F.; Pellegrini, G.; Biscarini, F.; Zerbetto, F.; Calvaresi, M.; et al. Customizing Properties of β-Chitin in Squid Pen (Gladius) by Chemical Treatments. Mar. Drugs 2014, 12, 5979–5992. [Google Scholar] [CrossRef]

	



Montroni, D.; Marzec, B.; Valle, F.; Nudelman, F.; Falini, G. β-Chitin Nanofibril Self-Assembly in Aqueous Environments. Biomacromolecules 2019, 20, 2421–2429. [Google Scholar] [CrossRef]

	



Marchessault, R.H.; Pearson, F.G.; Liang, C.Y. Infrared spectra of crystalline polysaccharides. V. Chitin. J. Polym. Sciece 1960, 43, 101–116. [Google Scholar] [CrossRef]

	



Jang, M.K.; Kong, B.G.; Jeong, Y.-I.; Lee, C.H.; Nah, J.W. Physicochemical characterization of α-chitin, β-chitin, and γ-chitin separated from natural resources. J. Polym. Sci. Part A Polym. Chem. 2004, 42, 3423–3432. [Google Scholar] [CrossRef]

	



Barbalinardo, M.; Biagetti, M.; Valle, F.; Cavallini, M.; Falini, G.; Montroni, D. Green Biocompatible Method for the Synthesis of Collagen/Chitin Composites to Study Their Composition and Assembly Influence on Fibroblasts Growth. Biomacromolecules 2021, 22, 3357–3365. [Google Scholar] [CrossRef]

	



Montroni, D.; Leonard, J.; Rolandi, M.; Falini, G. Morphology and organization of the internal shell of Ariolimax californicus (Gastropoda; Stylommatophora), an asymmetric two-face biomineralized matrix. J. Struct. Biol. 2021, 213, 107764. [Google Scholar] [CrossRef] [PubMed]

	



Gardner, K.H.; Blackwell, J. Refinement of the Structure of β-Chitin. Biopolymers 1975, 14, 1581–1595. [Google Scholar] [CrossRef] [PubMed]

	



Gallego, R.; Arteaga, J.F.; Valencia, C.; Franco, J.M. Isocyanate-functionalized chitin and chitosan as gelling agents of castor oil. Molecules 2013, 18, 6532–6549. [Google Scholar] [CrossRef] [PubMed]

	



Machałowski, T.; Czajka, M.; Petrenko, I.; Meissner, H.; Schimpf, C.; Rafaja, D.; Ziętek, J.; Dzięgiel, B.; Adaszek, Ł.; Voronkina, A.; et al. Functionalization of 3D chitinous skeletal scaffolds of sponge origin using silver nanoparticles and their antibacterial properties. Mar. Drugs 2020, 18, 304. [Google Scholar] [CrossRef] [PubMed]

	



Rinaudo, M. Chitin and chitosan: Properties and applications. Prog. Polym. Sci. 2006, 31, 603–632. [Google Scholar] [CrossRef]

	



Sawada, D.; Nishiyama, Y.; Langan, P.; Forsyth, V.T.; Kimura, S.; Wada, M. Water in crystalline fibers of dihydrate β-chitin results in unexpected absence of intramolecular hydrogen bonding. PLoS ONE 2012, 7, e39376. [Google Scholar] [CrossRef]

	



Kobayashi, K.; Kimura, S.; Togawa, E.; Wada, M. Crystal transition between hydrate and anhydrous β-chitin monitored by synchrotron X-ray fiber diffraction. Carbohydr. Polym. 2010, 79, 882–889. [Google Scholar] [CrossRef]

	



Trabelsi, S.; Albouy, P.A.; Rault, J. Crystallization and melting processes in vulcanized stretched natural rubber. Macromolecules 2003, 36, 7624–7639. [Google Scholar] [CrossRef]

	



Ciullo, P.A.; Hewitt, N. The Rubber Formulary. Compd. Mater. 1999, 764, 4–49. [Google Scholar] [CrossRef]

	



Krejsa, M.R.; Koenig, J.L. Solid State Carbon-13 NMR Studies of Elastomers. XL N-t-Butyl Benzothiazole Sulfenimide Accelerated Sulfur Vulcanization of cis-Polyisoprene at 75 MHz. Rubber Chem. Technol. 1993, 66, 73–82. [Google Scholar] [CrossRef]

	



Portillo-Téllez, M.D.C.; Bello, M.; Salcedo, G.; Gutiérrez, G.; Gómez-Vidales, V.; García-Hernández, E. Folding and homodimerization of wheat germ agglutinin. Biophys. J. 2011, 101, 1423–1431. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 27 05633 g001 550] 





Figure 1. Camera images of the matrices. Camera picture of a chitin sample (control, left) and a WGA-FITC treated chitin sample (right) viewed in daylight (top) and under a UV lamp (365 nm; bottom), each sample is about 5 mm large. 
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Figure 2. UV-Vis spectroscopic analyses of the matrix. (A) UV-Vis spectra of the blank control (black line) and the WGA-FITC treated (green line) chitin samples. The confocal analyses of a wet WGA-FITC treated sample are shown, and both the (B) 3D model and (C) sections along different planes are reported. 
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Figure 3. Structural and morphological analyses of the matrix. (A) FTIR, (B) XRD, and (C) SEM analyses of the blank chitin control (black line) and the WGA-FITC-treated chitin samples (green line). Surface image magnification is 800X and the cross-section image magnification is 1000X. 
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Table 1. Crystallographic and mechanical data of the blank control and the WGA-treated samples. Diffraction peaks were indexed according to Gardner and Blackwell (1975) [77]; (010)/100) refers to a ratio between the intensities of the two peaks. Tensile tests were carried out using WGA not functionalized with FITC.
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Control

	
WGA






	
XRD

	
(010)/°

	
8.3

	
±

	
0.2

	
8.1

	
±

	
0.1




	
FWHM (010)/°

	
1.72

	
±

	
0.06

	
2.48

	
±

	
0.06




	
(100)/°

	
19.7

	
±

	
0.1

	
19.72

	
±

	
0.03




	
FWHM (100)/°

	
1.81

	
±

	
0.06

	
2.56

	
±

	
0.06




	
(010)/(100)

	
0.75

	
±

	
0.09

	
0.69

	
±

	
0.04




	
Tensile tests

	
Max strain/%

	
1.3

	
±

	
0.4

	
2.0

	
±

	
0.8




	
Max stress/MPa

	
87

	
±

	
23

	
95

	
±

	
32




	
Young’s modulus/MPa

	
108

	
±

	
33

	
80

	
±

	
39
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