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Editorial on the Research Topic
Fibrous Assemblies: From Synthesis and Nanostructure Characterization to Materials Development and Application

Fibrous assemblies are ubiquitous in living organisms, providing mechanical stability, elasticity and conservation of shape from cells to tissue and the full organism. In the human body, microtubules and actin filaments shape cells through the cytoskeleton and support the long projected axons of neurons. Collagen is the most abundant extracellular matrix protein in mammals. This structural protein is an important component, responsible for the unique mechanical properties of skin, tendon, cornea, cartilage, and bone. Elastin is responsible for the elastic properties of connective tissue. Actin and myosin filaments are basic components of skeletal muscle fibres. These amazing tissue materials have for a very long time inspired scientists to develop various biomimetic materials and to utilise such materials in tissue engineering. Other than physiological function, fibrous assemblies in our body can also be pathogenic. For example, the formation of peptide amyloid fibrils in the brain is associated with a number of different neurodegenerative diseases, the two most common of which being Alzheimer’s disease and Parkinson’s disease. Understanding these natural fibrous assemblies, on a fundamental level, is thus important for the development of biocompatible and biomimetic materials for a diverse range of clinical indication and to combat neurodegenerative diseases.
In the research topic Fibrous Assemblies: From Synthesis and Nanostructure Characterization to Materials Development and Application, research advances and limitations of fibrous assemblies are discussed. In a way, this research topic goes very much back to Leonardo da Vinci’s work 600 years ago, and this is the reason for our choice of the figure which illustrates the topic. Leonardo was, fascinated by bones and muscles, and interested in analysing the human body in mechanical terms. In the winter of 1,510–1,511, he participated in a number of autopsies at the University of Pavia, from which he skilfully produced many beautiful and fundamental tutorial drawings that also tell us how close Leonardo actually came to today’s modern medical thinking. Contributions to the topic cover different aspects of fibrous assemblies, ranging from their characterisation to contribution to reparative medicine and disease manifestation and progression. Fichman and Schneider discuss ways to increase the mechanical rigidity of supramolecular peptide-based gel systems using Frémy’s salt (). Liu et al. assess in vivo fibrous collagen dura substitutes. Nitti et al. demonstrate the potential of a magnesium doped hydroxyapatite/collagen scaffold in bone tissue engineering . Balasco et al. present a comprehensive review of amyloid-like aggregation in disease and biomaterials. Ozsvar et al. and Rodriguez-Cabello et al. provide a comprehensive review in tropoelastin and elastin assembly and the use of elastin-based biomaterials in regenerative medicine. Salvatore et al. discuss the utilisation of collagen-based materials in tissue repair and regeneration. Rizzo et al. investigates the behaviour of degummed silk fibroin in the presence of lanthanide ions. In a more fundamental level, Narayanan et al. conduct multiscale structural analysis of peptide nanotubes using X-Ray scattering methods and investigate amyloid peptide nanotube assembly using SAXS/WAXS methods (Narayanan et al.). Evidently, fibrous assemblies are fundamental in tissue genesis, disease and repair. Understanding the mechanism involved in these processes will enable us to develop tissue-specific facsimiles with enhanced therapeutic capacity.
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Peptide-based supramolecular gels are an important class of biomaterials that can be used for biomedical applications ranging from drug delivery to tissue engineering. Methodology that allows one to readily modulate the mechanical properties of these gels will allow yet even a broader range of applications. Frémy's salt is an inorganic salt and long-lived free radical that is known to oxidize phenols. Herein, we show that Frémy's salt can be used to dramatically increase the mechanical rigidity of hydrogels formed by tyrosine-containing self-assembling β-hairpin peptides. When Frémy's salt is added to pre-formed gels, it converts tyrosine residues to o-quinones that can subsequently react with amines present within the lysine side chains of the assembled peptide. This results in the installation of chemical crosslinks that reinforce the gel matrix. We characterized the unoxidized and oxidized gel systems using UV-Vis, transmission electron microscopy and rheological measurements and show that Frémy's salt increases the gel rigidity by nearly one order of magnitude, while retaining the gel's shear-thin/recovery behavior. Thus, Frémy's salt represents an on-demand method to modulate the mechanical rigidity of peptide-based self-assembled gels.

Keywords: hydrogel, peptide, self-assembly, Frémy's salt, crosslinking, quinone


INTRODUCTION

Hydrogels are considered promising biomaterials for various biomedical and biotechnological applications (Kopecek and Yang, 2007). Peptide-based supramolecular hydrogels formed by self-assembly (Fichman and Gazit, 2014; Du et al., 2015; Draper and Adams, 2017; Raymond and Nilsson, 2018; Li et al., 2019) represent one class that has been proven to be suitable for applications such as drug delivery (Li and Mooney, 2016; Li et al., 2016; Majumder et al., 2018), wound healing (Carrejo et al., 2018; Zhou et al., 2019; Thota et al., 2020), and tissue engineering, serving as extracellular matrix mimetics for cell growth and differentiation (Kisiday et al., 2002; Jayawarna et al., 2009; Collier et al., 2010; Alakpa et al., 2016; Ghosh et al., 2017; Hellmund and Koksch, 2019). In specific applications, the ability to modulate and fine tune the mechanical properties of these gels is highly desirable. For example, Alakpa et al. have shown that tuning the hydrogel stiffness can direct perivascular stem cell differentiation, where the expression of neural, chondrogenic, or osteogenic markers were observed according to gel rigidity (1, 13, and 32 kPa, respectively) (Alakpa et al., 2016). Indeed, the ability to modify the mechanical properties of peptide-gels has become an impetus in peptide molecular design (Pashuck et al., 2010; Geisler and Schneider, 2012; Micklitsch et al., 2015; Clarke et al., 2018; Basavalingappa et al., 2019; Hiew et al., 2019). Moreover, efforts have been made to improve the mechanical properties of established supramolecular peptide-based gels, focusing mainly in developing methods to enhance the mechanical rigidity of the gel, as these gels are typically only moderately stiff (Yan and Pochan, 2010; Li et al., 2014). Such efforts include, among others, the introduction of crosslinks into the gel network (Hu et al., 2019) using physical (Greenfield et al., 2010; DiMaio et al., 2017; Bairagi et al., 2019; Scelsi et al., 2019), enzymatic (Bakota et al., 2011; Li et al., 2013), or chemical (Seow and Hauser, 2013; Khalily et al., 2015) crosslinking mechanisms. Interestingly, only limited success has been reported for chemical crosslinking of peptide-based gels (Li et al., 2014). However, one example was recently described by Wang and co-workers, who used a photocrosslinking approach to improve the mechanical stability of tyrosine-containing gels, based on the ruthenium complex (Ru(bpy)3Cl2)-catalyzed conversion of tyrosine to di-tyrosine that occurs upon light irradiation (Ding et al., 2013). Since tyrosine-containing peptide materials are widely used in various applications (Lee et al., 2019), we wanted to further expand the arsenal of chemical crosslinking strategies that exploit the intrinsic chemistry of phenolic tyrosine. Here, we present a simple in vitro post-self-assembly approach to introduce covalent crosslinks into the gel network using potassium nitrosodisulfonate (Frémy's salt), Figure 1A, a long-lived free radical that has been used to chemically convert tyrosine to reactive o-quinone for many decades (Zimmer et al., 1971). The use of Frémy's salt to oxidize tyrosine residues complements the use of enzymes (e.g., tyrosinase). However, Frémy's salt may provide an advantage for use on an established gel network. In contrast to enzymes whose diffusion could be limited if a gel's mesh size is small, nitrosodisulfonate can better penetrate the network.
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FIGURE 1. (A) Conceptual scheme showing reinforcement of a supramolecular gel scaffold by introducing covalent crosslinks into a non-covalent network using Frémy's salt. (B) A tyrosine-functionalized lysine-rich peptide gelator. This peptide self-assembles into a bi-layered cross β-sheet fibrillar network, adopting an amphiphilic β-hairpin conformation in its self-assembled state. At left, eight peptides are shown as part of a fibril. At right, only two adjacent peptides from one monolayer are shown so that the relative positions of the tyrosine and lysine residues can be seen more clearly. Tyrosine side chains are displayed from the hairpin's hydrophilic face and thus the solvent-exposed surfaces of the fibrils. Tyrosine residues are shown in green CPK rendering and lysine side chains are shown as blue sticks. (C) The addition of Frémy's salt to the pre-formed gel results in chemical conversion of tyrosine to ortho-quinone, enabling the subsequent formation of covalent crosslinks within the network via the reaction of lysine and ortho-quinone functional groups.


We had previously developed a class of amphiphilic peptides that can undergo triggered self-assembly into supramolecular hydrogels (Schneider et al., 2002). These peptide gelators are well-characterized over several length scales. For example, using cryo-TEM, Pochan et al. showed that soon after self-assembly is triggered, clusters of well-defined fibrils are formed throughout the sample volume (Yucel et al., 2008). Individual clusters contain dangling fibril ends that grow and interpenetrate neighboring clusters as the network evolves. The exact time at which the clustered fibril network percolates the entire sample volume and the solution becomes a gel is fast (<1 min at 1 wt% peptide) and concentration dependent (Veerman et al., 2006). After the gel point, the network continues to grow, filling the voids, to further rigidify the gel. Cryo-TEM suggests that the final network contains fibrils that entangle and form branch-points, both are physical crosslinks that help define the gel's mechanical properties. The mesh size of the network can be varied (~20–50 nm) by adjusting the peptide concentration or the rate of self-assembly (Ozbas et al., 2004; Branco et al., 2009). TEM and AFM were used to characterize the local morphology of the fibrils affording width and height measurements of 3 and 2 nm, respectively, suggesting that the peptide folds and is stacked when assembled. Solid state NMR later showed that these amphiphilic peptides do indeed fold into a well-defined β-hairpin conformation in their self-assembled state, forming a bilayer cross-β structure within each fibril (Nagy-Smith et al., 2015). Importantly, the fibrils formed are monomorphic indicating that the peptide used in the NMR study, and presumably others in this hairpin class, assembles into a unique arrangement within the fibril. Thus, a structure-based approach can be used to design new gelators that display regiospecific functionality within the fibrils they form, ultimately imbibing targeted properties to the gel. Here, a new peptide gelator is designed to display both lysine and tyrosine residues on the solvent-exposed surface of the fibrils it ultimately forms (Figure 1B). As will be shown, on demand addition of Frémy's salt to the newly-designed gel system results in a chemical conversion of the phenolic-tyrosine into a highly reactive o-quinone (Zimmer et al., 1971). In the lysine rich environment of the assembled peptide, o-quinone can readily react with amines present within the lysine side chains, introducing covalent crosslinks to the system (Yang et al., 2014), Figure 1C. These covalent crosslinks directly contribute to the cohesion of the network, increasing the mechanical rigidity of the gel.



RESULTS AND DISCUSSION

The designed peptide incorporates nine valine residues that drive self-assembly via the hydrophobic effect, arranged in an amphiphilic (AB)n repeat with lysine, where A is a hydrophobic residue and B is hydrophilic with the exception of a sole tyrosine residue at position 15. Based on the previously determined solid-state NMR structure (Nagy-Smith et al., 2015), the peptide should self-assemble as depicted in the model shown in Figure 1B. The model at left shows only a portion of a fibril containing eight folded peptides where each peptide adopts an amphiphilic β-hairpin conformation. Peptides are assembled into a bilayer, sequestering their valine-rich faces from water. The hydrophilic face of each peptide displays its lysine and tyrosine side-chains into solvent and are thus accessible to chemical reagents. The panel at right at Figure 1B shows only two peptides within the fibril to better visualize the relative position of tyrosine and lysine residues. This 20-residue peptide is readily dissolved in water, where repulsive interactions between the protonated lysine side chains prevent it from self-assembling. Peptide assembly is triggered by the addition of saline buffer (pH 7.4), which increases the solution pH and ionic strength, reducing the inter-lysine electrostatic interactions. Assembly leads to a bi-layered cross β-sheet fibrillar network, giving rise to a macroscopic self-supporting gel. Again, since both tyrosine and lysine side chains are displayed from the hairpin's hydrophilic face, those residues are repetitively presented along the solvent-exposed surfaces of the fibrils within the gel system. Having the functional residues exposed to the solvent within the gel matrix provides one the ability to increase gel rigidity on demand, by simply adding Frémy's salt exogenously to a pre-formed gel. We first examined macroscopically how the addition of the oxidant affects the pre-formed gel (Figure 2A). We observed that the addition of the salt did not affect the gel's integrity, as it retained its macroscopic 3D shape. However, when Frémy's salt was added to the colorless gel, the material eventually turned an orange-like color. The observed color change represents a clear indication of tyrosine oxidation. Figure 2B shows the time-dependent coloration of gel, supporting the assertion that an oxidative process within the gel is occurring. When Frémy's salt is initially dissolved in buffer, it is purple in color due to the presence of monomeric nitrosodisulfonate ions. Overtime, the nitrosodisulfonate ions decompose and the purple color of the Frémy's salt solution is discharged (Murib and Ritter, 1952), resulting in a light yellowish solution (Supplementary Figures 1, 2). In the first 20 min following the addition of Frémy's salt solution, the purple color of the solution on top of the gels is clearly observed. Interestingly, during this time period we also observed an initial red layer at the gel-solution interface, at the upper part of the gel. Frémy's salt is a radical that is known to selectively oxidize phenol to quinones (Zimmer et al., 1971). The initial conversion of phenol to o-quinone is typically characterized with the appearance of a red color that later dissipates, giving rise to other secondary colored products (Siegel and Siegel, 1958). The rapid red coloration suggests that the tyrosine residues found at the gel's surface are immediately oxidized by the Frémy's salt solution. As time passes, the oxidant penetrates the gel, completely permeating the material in 20 min, with the entire gel turning red. The change in gel color after an overnight incubation from a red to an orange-yellowish color indicates that the quinone further reacted, forming other end products. UV-Vis spectroscopy was also used to follow the oxidation reaction (Figure 2C). In these studies, to avoid light scattering, a lower peptide concentration of 0.125 wt% was used. At this concentration, the peptide assembles into fibers but does not form gel. In the absence of Frémy's salt, the UV-Vis spectra of the tyrosine-functionalized peptide in HEPES buffer is characterized by a single peak with λmax around 278 nm whose wavelength maximum does not change over 4 days (Supplementary Figure 3). In contrast, we observe that in the presence of the Frémy's salt solution, initial stages of the reaction are characterized by the formation of dopachrome intermediate products, showing absorption maxima at 300 and 475 nm (Dukler et al., 1971). This spectrum resembles other spectra reported in the literature that describe the oxidation of NH2-terminal tyrosine and tyrosine-containing peptides either by Frémy's salt (Dukler et al., 1971) or enzymatically by tyrosinase (Yasunobu et al., 1959). After about 30 min both the 300 and 475 nm peaks start to gradually decrease (Figure 2D, Supplementary Figure 4A), and a shoulder around 350 nm appears (Figure 2C, Supplementary Figure 4B). Similar spectral changes were reported previously where Frémy's salt was used to oxidize oligopeptides that contain both lysine and tyrosine residues in their sequence (Wilchek and Miron, 2015). After 1 day the spectrum ceased to change and remained constant for at least 3 days, the last time point assessed. From the UV-Vis data and the qualitative color-change observations we conclude that the oxidation reaction and subsequent crosslinking reactions are complete following an overnight incubation. We envision that the majority of covalent crosslinks are introduced to the system by the reaction of o-quinone with lysine, given its large concentration in the network. It is possible that dityrosine adducts could also form. However, within a given fibril, tyrosine residues are not close enough to react, Figure 1B (right panel) so any dityrosines formed would do so from the reaction of residues located on different fibrils that have entangled within the network.
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FIGURE 2. (A) Images of pre-formed gels following overnight incubation in the presence or absence of Frémy's salt. Changes in gel color observed only in the presence of Frémy's salt overtime, were monitored by (B) the naked eye as well as (C) UV-Vis spectroscopy. (D) Change in gel absorbance at 475 nm as a function of time and presence or absence of oxidant.


We then wanted to examine how tyrosine oxidation affected the local morphology of the fibrils and the mechanical properties of the gel matrix. First, TEM was used to study the underlying structural characteristics of the fibrils. Fibrils were isolated from gel via diluting the gel with water to allow visualization of distinct fibrils. As seen in Figure 3A and Supplementary Figure 5A, in the absence of Fremy's salt, the fibrils that constituted the gel network display well-defined uniform morphology of mostly discrete long fibrillar structures that are approximately 3 nm in width. In contrast, following an overnight oxidation with Frémy's salt, though the gel was water-diluted, most of the fibrils were no longer distinct from each other and rather appear as clusters of entangled fibrils (Figure 3B, Supplementary Figure 5B). The fibrils were of inconsistent length (Supplementary Figure 5B), mostly shorter than fibrils isolated from an unoxidized gel, but with a similar characteristic width of about 3 nm. Collectively, the TEM data suggests that the local morphology of fibrils defined by the arrangement of assembled peptides is not influenced by oxidation. Although we cannot rule out surface-effects by the grid, oxidation does seem to influence the interactions between fibrils, as evident by their clumping. Thus, introducing the Frémy's salt to the established gel does not compromised the already assembled fibril, rather most likely introduces inter- or intra-fibril covalent crosslinks via oxidized phenol groups. Preservation of ordered molecular nanostructures was also reported in other post-self-assembly crosslinking systems (Zhang et al., 2012; Wei et al., 2016). Since introducing such covalent crosslinks can increase the cohesion of the supramolecular network, we wanted to examine the effect of Frémy's salt on the mechanical rigidity of the gels. Rheological studies were performed on oxidized and unoxidized tyrosine gels (Figure 4). To ensure homogenous oxidation of tyrosine throughout the gel, 300 μL of concentrated Frémy's salt solution (100 mM; ~95 eq) was added to the top of the gels. To account for any possible contribution of an increase in ionic strength to gel rigidity, 300 μL of a 100 mM NaCl solution was added to the control gels containing no Frémy's salt. Prior to each measurement the salt solutions above the gels (either Frémy or NaCl) were removed, and the gels were washed. Measurements of storage and loss modulus (G′ and G″, respectively) of pre-formed gels, collected in the linear viscoelastic (LVE) regime (0.2% strain, 6 rad/s, Supplementary Figure 6) display a significant increase in gel rigidity once the gel is oxidized by Frémy's salt, as indicated by the differences in G′ between unoxidized and oxidized gel. Initial G′ values of oxidized gels were about eight times higher than G′ values of unoxidized gels (25,470 ± 6,723 vs. 2,932 ± 401 Pa, respectively). Repetitive shear-thinning cycles were also performed to study the material's ability to recover after thinning. Here, following examination of the gel G′/G″ within the LVE, high strain (1,000% strain) is applied to shear-thin the gel. The high strain is then decreased and the gel G′/G″ values are recorded again within the LVE regime. Upon performing several shear cycles (Figure 4A), we observe that both the oxidized and the unoxidized gels were capable of shear-thin/recovery behavior. While the unoxidized gel fully recovered to its pre-sheared G′ values (105 ± 3%), the oxidized gels did not, showing about 60% recovery in the first shearing cycle with greater deviation between the samples (61 ± 13%). This gradual decrease in G′ as a function of thinning cycles indicates that the crosslinked network, although more rigid than non-chemically crosslinked material, losses some of its mechanical integrity when shear-thinned. Yet, it is worth mentioning that the recorded recovered rigidity values of the oxidized gels were still higher than the unoxidized gels. Further, this rheological behavior is conducive to syringe-delivery of the crosslinked gel for applications that demand its local placement.
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FIGURE 3. TEM micrographs showing fibrils isolated from 1 wt% fibrillar gel networks (A) in the absence of oxidant or (B) following overnight oxidation with Frémy's salt. Scale bar = 100 nm. Widths of individual fibrils were determined using ImageJ software, n = 164 and n = 156 for the non-oxidized and oxidized gel, respectively.
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FIGURE 4. Frémy's salt increases the rigidity of tyrosine-functionalized gels. (A) Rheological characterization of 1 wt% gels after overnight incubation with or without Frémy's salt. Gels were subjected to repetitive shear-thinning cycles. In each cycle the storage (G′) and loss (G″) modulus of the gels were monitored as follows: 10 min of measurements within the linear viscoelastic regime (LVE, 0.2% strain, 6 rad/s), then 30 s under high strain that rupture the gel network (1,000% strain, 6 rad/s), following by 10 min measurements of the G′/G″ again within the LVE regime (0.2% strain, 6 rad/s) where the gel recovers. The bar graph at right displays G′ values obtained at the end of each 10 min measurement (marked as I, II, III). (B) Rheological characterization of 0.5 wt% gels after overnight incubation with different concentrations of Frémy's salt. Bar graph marked as I displays G′ values obtained at the end of the first 10 min measurement. Bar graph marked as II, displays recovery G′ values of the gels obtained 10 min after applying high strain (1,000%) to thin the gel network.


The enhancement of the storage modulus is dependent on the concentration of Frémy's salt used for crosslinking. Figure 4B shows that at low concentrations (1.6 and 6.3 mM), only a small enhancement is realized, which increases with increasing concentrations of the salt. As discussed above, a change in material color from red to orange-yellow indicates the installment of crosslinks. Thus, the spatial distribution of coloration within the gel provides insight into the distribution of crosslinks throughout the material. When an excess amount of Frémy's salt (molar ratio of 33:1; Frémy's salt:Tyr) is used, uniform coloration is observed suggestion that crosslinks have been installed homogenously throughout the gel (Figure 2A, Supplementary Figure 7). In contrast, when a molar ratio of ~1:1 or 4:1 is used, coloration is only observed near the surface of the gel, Figure 4B. This indicates that at low concentrations of oxidant there is not enough to permeate the entire gel volume and crosslinks are only installed proximal to the solution-gel interface, Supplementary Figure 7.

Lastly, we evaluated the cytocompatibility of Frémy's salt-treated gels toward human dermal fibroblast (HDF). Frémy's salt is intended to increase the mechanical rigidity of tyrosine gels upon demand, in vitro, prior to the ultimate usage of the gels. For example, one can use Frémy's salt to increase the rigidity of gel matrix for 2D cell growth. Here, Frémy's salt can be added to the gel to increase its rigidity and simply removed before plating cells on the material. Figure 5A shows a Live/Dead cytocompatibility assay performed with Frémy's salt-treated or untreated tyrosine gels. In this assay, HDF cells are incubated on top of the gels and cell viability is assessed using fluorescence microscopy and fluorescent dyes, where live cells fluoresce green and dead cells fluoresce red. As seen in Figure 5A, cells are viable on both surfaces. Interestingly, cell morphology and spreading on each surface are slightly different. This might be attributed to changes in gel properties such as surface topography and/or mechanical rigidity that result from gel oxidation. We should note that Frémy's salt on its own is cytotoxic, so the gels must be washed before cells are introduced to the material. We also examined the enzyme-mediated degradation of Frémy's salt treated gels by measuring their storage modulus after 2 days of incubation with trypsin. Figure 5B demonstrates that both oxidized and unoxidized gels are relatively stable. However, the oxidized gel is more stable having not degraded significantly at day 2. Although not investigated here, longer times most likely would result in further degradation.


[image: Figure 5]
FIGURE 5. (A) Live/Dead assay of human dermal fibroblasts 48 h after being seeded onto 1 wt% tyrosine-gels untreated or treated with Frémy's salt (left and right panels, respectively). In live cells enzymatic conversion of non-fluorescent calcein-AM to calcein produce green fluorescence, whereas dead cells are labeled with ethidium homodimer-1 and fluoresce red. Scale bar is 100 μm. (B) Degradation of Frémy's salt-treated or untreated gels by trypsin. Rheological measurements were performed on 1 wt% gels following 2 days of incubation with trypsin or buffer as a control. Percentage of intact gel was calculated by dividing the G′ value of trypsin treated gel with the average of untreated control gels. Individual values of trypsin-treated gels are plotted with the mean and standard deviation.


In conclusion, we present the design and characterization of a peptide-based gel system whose mechanical rigidity can be increased on demand, by chemically introducing covalent crosslinks within the supramolecular gel network. The addition of Frémy's salt to the gel enhanced its rheological properties, while conserving its shear-thinning behavior and local morphological fibrillar structure. Moreover, the Frémy's salt-treated gels are cytocompatible toward HDF cells and therefore may find future uses in biomedical applications such as scaffolds for cell growth. In general, this simple chemical approach can be used to modulate the mechanical rigidity of peptide-based self-assembled gels and complements the use of enzymes (e.g., tyrosinase) to oxidize tyrosine residues within gel systems. Future directions will include examination of Frémy's salt contribution to the mechanical rigidity of tyrosine gels as a function of tyrosine content and location within the peptide gelator.



MATERIALS AND METHODS


Materials

Rink amide ChemMatrix® resin, Oxyma, and all other Fmoc-protected amino acids were purchased from Novabiochem®. 2-(6-Chloro-1H-benzotriazole1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU) was purchased from Chem Impex International. Piperidine was purchased from Alfa Aesar. Ethanedithiol (98+%) was purchased from Fluka. Trifluoroacetic acid (TFA, 97%), anisole (99%), thioanisole (>=99%), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and potassium nitrosodisulfonate (Frémy's Salt, 220930) were purchased from Sigma Aldrich. N,N′-Diisopropylcarbodiimide (DIC, 99%), N,N-Diisopropylethylamine (DIEA), Dimethylformamide (DMF, 99.9%), Dichloromethane (DCM, >=99.8%), Diethyl ether and acetonitrile were purchased from Fisher Scientific.



Peptide Synthesis

The tyrosine-containing peptide was synthesized by standard Fmoc-solid phase peptide synthesis using a Liberty Blue™ automated microwave peptide synthesizer (CEM) with H-Rink amide ChemMatrix® resin. Resin-bound peptide was cleaved and side chain-deprotected using a cleavage cocktail of TFA:thioanisole:ethanedithiol:anisole (90:5:3:2) for 3 h under argon. Crude peptide was purified by RP-HPLC using a preparative Vydac C18 peptide column at 40°C. Solvents for RP-HPLC consisted of standard A (0.1% TFA in water) and standard B (0.1% TFA in 9:1 acetonitrile/water). Gradients were used as follows: an isocratic gradient from 0 to 2 min at 0% standard B, a linear gradient from 0 to 20% standard B for 10 min and a linear gradient of 20 to 100% standard B over an additional 160 min. The peptide eluted at approximately 34% B, lyophilized and then analyzed using analytical HPLC and LC-MS. Analytical HPLC chromatograms and ESI (+) mass spectra of the pure peptide are provided in Supplementary Figure 8.



Gel Preparation

Gels were prepared by dissolving lyophilized peptide in water to obtain 2X concentrated (wt%) peptide stock solution. Peptide assembly was initiated by mixing together equal volumes of peptide stock solution and chilled 2X HEPES buffer solution (150 mM HEPES, 300 mM NaCl, pH 7.4) on ice. The final mixed solution (1X wt% peptide in 75 mM HEPES, 150 mM NaCl, pH 7.4) was then incubated for 2 h at 37°C, resulting with a self-supporting gel.



Gel Oxidation by Frémy's Salt

Tyrosine gels were prepared as described, where following 2 h incubation at 37°C, Frémy's salt in HEPES buffer (75 mM HEPES, 150 mM NaCl, pH 7.4) was added on top of the gel and incubated overnight at 37°C. Typically, the Frémy's salt solution was added at molar concentration that is about 32 times higher than the final molar concentration of the peptide and in a volume that is 3 times higher than the final gel volume [e.g., on top of 100 μL of 1 wt% gel (~3.15 mM), 300 μL of 100 mM Frémy's salt in HEPES buffer were added].



Monitoring Color Change in Oxidized Gels

To monitor color change in oxidized gels using the naked eye, 1 wt% tyrosine-gel in HEPES buffer was prepared as described above where 10 μL aliquots were transferred to Eppendorf tubes for 2 h incubation at 37°C. Thirty microliter of either 100 mM Frémy's salt or 100 mM NaCl, as a control, dissolved in HEPES buffer (75 mM HEPES, 150 mM NaCl, pH 7.4) were added on top of the gels and pictures of the tubes were taken at different time points. To monitor color change using UV-Vis 0.125 wt% tyrosine-peptide gel in HEPES were prepared as described above in a 96-well plate (each well had a final volume 80 μL). Following 2 h incubation at 37°C, 8.33 mM Frémy's salt in HEPES buffer was added to each well and absorption spectra were collected from 270 to 700 nm using a plate reader (Epoch™ Microplate Spectrophotometer, Biotek).



Transmission Electron Microscopy

1 wt% gels were prepared as described above in Eppendorf tubes, incubated overnight at 37°C with or without 100 mM Frémy's salt. The samples were prepared by diluting the gels X50 into water to allow visualization of distinct fibers. A 5 μL drop of peptide solution was placed on a 200-mesh copper grid covered by carbon film (Electron Microscopy Science) for 1 min, then blotted by filter paper. Subsequently, 5 μL of 0.75% uranyl formate was added to the grid and allowed to stand for 1–2 min, then blotted with a filter paper and left to air dry. Images were taken with a Hitachi 7650 at 80 kv accelerating voltage. Average fibril width was measured via ImageJ software by taking 164 and 156 independent measurements of distinct fibrils of the non-oxidized and oxidized gel, respectively.



Rheology

Rheological measurements were performed on pre-formed gels using an AR G2 rheometer (TA Instruments) equipped with an 8-mm stainless steel parallel plate geometry tool. Hundred microliter of 1 wt% tyrosine-gels in HEPES buffer were prepared as described above in Corning® Costar® Transwell® cell culture inserts positioned in a 24-well plate. Following the 2 h incubation at 37°C 300 μL of either 100 mM Frémy's salt or 100 mM NaCl solutions (75 mM HEPES buffer containing 150 mM NaCl, pH 7.4) were added on top of the gels for overnight incubation (~16 h) at 37°C. The next day, the solution on top of the gel was removed, the gels were washed, and the rheological properties of the gels were determined. Shear-thinning/recovery cycles were performed as follows: 10 min time-weep at the LVE regime (0.2% strain, 6 rad/s), then shearing for 30 s under high strain (1,000% strain, 6 rad/s), following by a 10 min time-sweep at the LVE regime (0.2% strain, 6 rad/s). A dynamic frequency sweep in the frequency range of 0.1–100 rad/s was collected at 0.2% strain and a dynamic strain sweep (0.1–1,000 strain%) was collected at a constant frequency of 6 rad/s. Rheological data represent the average G′ and G″ obtained from at least three independent measurements. Frémy's salt concentration dependent studies were done similarly with pre-formed 0.5 wt% tyrosine gels and different concentrations of Frémy's salt dissolved in HEPES buffer. The control tyrosine-gel (0 mM Frémy's salt) was supplemented with additional 50 mM NaCl.



Cell Viability Assay

1 wt% gels were prepared as described above in a 96-well plate (50 μL per well). Following 2 h of incubation at 37°C, 200 μL of HEPES buffer (75 mM HEPES, 150 mM NaCl, pH 7.4) either with or without 100 mM Frémy's salt were added on top of the gels for overnight incubation (~16 h) at 37°C. Buffer solution from the top of the gels was removed and gels were washed several times with fresh HEPES buffer (25 mM HEPES, 150 mM NaCl, pH 7.4). Human dermal fibroblast (HDF, ATCC® PCS-201-010™) cells were trypsinized and counted using Bio-Rad TC20™ Automated Cell Counter. The resulting cell suspension was diluted with serum containing Dulbecco's Modified Eagle's Medium (DMEM, Gibco™ GlutaMAX™, 10567-014 supplemented with 50 mg/mL gentamicin). Two hundred microliter of 10,000 HDF cells were placed on top of each gel and on a control tissue-culture treated polystyrene surface. After 48 h of incubation at 37°C and 5% CO2, the medium was removed, and each well was washed with serum-free DMEM medium. Cell viability was evaluated using LIVE/DEAD™ Viability/Cytotoxicity assay (Molecular Probes, L3224) according to manufacture instructions. Typically, 100 μL serum-free DMEM medium containing both 1 μM calcein AM and 2 μM ethidium homodimer was added into each well and incubated at 37°C for 15 min. Cells were imaged using fluorescence microscopy (EVOS FL Cell Imaging System, Thermo Fisher Scientific). Samples were prepared in quadruplicate with two biological repeats. Images of merged green and red channels were prepared using ImageJ software. Brightness and contrast were adjusted for the figures as follows: minimum and maximum displayed values of 10 and 65 for the red channel. Minimum and maximum displayed values of 10 and 130 for the green channel.



Proteolytic Degradation of Gels

Eighty microliter of 1 wt% tyrosine-gels in HEPES buffer were prepared as described above in Corning® Costar® Transwell® cell culture inserts positioned in a 24-well plate. Following the 2 h incubation at 37°C, 300 μL of HEPES buffer (75 mM HEPES, 150 mM NaCl, pH 7.4) with or without 100 mM Frémy's salt were added on top of the gels for overnight incubation (~16 h) at 37°C. The next day, buffer solution was removed from the gels and all gels were washed with HEPES buffer supplemented with EDTA (25 mM HEPES, 150 mM NaCl, 1 mM EDTA pH 7.8). Bovine pancreatic trypsin (Sigma, T9201) was prepared in buffer (50 mM BTP 150 mM NaCl 1 mM EDTA pH 7.8) and introduced to the top of the gels yielding a final trypsin concentration of 125 nM upon equilibrium. Gels were incubated for 2 days at 37°C. Control gels (oxidized and non-oxidized) were prepared in the same manner in the absence of trypsin. Following 2 days, solution from the gel was removed and rheological measurements were performed.
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In the field of bone tissue regeneration, the development of osteoconductive and osteoinductive scaffolds is an open challenge. The purpose of this work was the design and characterization of composite structures made of hydroxyapatite scaffold impregnated with a collagen slurry in order to mimic the bone tissue structure. The effect of magnesium and silicon ions enhancing both mechanical and biological properties of partially substituted hydroxyapatite were evaluated and compared with that of pure hydroxyapatite. The use of an innovative freeze-drying approach was developed, in which composite scaffolds were immersed in cold water, frozen and then lyophilized, thereby creating an open-pore structure, an essential feature for tissue regeneration. The mechanical stability of bone scaffolds is very important in the first weeks of slow bone regeneration process. Therefore, the biodegradation behavior of 3D scaffolds was evaluated by incubating them for different periods of time in Tris-HCl buffer. The microstructure observation, the weight loss measurements and mechanical stability up to 28 days of incubation (particularly for HA-Mg_Coll scaffolds), revealed moderate weight loss and mechanical performances reduction due to collagen dissolution. At the same time, the presence of collagen helps to protect the ceramic structure until it degrades. These results, combined with MTT tests, confirm that HA-Mg_Coll scaffolds may be the suitable candidate for bone remodeling.

Keywords: hydroxyapatite, magnesium, silicon, collagen, freeze - drying, bone regeneration, biodegradability


INTRODUCTION

The use of 3-dimensional (3D) scaffolds is an approach of bone tissue engineering for the reconstruction of massive bone defects such as diseased or damaged bones (Karp et al., 2003). Scaffolds should be biocompatible and provide a temporal and spatial three-dimensional framework to form the designed tissues; also, they should act as an artificial extracellular matrix to support cell growth, proliferation and ultimately the deposition of regenerated tissue and simultaneously supply structural support to the newly formed tissue (O'Brien et al., 2007). To perform this function, scaffolds should have similar mechanical properties to those of bone repair site, biocompatibility, biodegradability, pore size between 200 and 800 μm (for bone tissue) and an open and interconnected pore structure (with a porosity >90%) (Jones, 2013). The high porosity allows supplying adequate amount of nutrients, to dispose of metabolic waste by flow transportation and to achieve tissue regeneration through tissue in-growth and then vascularization (Freed et al., 1994).

The native bone tissue consists of an organic component made mostly of collagen and an inorganic crystalline mineral component such as hydroxyapatite (HA) (Hartwig, 1990). Organic components provide flexibility, whereas inorganic components ensure strength and toughness (Wang et al., 2016). Collagen-based scaffolds are widely used because of the collagen bioactivity, which offers excellent biological performance (Salvatore et al., 2018). These scaffolds exhibited high porosity and permeability; nevertheless, they also showed poor mechanical properties and rapid enzymatic degradation, thus limiting their use when high mechanical strength is required (Akkouch et al., 2011). Therefore, due to its favorable biological properties, Collagen (Coll) could be mixed with other material such as HA to improve its mechanical properties. HA is both biocompatible and osteoconductive, although poor resorbability and brittle constructs are problems that occur when using micron-sized HA particles (Wei and Ma, 2004). One strategy to enhance resorbability is doping HA powder with biological active ions. Under in vivo conditions, the bone apatite has a crystalline structure allowing the substitution of constitutive bone ions (Ca2+, [image: image], and OH−) with other ions present in natural bone tissue (such as Na+, Zn2+, [image: image], Mg2+, [image: image]) (Takata et al., 2005). These substitutions cause changes in crystallinity, solubility (Farzadi et al., 2014) and in bone homeostasis driving osteogenesis, angiogenesis, degradation dynamics, osteoclastogenesis, etc. (Bose et al., 2013, Hoppe et al., 2011). Starting from this evidence, more scientific works reported the fabrication of ions doped apatite (Aina et al., 2012; Padmanabhan et al., 2014; Scalera et al., 2017; Rasskazova et al., 2019; Scalera et al., 2020). Among ions found in the natural bone tissues, magnesium and silicon play an important role in the development of new bone tissue, allowing the control of bioresorption and facilitating the biomineralization and the formation of bone stock on the surface of the material (Landi et al., 2008; Munir et al., 2011).

Based on these considerations, this paper focuses on the development of novel composite scaffolds for bone regeneration using the combination of two major constituents of native bone: collagen type I and hydroxyapatite, to alleviate the problems encountered with Coll alone and HA alone (Soriente et al., 2018). Furthermore, to improve the osseointegration, bioceramic scaffolds with an open and interconnected porosity > 90% were synthesized using polymer sponge replica method (Gervaso et al., 2011), using Hydroxyapatite (HA), magnesium doped HA (HA-Mg) and silicon doped HA (HA-Si). Subsequently, to increase the bioactivity, these scaffolds were impregnated with a collagen matrix and freeze-dried, using a new approach that led to the formation of open pores on composite scaffolds surface. Therefore, the two freeze-drying approaches (new and traditional) and three composite scaffold types (HA-Coll, HA-Mg_Coll, HA-Si_Coll) were compared from a morphological and mechanical point of view. The degradation behavior of bone scaffolds is crucial for cell growth, host response and tissue regeneration (Mikos et al., 1998). Ideal scaffolds should have a degradation rate matching the regeneration rate of new bone tissue (Gervaso et al., 2016). For this reason, the scaffolds stability in aqueous buffer that simulates physiological condition was evaluated, measuring the weight loss, analyzing morphology and mechanical stability. Moreover, preliminary biological tests were assessed to demonstrate favorable cell-material interactions implying physiological responses in terms of viability and proliferation.



MATERIALS AND METHODS


Pure and Doped Hydroxyapatite Synthesis

Pure and substituted (magnesium and silicon) HA were synthesized by aqueous precipitation reaction using Ca(NO3)2·4H2O, H3PO4 (85w/v), Mg(NO3)2. 6.H2O, Si(CH3CH2O)4 (TEOS) and NH4OH precursors. The amounts of reactants were calculated on the assumption that calcium would be substituted by magnesium and phosphorus would be substituted by silicon. Pure HA powder was synthesized by dissolving proper amounts of Ca(NO3)2·4H2O and H3PO4 in distilled water separately and then slowly adding Ca(NO3)2·4H2O solution to H3PO4 solution while stirring. In solution, Ca/P ratio fixed at 1.67. After mixing, NH4OH was added until pH reached a value of 10. The solution was kept on stirring for 2 h and then transferred to a borosilicate glassware and the liquid part was slowly evaporated by heating up to 400°C in a ventilated oven. After drying, the powder lumps were crushed in a ball mill and calcined to 900°C in an electric furnace to get the final powder.

For magnesium and silicon substituted HA, two compositions were prepared with nominal formula Ca(10−x)Mgx(PO4)6(OH)2, with x = 0.4 and Ca10(PO4)6−y(SiO4)y(OH)2−y, with y = 0.7 for nano-Mg-HA and nano-Si-HA samples, respectively. For Mg-HA synthesis, appropriate amounts of Ca(NO3)2·4H2O and Mg(NO3)2. 6.H2O were dissolved in water and added to H3PO4 solution and precipitated using NH4OH. For silicon substituted HA, firstly, appropriate amount of TEOS was hydrolyzed in distilled water using few drops of HCl and this silica sol was added to H3PO4 solution. Ca(NO3)2·4H2O solution was added to the phosphorous/ silica mixture and the pH was adjusted to 10 by adding NH4OH. After precipitating, pure HA synthesis procedure was carried out to obtain the final powders.



X-ray Diffraction Analysis

The crystallinity of Hydroxyapatite calcinated powders was evaluated by X-ray diffraction (XRD). XRD analysis was performed on calcined powders using a D-Max/Ultima diffractometer (Rigaku, Tokyo, Japan). The particles crystallite size (D) was calculated from the Scherrer equation applied to the diffractogram (Sanosh et al., 2009):
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where λ is the wavelength (Cu Kα), β is the full width at the half-maximum of the HA (2 1 1) line and θ is the diffraction angle. The percentage of secondary phases in HA-Mg powder was evaluated according to the following equation (Sanosh et al., 2009):
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were I1 and I2 represent the intensity of highest peaks present in secondary phases while IHA is the intensity of the highest peak of HA.



Scaffolds Fabrication

The Hydroxyapatite powders synthesized by precipitation method were used to obtain bioceramic porous scaffold by polyurethane sponge replica method. Three different slurries were made with the three types of apatite powders (HA, HA-Mg, HA-Si). In all slurries, the powder was added up to a final concentration of 70 wt% and polyvinyl alcohol (PVA) was used as binder at 1%wt. A poly electrolyte (Dolapix CE64, Zschimmer-Schwarz, Germany) was used as deflocculating agent and the mixture was milled in a planetary mill using zirconia balls to get a suitable ceramic suspension for infiltration. The polyurethane (PU) sponge cubes (1 cm3, density 30 kg/m3) were immersed in the slurry for impregnation, gently squeezed to remove the excess suspension and dried at 60°C overnight. The infiltrated sponges were heated to 500°C for 1 h (heating rate at 0.5°C/min) in order to burnout the polyurethane foam, following the sintering phase at 1,300°C for 3 h (heating rate at 3°C/min) and the cooling phase at room temperature (4°C/min).

A collagen slurry (0.5 % w/v) was prepared by dissolving equine tendon collagen type I (kindly provide by Typeone srl, Lecce, IT) (Raucci et al., 2019; Salvatore et al., 2020) in aqueous acetic acid solution at pH 3.8 and impregnated with hydroxyapatite scaffolds under vacuum. The impregnated scaffolds were prepared for freeze-drying (LIO-5P, Cinquepascal, Italy) using different approaches: (i) traditional method in which samples were cooled to −20°C and (ii) innovative method, in which scaffolds were placed on ice plates, immersed in cold distilled water (0°C) and cooled to −20°C.

For comparison, neat collagen scaffolds were also prepared. Briefly, the collagen suspension was mixed by a magnetic stirrer for 2 h, and then the resulting slurry was poured into an aluminum multi-well (single well diameter = 8 mm), frozen at −20°C and then lyophilized.

After lyophilizing, all scaffolds (Coll, HA_Coll, HA-Mg_Coll, HA-Si_Coll) were dehydrothermally (DHT) crosslinked (under vacuum) for 24 h at 121°C.



Scaffold Characterization
 
Surface Morphology and Composition

The morphology of the scaffolds was studied using scanning electron microscopy (SEM) (SEM EVO® 40, Carl Zeiss AG, Oberkochen, Germany) with an accelerating voltage of 20 kV. SEM micrographs were then processed and analyzed with ImageJ 1.50c. software (National Institute of Health, USA; http://rsb.info.nih.gov/ij) to determine the pore diameter by taking the average values from 20 measurements chosen randomly in the images of each sample. The diameters were reported as mean ± SEM (standard error of the mean).

Additionally, doping of Mg and Si ions in the substituted hydroxyapatite scaffolds were analyzed using Micro XRF spectrometer (Bruker M4 Tornado, Berlin, Germany).



Mechanical Properties

The mechanical properties of the scaffolds were evaluated by compression tests using a universal testing machine (Lloyd LR5K instrument, Fareham Hants, UK), equipped with a 1 kN load cell. The scaffolds were immersed for 2 h in PBS 1X at room temperature prior testing (T0). The thickness, length and width of hydrated cube specimens were measured (~1 cm3). The samples were placed between two parafilm layers and compressed at a crosshead speed of 0.5 mm/min. The samples (n = 6) from each batch of scaffolds were tested to obtain stress at failure (σmax), calculated as the ratio between the maximum fracture load reached and the cross-sectional area of the scaffolds. The results were expressed as mean ± SEM (standard error of the mean).



Stability Test

The physical integrity of composite scaffolds in simulated physiological conditions was evaluated by soaking the samples (n = 6) from each batch of scaffolds in 50 mL of TRIS-HCl buffer (Trizma base 0.05 M, NaCl 0.15 M, Sodium azide 0.01% w/v, pH 7.4) at 37°C (Julabo GmbH, Seelbach, Germany). The pH of the solution was maintained at 7.4 by adding 1 M HCl. At scheduled time intervals (3, 7, 14, and 28 days), the samples were recovered and gently washed with water and ethanol several times before drying. All samples were dried in oven at 60°C for 24 h and then weighed (Gervaso et al., 2016). The weight loss percentages were calculated as
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where Wi is the initial weight of sample and Wf the final weight of sample after soaking in Tris solution. The results were expressed as mean ± SEM (standard error of the mean). Moreover, post-immersion morphology of the scaffolds was qualitatively analyzed by SEM, and compression tests in wet conditions were carried out to verify possible changes in mechanical properties.



Cell Culture and Proliferation Assay

Human Bone Marrow-Derived Mesenchymal Stem Cells (BMSC) (ATCC-PCS-500-012, Milan, Italy) were cultured in Mesenchymal Stem Cell Basal Medium (BM) supplemented with 7% FBS, 100 IU/mL penicillin/streptomycin, 2.4 mM, 125 pg/mL FGF-b and 15 ng/mL IGF-1, at a density of 5 × 103 cells/cm2 and incubated for 24 h at 37°C under 5% CO2. BMSC were used between the third and the sixth passages. Scaffolds were sterilized under UV light overnight, followed by 75% ethanol for 1 h, washed with PBS for 1 h and then incubated with culture medium overnight. Cells were seeded on the top of each scaffold at a density of 1 × 104 cells per scaffold in a final volume of 50 μL. After 1.5 h, the culture medium was added to cover the scaffolds. The medium was changed every 3 days. Cell proliferation was determined using the 3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) assay at different time points. MTT is a commonly used method to evaluate the presence of metabolically viable cells, based on the ability of viable cells to convert MTT, a soluble tetrazolium salt, into an insoluble formazan precipitate, which is quantified spectrophotometrically. Briefly, the scaffolds were first transferred into a new 24-well plate. Then 0.5 mL of culture medium containing 50 μl of MTT stock solution, 5 mg/mL of phosphate-buffered saline (PBS) solution were added to each well. After 2 h incubation, the MTT solution was removed, and 0.5 mL of 0.01 N HCl in isopropyl alcohol were added to solubilize formazan crystals. Absorbance was measured at 570 nm through a spectrophotometer.




Statistical Analysis

For proliferation assay and compression test, values were expressed as mean ± SD for the indicated number of experiments. Differences between two groups were settled by unpaired Student's t test. In all comparisons, P < 0.05 was considered as statistically significant.




RESULTS AND DISCUSSION


Evaluation of Ceramic Powders Crystallinity

The XRD analysis (Figure 1) reveals the differences in crystallite size, crystallinity and different phases present in powders synthesized (Palazzo et al., 2011). Pure HA and HA-Mg shows a mean crystallite size of 50–60 nm, whereas HA-Si shows crystallite size of 25 nm. Pure HA shows a crystallinity around 89%. Mg doping in HA crystals resulted in an increase in crystallinity of 91% whereas Si doping decreased crystallinity to 74%. However, by examining the peaks associated with secondary phase β-tricalcium phosphate (β-TCP), it has been noticed that β-TCP was formed only in HA-Mg sample. The fraction of β-TCP calculated in HA-Mg powder is around 33%. These results indicate that Mg and Si substitution in HA crystal structure affects it crystallite size, crystallinity, and phase transformation.


[image: Figure 1]
FIGURE 1. The XRD spectrum of calcined powders.




Morphological and Mechanical Analysis of Composite Scaffolds

The freeze-drying is considered as a representative technique for the fabrication of porous foam-like scaffolds. The process consists of three steps: (i) freezing of the aqueous solution, (ii) primary drying to remove ice by sublimation and (iii) secondary drying to remove unfrozen or sorbed water by desorption (Zhang, 2018). The freezing step governs several critical parameters that influence the texture of the frozen matrix and, hence, the porosity and the specific surface of the final scaffold (Abdelwahed et al., 2006). Indeed, ice is used as a template in order to produce the desired template structures. A controlled freezing process is usually required in order to control the orientation, size, and morphology of the ice crystals (Zhang, 2018) and hence the porous structure. The dimensions of ice crystals are strictly correlated with the cooling rate. At lower cooling rates, few larges ice crystals are formed compared to the higher cooling rates, where more small ice crystals are formed. The size of the ice crystals determines the size of the pores in the dried matrix, indeed scaffolds produced at high temperature results in large mean pore size (O'Brien et al., 2004; Geidobler and Winter, 2013).

During the crystallization of ice, a thin skin layer usually formed at the top surface of freeze-dried samples. Such skin layer may prevent the transfer of water vapor during sublimation and slow down the sublimation rate, resulting in heating the product and its fusion (Abdelwahed et al., 2006), causing the formation of closed pores at scaffolds surface. Therefore, in this work, a new approach was used. The aim of the proposed technique was to avoid the skin layer formation (which is one of the common drawbacks of this process), in order to create an open porous structure at the top surface of scaffold, thus promoting cell migration and proliferation. Using the principle in which ice is used as a template, collagen-impregnated scaffolds were first immersed in cold water and then frozen. This aims to promote the nucleation of ice crystals on the edge between the external and the internal surfaces of the samples, leading to the formation of more open and interconnected pores. Figure 2 shows the SEM images of samples prepared with traditional and innovative freeze-drying approaches. The use of this new approach seems to confirm the presence of a more open surface porosity. The formation of ice crystals on the scaffolds surface increases the presence of open pores on the outer layer of the scaffold which will come into contact with the tissues (Figures 2d–f). This represents an important advantage with respect to what is obtained with a traditional lyophilization in which collagen skin layer formed results in the absence of pores on the surface (Figures 2a–c). The open pore characteristic would promote cells migration from the outside to the inside of the scaffold and could result in an improved bone tissue growth in in-vivo applications. Furthermore, the pore diameters on the composite scaffolds' surface (between 200 and 600 μm) (Table 1) and average porosity around 92% of bulk ceramic scaffolds will allow cells to infiltrate, migrate and attach to the scaffold (Kramschuster and Turng, 2013). The macrostructure of bulk ceramic scaffolds exhibited open and interconnected pores and was an exact replica of PU sponge used (Queiroz et al., 2004). Elemental mapping of doped HA scaffold showed uniform distribution of Mg and Si ion in the scaffold structure (Figures 3A,B). These results proved that the doping effectively takes place during powder synthesis and remains stable during further scaffold preparation and sintering.


[image: Figure 2]
FIGURE 2. SEM images (scale bar: 200 μm) of the HA_Coll, HA-Mg_Coll, and HA-Si_Coll scaffolds freeze-dried with traditional (a–c) and innovative (d–f) approach.



Table 1. Pore size and maxim stress at failure of collagen and composite scaffolds.
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FIGURE 3. The distribution of Mg (blue signal) and Si (red signal) elements on the surface of (A) HA-Mg and (B) HA-Si ceramic scaffolds (scale bar: 100 μm) and representative stress-strain plot of composite scaffolds (C).


The assessment of the mechanical strength of composite scaffolds was carried out through compression tests. The stress–strain compression test results are in agreement with the literature (Figure 3C) (Gervaso et al., 2011). The samples exhibit a fragile behavior in compression, typical of ceramic materials, with a slight decrease in the total stress that rapidly increases as the displacement increases. In order to evaluate the mechanical resistance of scaffolds, the maximum stress at failure (σmax) for all samples was evaluated. All samples showed low average stress values (Table 1), probably due to the poor compressive strength of type I collagen fibrils (0.007 ± 0.002) (Gervaso et al., 2012), because the high ratio between length and diameter makes them more unstable as the load to which they are subjected increases. However, among the three types, the HA-Mg_Coll scaffold showed the best performance, thanks to the presence of the Mg2+ion that enhances the sinterabilty of HA powder.



Evaluation of Scaffolds Stability

Biodegradability is an essential feature of bioactive scaffolds, because the degradation rate must be synchronous with the bone tissue regeneration rate. Therefore, low degradation could induce an inflammatory response in the body; on the other hand, an excessively high rate will not allow the scaffold to provide a mechanical support for new tissue. To this aim, the stability of composite scaffolds in aqueous environment was evaluated and the samples were immersed in TRIS-HCl buffer (pH 7.4) at 37°C. At scheduled time intervals, i.e., after 3, 7, 14, and 28 days of soaking, stability performances of samples were checked through morphological, weight loss and mechanical evaluations (Nitti et al., 2020).

Degradation data corresponding to neat Coll scaffolds were not reported due to the rapid rate of degradation under test conditions. The composite scaffolds after soaking, as showed in Figure 4, exhibited a gradual degradation of the collagen component. After 3 days in Tris-HCl, HA_Coll scaffolds resulted in an increased reduction of collagen at the top surface of the scaffold than the HA-Mg_Coll and HA-Si_Coll scaffolds. After a week of soaking, HA-Mg_Coll showed higher collagen dose than those in HA_Coll and in HA-Si_Coll. However, at 14 and finally at 28 days, collagen decrease continued for all scaffold types, until the collagen disappeared from the surface of the scaffold, thus showing only the ceramic component. This degradation trend was also confirmed by weight loss % measurements (Figure 5A). Samples exhibited different degradation behavior, as assessed by 28-day stability test. The HA-Mg_Coll scaffolds were almost stable in physiological conditions and revealed a significantly lower dissolution rate than HA-Coll and HA-Si_Coll scaffolds (weight loss %: 0.36 ± 0.05; 1.61 ± 0.23 and 1.17 ± 0.05 after 28 days, respectively). While for HA-Mg_Coll and HA-Si_Coll scaffolds, the percentage of weight loss remained almost the same after 3 days in solution. For the HA_Coll scaffolds, there was a first sharp increase of weight loss % after 7 days and successively after 28 days. This degradation trend of HA_Coll scaffolds was also confirmed by mechanical analysis (Figure 5B). After a week of soaking, the loss of the collagen component from the scaffolds made the ceramic component prevail, thus leading to an increase in σmax. After 28 days, a sharp decrease of stress at failure was present, which is similar to the observed weight loss. This is due to the initiation of degradation of the ceramic component, caused by the presence of impurities or structural defects (LeGeros, 2008). The same trend of HA_Coll scaffolds was observed in HA-Si_Coll scaffolds, although with higher σ values. During soaking, a continuous increase of stress at failure was observed due to progressive loss of collagen from the scaffold (from 0.09 ± 0.02 MPa before immersion to 0.20 ± 0.05 MPa at 28 days of soaking). However, unlike HA_Coll scaffolds at 28 day of immersion loss of ceramic component seems to be absent in Si_Coll scaffolds. Although the HA-Mg_Coll scaffolds showed better mechanical performance before immersion (0.22 ± 0.07 MPa), after immersion they presented a continuous and significant decrease of maximum stress (0.05 ± 0.01 MPa at 28 soaking days). This phenomenon could be caused by simultaneous degradation of collagen and HA-Mg due to presence of secondary phase (β-TCP) in Hydroxyapatite doped with Mg, which is more soluble and deteriorate the strength of the scaffold (Scalera et al., 2017).


[image: Figure 4]
FIGURE 4. SEM micrographs (scale bar: 200 μm) of HA_Coll, HA-Mg_Coll, and HA-Si_Coll scaffolds after 0, 3, 7, 14, and 28 days in TRIS-HCl pH 7.4 at 37°C.



[image: Figure 5]
FIGURE 5. Stability test on HA_Coll, HA-Mg_Coll, and HA-Si_Coll scaffolds. Plot of weight loss % (A) and stress at failure (σmax) (B) after 0, 3, 7, 14, and 28 days of aging in TRIS-HCl pH 7.4 at 37°C (average values ± SEM, n = 6, *P < 0.05).




Preliminary Cell Viability Evaluation

Cell proliferation on different scaffolds was determined using MTT assay (Figure 6). Collagen scaffolds are widely used to support the growth of many cell types (Iordache et al., 2014; Salvatore et al., 2020), since they have excellent properties for tissue engineering. For this reason, collagen scaffolds were selected as positive control for BMSC proliferation (Fasolino et al., 2019). The number of viable and metabolically active BMSC increased in a time-dependent manner until 21 days in Coll scaffolds (control). HA_Coll scaffolds exhibited a gradual increase of cell proliferation throughout time but it was lower with respect to control until 21 days. After 28 days of cell seeding, BMSC viability on HA_Coll scaffolds was increased by approximately 30% with respect to control. Conversely, HA-Mg_Coll scaffolds exhibited greater cell proliferation, while HA-Si_Coll showed lower cell proliferation compared to the control. This growing increase in cell proliferation, particularly for HA-Mg_Coll scaffold could be due to the lower degradation rate, as previously reported, and also to a more stable structure during cell incubation. The superior properties of HA-Mg_Coll scaffolds are attributable to a synergic effect of collagen bioavailability at shorter time and of Mg contribution on long term incubation. This combination of factors for HA-Mg_Coll scaffolds seems to elicit a metabolic boost for cell proliferation activities compared to both the control and the other investigated samples.


[image: Figure 6]
FIGURE 6. Viability of BMSC on Coll, HA_Coll, HA-Mg_Coll, and HA-Si_Coll scaffolds assessed by MTT assay after 3, 7, 14, 21, and 28 days of cell seeding. Collagen scaffolds (Coll) are used as control. Data represent the means ± SD of duplicate measurements from three independent experiments. *P < 0.05.





CONCLUSIONS

The development of suitable bioactive scaffolds that mimic the structure and biological characteristics of native tissue is a fundamental requirement for the treatment of injuries and diseases through a tissue engineering approach. In this study, bioactive scaffolds were fabricated successfully using a new freeze-drying approach. The proposed scaffolds presented a composite structure made with ceramic (HA, HA-Mg, and HA-Si) and collagen. The ceramic structure provides mechanical support, while collagen guarantees the biomimetic and bioactive stimuli. Porosity, degradation rate and compressive strength are fundamental aspects for the choice of a good device for bone tissue regeneration. Therefore, in this study, scaffolds with a high porosity core and open and interconnected pores on the surface were developed. When using a traditional freeze-drying approach, a collagen skin layer is present on the top surface; hence, there are no open and interconnected pores. For this reason, a new approach of lyophilisation, in which ice crystals are used as templates to create pores, was successfully developed. This resulted in open pores on top surface of the composite scaffolds, making them more suitable for the cells to colonize and migrate inside the core scaffold. Furthermore, composite scaffolds in which ceramic part was made using pure HA, HA-Mg and HA-Si were fabricated and compared, revealing best performance in terms of weight loss for HA-Mg_Coll; whereas, HA-Si_Coll scaffolds showed better mechanical resistance before and after immersion in physiological solution. However, in preliminary cell viability assays, Mg2+ seems to give best contribution when substituted into the structure of hydroxyapatite compared to [image: image]. Mg improves the morphological, mechanical, stability properties and cell proliferation of the HA-based bioactive scaffolds, making those scaffolds suitable candidates for bone remodeling process.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

PN: conceptualization, methodology, validation, investigation, and writing—original draft. SK: conceptualization, methodology, validation, investigation, and writing—review and editing. SC: validation and investigation. ES: methodology, validation, investigation, and writing. LS and AL: resources and supervision. CD: conceptualization, methodology, writing—review and editing, resources, and supervision. The manuscript and all the changes were written through contributions of all authors. All authors have given approval to the final version of the manuscript.



FUNDING

This research was funded by Ministero dello Sviluppo Economico project PON-MISE OSTEO-CARE, Prog. no. F/050370/03/X32 and by Ministero dell'Istruzione, Università e Ricerca (MIUR) project PRIN-SAPIENT, Prog. no. 2017CBHCWF.



ACKNOWLEDGMENTS

The authors are grateful to Mr. Donato Cannoletta of Department of Engineering for Innovation for the assistance with the SEM imaging. The authors acknowledge TypeOne Srl for providing type I collagen material.



REFERENCES

 Abdelwahed, W., Degobert, G., Stainmesse, S., and Fessi, H. (2006). Freeze-drying of nanoparticles: formulation, process and storage considerations. Suppl. Nonthematic Collect. 58, 1688–1713. doi: 10.1016/j.addr.2006.09.017


 Aina, V., Lusvardi, G., Annaz, B., Gibson, I. R., Imrie, F. E., Malavasi, G., et al. (2012). Magnesium- and strontium-co-substituted hydroxyapatite: the effects of doped-ions on the structure and chemico-physical properties. J. Mater. Sci. Mater. Med. 23, 2867–2879. doi: 10.1007/s10856-012-4767-3

 Akkouch, A., Zhang, Z., and Rouabhia, M. (2011). A novel collagen/hydroxyapatite/poly(lactide-co-ε-caprolactone) biodegradable and bioactive 3D porous scaffold for bone regeneration. J. Biomed. Mater. Res. Part A 96A, 693–704. doi: 10.1002/jbm.a.33033

 Bose, S., Fielding, G., Tarafder, S., and Bandyopadhyay, A. (2013). Understanding of dopant-induced osteogenesis and angiogenesis in calcium phosphate ceramics. Trends Biotechnol. 31, 594–605. doi: 10.1016/j.tibtech.2013.06.005

 Farzadi, A., Bakhshi, F., Solati-Hashjin, M., Asadi-Eydivand, M., and Osman, N. A. (2014). Magnesium incorporated hydroxyapatite: synthesis and structural properties characterization. Ceram. Int. 40, 6021–6029. doi: 10.1016/j.ceramint.2013.11.051

 Fasolino, I., Raucci, M. G., Soriente, A., Demitri, C., Madaghiele, M., Sannino, A., et al. (2019). Osteoinductive and anti-inflammatory properties of chitosan-based scaffolds for bone regeneration. Mater. Sci. Eng. C Mater. Biol. Appl. 105:110046. doi: 10.1016/j.msec.2019.110046

 Freed, L. E., Vunjak-Novakovic, G., Biron, R. J., Eagles, D. B., Lesnoy, D. C., Barlow, S. K., et al. (1994). Biodegradable polymer scaffolds for tissue engineering. Bio/Technology 12, 689–693. doi: 10.1038/nbt0794-689

 Geidobler, R., and Winter, G. (2013). Controlled ice nucleation in the field of freeze-drying: fundamentals and technology review. Eur. J. Pharm. Biopharm. 85, 214–222. doi: 10.1016/j.ejpb.2013.04.014

 Gervaso, F., Padmanabhan, S. K., Scalera, F., Sannino, A., and Licciulli, A. (2016). Mechanical stability of highly porous hydroxyapatite scaffolds during different stages of in vitro studies. Mater. Lett. 185, 239–242. doi: 10.1016/j.matlet.2016.08.139

 Gervaso, F., Scalera, F., Kunjalukkal, S., Licciulli, A., Deponti, D., Di Giancamillo, A., et al. (2012). Development and mechanical characterization of a collagen/hydroxyapatite bilayered scaffold for ostechondral defect replacement. Key Eng. Mater. 493–494, 890–895. doi: 10.4028/www.scientific.net/KEM.493-494.890

 Gervaso, F., Scalera, F., Kunjalukkal, S., Sannino, A., and Licciulli, A. (2011). High-performance hydroxyapatite scaffolds for bone tissue engineering applications. Int. J. Appl. Ceram. Technol. 9, 507–516. doi: 10.1111/j.1744-7402.2011.02662.x

 Hartwig, W. C. (1990). The anatomy and biology of the human skeleton by D. Gentry Steele and Claud A. Bramblett. Texas A & M University Press, College Station, 1988. Clin. Anat. 3, 151–153. doi: 10.1002/ca.980030210

 Hoppe, A., Güldal, N. S., and Boccaccini, A. R. (2011). A review of the biological response to ionic dissolution products from bioactive glasses and glass-ceramics. Biomaterials 32, 2757–2774. doi: 10.1016/j.biomaterials.2011.01.004

 Iordache, F., Constantinescu, A., Andrei, E., Curuțiu, C., Grumezescu, A. M., Voicu, G., et al. (2014). In vitro cytocompatibility evaluation of collagen based scaffolds using human endothelial progenitor cells for vascular tissue engineering. Biomater. Tissue Eng. Bull. 1, 10–16. doi: 10.33263/BTEB114.010016

 Jones, J. R. (2013). Review of bioactive glass: from hench to hybrids. Acta Biomater. 9, 4457–4486. doi: 10.1016/j.actbio.2012.08.023

 Karp, J. M., Dalton, P. D., and Shoichet, M. S. (2003). Scaffolds for tissue engineering. MRS Bull. 28, 301–306. doi: 10.1557/mrs2003.85

 Kramschuster, A., and Turng, L-S. (2013). “Fabrication of tissue engineering scaffolds” in Handbook of Biopolymers and Biodegradable Plastics, ed S. Ebnesajjad (Norwich, NY: William Andrew Publishing), 427–446.

 Landi, E., Logroscino, G., Proietti, L., Tampieri, A., Sandri, M., and Sprio, S. (2008). Biomimetic Mg-substituted hydroxyapatite: from synthesis to in vivo behaviour. J. Mater. Sci. Mater. Med. 19, 239–247. doi: 10.1007/s10856-006-0032-y

 LeGeros, R. Z. (2008). Calcium phosphate-based osteoinductive materials. Chem. Rev. 108, 4742–4753. doi: 10.1021/cr800427g

 Mikos, A. G., McIntire, L. V., Anderson, J. M., and Babensee, J. E. (1998). Host response to tissue engineered devices. Adv. Drug Deliv. Rev. 33, 111–139. doi: 10.1016/S0169-409X(98)00023-4

 Munir, G., Koller, G., Di Silvio, L., Edirisinghe, M. J., Bonfield, W., and Huang, J. (2011). The pathway to intelligent implants: osteoblast response to nano silicon-doped hydroxyapatite patterning. J. R. Soc. Interface 8, 678–688. doi: 10.1098/rsif.2010.0548

 Nitti, P., Gallo, N., Palazzo, B., Sannino, A., Polini, A., Verri, T., et al. (2020). Effect of l-arginine treatment on the in vitro stability of electrospun aligned chitosan nanofiber mats. Polym. Test. 91:106756. doi: 10.1016/j.polymertesting.2020.106758

 O'Brien, F., Harley, B., Yannas, I., and Gibson, L. (2004). Influence of freezing rate on pore structure in freeze-dried collagen-GAG scaffolds. Biomaterials 25, 1077–1086. doi: 10.1016/S0142-9612(03)00630-6

 O'Brien, F. J., Harley, B. A., Waller, M. A., Yannas, I. V., Gibson, L. J., and Prendergast, P. J. (2007). The effect of pore size on permeability and cell attachment in collagen scaffolds for tissue engineering. Technol. Health Care 15, 3–17. doi: 10.3233/THC-2007-15102

 Padmanabhan, S. K., Ul Haq, E., and Licciulli, A. (2014). Rapid synthesis and characterization of silicon substituted nano hydroxyapatite using microwave irradiation. Curr. Appl. Phys. 14, 87–92. doi: 10.1016/j.cap.2013.08.022

 Palazzo, B., Gallo, A., Casillo, A., Nitti, P., Ambrosio, L., and Piconi, C. (2011). Fabrication, characterization and cell cultures on a novel composite chitosan-nano-hydroxyapatite scaffold. Int. J. Immunopathol. Pharmacol. 24, 73–78. doi: 10.1177/03946320110241S214

 Queiroz, A. C., Teixeira, S., and Monteiro, F. (2004). Production of porus hydroxyapatite with potential for controlled drug delivery. Mater. Sci. Forum 455–456, 358–360. doi: 10.4028/www.scientific.net/MSF.455-456.358

 Rasskazova, L., Zhuk, I., Korotchenko, N., Brichkov, A., Chen, Y.-W., Paukshtis, E., et al. (2019). Synthesis of magnesium- and silicon-modified hydroxyapatites by microwave-assisted method. Sci. Rep. 9:14836. doi: 10.1038/s41598-019-50777-x

 Raucci, M. G., D'Amore, U., Ronca, A., Demitri, C., and Ambrosio, L. (2019). Bioactivation routes of gelatin-based scaffolds to enhance at nanoscale level bone tissue regeneration. Front. Bioeng. Biotechnol. 7:27. doi: 10.3389/fbioe.2019.00027

 Salvatore, L., Carofiglio, V. E., Stufano, P., Bonfrate, V., Calò, E., Scarlino, S., et al. (2018). Potential of electrospun poly(3-hydroxybutyrate)/collagen blends for tissue engineering applications. J. Healthc. Eng. 2018:6573947. doi: 10.1155/2018/6573947

 Salvatore, L., Gallo, N., Aiello, D., Lunetti, P., Barca, A., Blasi, L., et al. (2020). An insight on type I collagen from horse tendon for the manufacture of implantable devices. Int. J. Biol. Macromol. 154, 291–306. doi: 10.1016/j.ijbiomac.2020.03.082

 Sanosh, K. P., Chu, M. C., Balakrishnan, A., Lee, Y. J., Kim, T. N., and Cho, S. J. (2009). Synthesis of nano hydroxyapatite powder that simulate teeth particle morphology and composition. Curr. Appl. Phys. 9, 1459–1462. doi: 10.1016/j.cap.2009.03.024

 Scalera, F., Gervaso, F., Palazzo, B., Scialla, S., Izzo, D., Cancelli, N., et al. (2017). Strategies to improve bioactivity of hydroxyapatite bone scaffolds. Key Eng. Mater. 758, 132–137. doi: 10.4028/www.scientific.net/KEM.758.132

 Scalera, F., Palazzo, B., Barca, A., and Gervaso, F. (2020). Sintering of magnesium-strontium doped hydroxyapatite nanocrystals: towards the production of 3D biomimetic bone scaffolds. J. Biomed. Mater. Res. Part A 108, 633–644. doi: 10.1002/jbm.a.36843

 Soriente, A., Fasolino, I., Raucci, M. G., Demitri, C., Madaghiele, M., Giuri, A., et al. (2018). Effect of inorganic and organic bioactive signals decoration on the biological performance of chitosan scaffolds for bone tissue engineering. J. Mater. Sci. Mater. Med. 29:62. doi: 10.1007/s10856-018-6072-2

 Takata, M., Saiki, M., Sumita, N., Saldiva, P., and Pasqualucci, C. (2005). Trace element determinations in human cortical and trabecular bones. J. Radioanal. Nucl. Chem. 264, 5–8. doi: 10.1007/s10967-005-0666-0

 Wang, X., Xu, S., Zhou, S., Xu, W., Leary, M., Choong, P., et al. (2016). Topological design and additive manufacturing of porous metals for bone scaffolds and orthopaedic implants: a review. Biomaterials 83, 127–141. doi: 10.1016/j.biomaterials.2016.01.012

 Wei, G., and Ma, P. (2004). Structure and properties of nano-hydroxyapatite/polymer composite scaffolds for bone tissue engineering. Biomaterials 25, 4749–4757. doi: 10.1016/j.biomaterials.2003.12.005

 Zhang, H. (2018). “Introduction to freeze-drying and ice templating” in Ice Templating and Freeze-Drying for Porous Materials and Their Applications, ed A. Jungbauer (Weinheim: Wiley-VCH), 1–27.

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The handling editor CG declared a past co-authorship with one of the authors, CD.

Copyright © 2021 Nitti, Kunjalukkal Padmanabhan, Cortazzi, Stanca, Siculella, Licciulli and Demitri. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 18 February 2021
doi: 10.3389/fbioe.2021.628129





[image: image]

In vivo Evaluation of Fibrous Collagen Dura Substitutes

Wenbo Liu1, Xin Wang2, Jinlei Su3, Qingsong Jiang3, Jing Wang3, Yang Xu3, Yudong Zheng1, Zhihui Zhong2 and Hai Lin3*

1School of Material Science and Engineering, University of Science and Technology Beijing, Beijing, China

2Laboratory of Nonhuman Primate Disease Modeling Research, State Key Laboratory of Biotherapy, West China Hospital, Sichuan University, Chengdu, China

3National Engineering Research Center for Biomaterials, Sichuan University, Chengdu, China

Edited by:
Maria Grazia Raucci, National Research Council (CNR), Italy

Reviewed by:
Fulvio Ratto, National Research Council (CNR), Italy
Christian Demitri, University of Salento, Italy

*Correspondence: Hai Lin, linhai028@scu.edu.cn

Specialty section: This article was submitted to Nanobiotechnology, a section of the journal Frontiers in Bioengineering and Biotechnology

Received: 11 November 2020
Accepted: 29 January 2021
Published: 18 February 2021

Citation: Liu W, Wang X, Su J, Jiang Q, Wang J, Xu Y, Zheng Y, Zhong Z and Lin H (2021) In vivo Evaluation of Fibrous Collagen Dura Substitutes. Front. Bioeng. Biotechnol. 9:628129. doi: 10.3389/fbioe.2021.628129

Dura substitutes are applied in duraplasty to repair lost or damaged dura. Collagen-based dura substitutes are mainstream products in both the US and Chinese markets. In this study, dura substitute devices with potential dura regeneration ability are evaluated. The dura substitutes are composed of fibrous type I collagen that were purified from bovine tendon. Physical and chemical characterization demonstrated that the tested dura substitute has desirable porous scaffolding structures and is composed of highly purified type I collagen. The collagen dura substitutes were further investigated in vivo with a rabbit model for 6 months to evaluate their safety and performance to repair and regenerate dura. No inflammation or infection was observed during the course of in vivo study. The integration of the collagen dura substitutes with surrounding tissue was normal as compared to native tissue. The macroscopic and microscopic histological assessments of the sampled animal tissue showed that the damaged dura were regenerated. The collagen dura substitutes were resorbed between 3 and 6 months along with newly regenerated dura. Both tissue adhesion and dura repair was the worst in blank control group as compared to those in the collagen dura substitutes. Taken together, regenerative collagen dura substitutes demonstrated with suitable physicochemical properties. The in vivo evaluation in a rabbit model further demonstrated the safety and performance of such substitutes for dura repair and regeneration.

Keywords: collagen, dura substitute, animal study, preclinical (in vivo) studies, safety and efficacy


INTRODUCTION

As an important tissue of central nerve system, dura mater works as natural protective barrier of brain tissue (Adeeb et al., 2012; Zwirner et al., 2019). Defects or damages of dura mater may be caused by trauma, inflammatory or neoplastic processes, or surgical procedures, which include but not limited to standard operation procedures of craniotomy in treatment of cranial injury, and thoroughly resection of cancer-related dura mater (Bartosz and Vasterling, 1994). The incomplete dura mater could not protect brain tissue, leading to complications such as cerebrospinal fluid (CSF) leakage, intracranial infection, encephalocele, tissue adhesion, and epilepsy. Therefore, the need to close dura defects has promoted a quest for the ideal dura substitute (Wang and Ao, 2019; Go et al., 2020).

According to the guidance documents issued by the National Medical Products Administration of China (NMPA) (NMPA, 2020) and U.S. Food and Drug Administration (FDA) (U. S. Food and Drug Administration, 2000), the requirements for a dura substitute should include the following attributes: biocompatibility without induction of an immune or inflammatory response; controlled risks of infection or disease; appropriate mechanical properties, resistant to tear, and anti-leakage of cerebrospinal fluid. Dura substitutes made of non-degradable materials should be bio-inert and could replace the damaged dura permanently (Nagata et al., 1999; Ström et al., 2011; Matsumoto et al., 2013). Dura substitutes made of degradable materials should have suitable degradation properties with micro-environment for tissue remodeling and possible regeneration (Costantino et al., 2000; Yamada et al., 2002; Wang and Ao, 2019). Such degradable substitutes with appropriate pore size and porosity could be resorbed matching with the development of new tissue (Neulen et al., 2011; Sandoval-Sanchez et al., 2012). In addition, the abundance and availability of raw materials for dura substitutes would reduce the cost of the device and be economically attractive. Finally, easy-handling characteristics, convenient storage conditions and stable shelf life would be other important criteria for the dura substitute devices.

In history, autogenous membrane tissue was applied as dura substitute, which caused damage of donor sites and had limitation of size and shape (Dufrane et al., 2002; Tachibana et al., 2002; Sabatino et al., 2014; Morales-Avalos et al., 2017). Membrane-like allografts from donators was used to overcome some shortcomings of autografts (Parízek et al., 1997; Azzam et al., 2018; Turchan et al., 2018). However, the allograft was not widely applied in clinic owing to the lack of donor resources, and concerns over tissue quality, ethics, and immunogenic diseases. With the development of material science and medical technologies in recent decades, a series of dura substitutes based on synthetic polymers and nature-originated materials were developed and tested to investigate their potential in clinical applications (Pogorielov et al., 2017; Vecera et al., 2018). Some of the above devices were successfully commercialized (Schmalz et al., 2018).

Based on a search by November 10th, 2020 via public databases of NMPA and FDA, 14 dura substitutes from 11 companies were approved by NMPA as class III devices. 41 devices from 16 companies were cleared by FDA as 510(k) devices. The dura substitute devices and their associated materials are listed in Supplementary Table 1.

Based on the material properties and their interactions with host tissue, dura substitutes could be classified to degradable and non-degradable devices that are composed of synthetic or nature-originated materials. The non-degradable dura substitutes physically set barrier for brain tissue (including piamater, arachnoid membrane) from other tissues and prevented the leakage of cerebrospinal fluid. The degradable dura substitute gradually degraded and absorbed in host after the implantation (Zerris et al., 2007; Jing et al., 2020). For degradable dura substitutes with potential regeneration properties, during the degrading period, the endogenous cells would migrate and proliferate in the regenerative device with porous scaffolding structures, gradually reconstruct of extracellular matrix and vascularize to form new dura mater till the final repair and regeneration of damaged or lost dura mater.

Commercialized dura substitutes in Supplementary Table 1 are made of diversified polymers which possess merits and drawbacks. Non-degradable dura substitutes made of synthetic polymers such as polyurethanes generally have preferable mechanical properties and anti-leakage performance (Wong et al., 2018), but they are recognized as foreign bodies after implantation (Maehara et al., 2020). The non-degradable, crosslinked animal-derived dura substitutes such as bovine/porcine pericardium have superior mechanical strength (Sun et al., 2018), but they may cause varying degrees of rapid or delayed immune or inflammatory response after implantation. Although biological safety like infectious pathogen and immunogenic disease is an inevitable issue for acellular matrix-based dura substitutes including porcine small intestinal submucosa and bovine dermis, many measures could be carried out to control the risk under a limited degree via virus inactivation treatments and immunogen elimination methods (Li et al., 2019).

Degradable dura substitutes made of absorbable synthetic polymer avoid exogenous virus and immune reaction (MacEwan et al., 2018; Chuan et al., 2020; Ramot et al., 2020), but they face other safety and performance issues. For example, the remaining of monomer or chemical residues could affect their biocompatibility. The design of their porous microstructure and quality control requirements could increase the difficulty of their manufacturing processes. The regulation of their degradability could determine their final results of tissue repair at an extensive extent (Hemstapat et al., 2020).

Because native dura mater is primary composed by type I collagen, the purified and reconstituted fibrous type I collagen-based dura substitute could meet the biological safety requirement and potential to regenerate the dura tissue via appropriate structure design. In the fully degradable dura substitutes based on natural materials, many products are based on type I collagen derived from different animal tissues. This predominated data suggests that the collagen-based dura substitutes are acceptable for clinical applications with satisfactory results.

Type I collagen is a fibrillar and structural protein which is expressed in almost all connective tissues. Because dura mater is composed primarily of type I collagen, a reconstituted bovine collagen-based scaffold is likely to be a suitable dura substitute candidate to repair and regenerate damaged or lost dura mater (Esposito et al., 2008, 2013; Calikoglu et al., 2019). In this study, a rabbit model was applied to evaluate the in vivo safety and dura repair performance of two dura substitutes, while blank was set as control. Furthermore, the feasibility and potential of dura regeneration by using the fibrous type I collagen dura substitute devices were investigated and discussed.



MATERIALS AND METHODS


Materials

All medicine or chemicals including IgG and IgM ELISA kit (Abnova, United States, Cat: KA2017 and KA2040), pentobarbital sodium (Sigma, United States, Cat: #020M2298V), saline for injection (Kelun, Sichuan China, Cat: W116051504), iodophor disinfectant (Yijieshi, Sichuan China, Cat: 15.10.22) were used as received without further treatment unless otherwise stated.



Collagen Dura Substitutes

Dura substitutes were acquired as commercial products. DuraPair was designated as the experiment device and DuraMax as the control of animal study are from Beijing Bonsci Technology Co., Ltd. (Beijing, China) (Nie and Zhang, 2018, 2020) and Tianxinfu Co., Ltd. (Beijing, China) (Li et al., 2013), respectively. Both devices were made of type I collagen fibrils from native bovine tendon and terminally sterilized by ethylene oxide gas. Please note that manufacturing processes are proprietary and product-specific. For both DuraPair and DuraMax, type I collagen fibrils were prepared from purified Achilles tendon followed by freeze-drying processes. Because the physico-chemical properties of DuraMax were reported previously (Xia et al., 2017), the current research studied the composition and microstructure of DuraPair before focusing on the in vivo study which investigated both fibrous type I collagen dura substitutes for dura repair and regeneration.



Characterization of Dura Substitutes


Composition Analysis: Purity and Amino Acid Analysis

The purity of collagen dura substitute (DuraPair) was defined as the ratio of type I collagen in the product. Since type I collagen can be affinitive recognized and fully degraded by type I collagenase, the comparison on electrophoresis strips of protein samples before and after the enzyme hydrolysis will indicate the type I collagen content in the sample. Accordingly, sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) was applied to measure the type I collagen purity and protein impurity in collagen dura substitute. Briefly, the solid dura substitute sample was cut into small pieces around 1 mm3, homogenized in 0.2 M HAc and stirred to attain a final sample solution (sample A). The 1.25 Unit/mL collagenase solution was prepared by dissolving the enzyme in 20 mmol/L NaH2PO4 (pH 7.4, contained 0.1 mmol/L CaCl2). The collagen dura substitute was digested in the collagenase solution at 37°C for 4h, to acquire the digestion solution (sample B). The collagenase solution itself was labeled as sample C. To understand the lower limit value of protein can be detected by this method, BSA solutions with gradient concentrations were tested in advance and the lower limit of BSA (LLBSA) was loaded as sample D. Meanwhile, protein molecular weight ladder and type I collagen control was served as sample E and F, respectively. All the samples were equal volume mixed with sample-loading buffer and cooked for 2 min in boiled water bath in sealed 0.5 mL centrifuge tubes. Subsequently, all the samples were loaded 20 μL in the spacer gel lanes, and further followed the standard SDS-PAGE protocol using Bio-rad Mini-Protean Tetra Cell gel electrophoresis system and dyed by coomassie brilliant blue. The concentrations of spacer and separation gels were 4 and 7%, respectively. The final acquired gel with electrophoresis strips of protein samples was imaged and further analyzed.

Amino acid analysis was applied to understand the amino acid components of collagen dura substitute and estimate the proportions of different amino acids as well. Around 40 mg collagen dura substitute was carefully and accurately weighed, and fully degraded in 6 mol/L HCl at 110°C for 22 h. The dried degraded outcome was dissolved to a quantified volume, and further analyzed by Hitachi L-8900 automatic amino acid analyzer.



Structural Analysis: Morphology and Porosity

The morphology of the collagen dura substitute was observed by scanning electron microscopy (SEM), and the porosity was further estimated. Sample was first frozen in liquid nitrogen and the brittle fracture surface was coated with an ultrathin layer of Au/Pt in anion sputtering, and further observed by Hitachi S-4800 scanning electron microscopy.



In vivo Animal Study

The animal study was approved by the Animal Care and Use Committee of Sichuan University (IACUC-2016-R-001). The animal study is complied with General Considerations for Animal Studies for Medical Device (FDA, United States) and Guidance Document for Dura Substitute Devices; Guidance for Industry (FDA, United States).


Surgical Procedure

Thirty-six female SPF New Zealand white rabbits (Animal Farm of Sichuan Laboratory Animal Committee, SCXK 2013-14) weighing 2.0–3.0 kg ± 20% were used for in vivo study of collagen dura substitute. All the animals were randomly assigned into three groups (i.e., experiment, control and blank control) and were feed 5 days to adapt to the environment before the surgery. The surgical procedures are shown as Figure 1. Briefly, the animals were general anesthesia with 3% pentobarbital sodium (25 mg/kg) via auricular vein and intramuscular injected with 100 kU penicillin, and placed in prone position. Through a 4 cm long calvarium midline incision, the skull was exposed. Behind the crest of the skull and distant around 6 mm to the midline on the right, a round opening with diameter of 12 mm was created by high-speed electric drill. The dura mater was exposed and a defect around 8 mm in diameter was made. The dura substitutes with 9 mm in diameter were applied to repair the defects in both experimental and control groups. Finally, the periosteum, subcutaneous tissue and skin were successively closed with absorbable suture. In blank control group, the defects were left without any implants but only suture. After the surgery the animals were kept in individual cages at room temperature on a 12 h light/dark cycle. Standard balanced food and water were available for freely intake. The penicillin (100 kU/kg) has been intramuscular introduced 30 min before surgery, and prolonged 3 days after the surgical procedure.
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FIGURE 1. The surgical procedures of dura mater implantation (1: anaesthetization, 2: exposure of surgical site, 3: exposure of the skull, 4: round opening on the skull, 5: establishing of dura mater defect, 6: established dura mater defect, 7: dura substitute implantation, 8: suturing, 9: post-operation).




Observation and Harvest Procedure

One week after the operation, all the animals were daily inspected on surgical site, including the wound healing, cerebrospinal fluid (CSF) leakage and infection situation. Especially, the surgical site, middle ear cavity and accessory nasal sinuses were carefully checked as possible CSF leakage sites.

Leukocyte count in complete blood was applied at three sampling time points: before the operation, 1 week post-operation and before the sacrifice. Leukocyte count in CSF was applied with CSF was collected just before animal sacrifice. The method used for leukocyte counts was microscopic visual counting.

Immunoglobulin G (IgG) and immunoglobulin M (IgM) in serum which was collected before the operation and before the sacrifice were detected with quantitative assay kits. The testing kits used for IgG (Catalog No. KA2017) and IgM (Catalog No. KA2040) were purchased from Abnova Inc. (United States).

After the sacrifice, the tissue materials were sampled and fixed in 10% buffered formalin for 10 days, following the decalcification in decalcifying fluid. Conventional histological sample treatments and staining were applied. Briefly, representative tissue sections were placed in histopathological cassettes, and processed in the tissue processor, where the material was dehydrated gradually in series of ethyl alcohol with increasing concentrations (80–99.8%), subsequently cleared in the series of xylenes, and embedded in paraffin. The formed paraffin blocks were cut using rotary microtome (Thermo Scientific HM340E) into 5 μm paraffin tissue sections, placed on slides and stained with H&E.

The animals were sacrificed at 30, 90, and 180 days postoperatively in all three groups (experiment group, control group and blank control group) by intravenous administration of a pentobarbital overdose (50 mg/kg).

The tissue adhesion of decalcified tissue samples and tissue sections were both double-blind rated by four senior researchers.



Grading System

A quantitative grading system was applied to score the tissue adhesion to the implants in both macroscopic and microscopic assessments, as previously described (Shackelford et al., 2002; NMPA, 2019). Macroscopic assessment of adhesion to surrounding tissue was graded from 0 = none, 1 = minimal, easy to separate, 2 = moderate, can separate without any break, 3 = multiple, difficult to separate and some tissue integrate with the graft, and 4 = extensive, hardly to separate and lots of tissue integrate with the graft. Microscopic assessment of adhesion and inflammation of the graft were graded from 0 = none, 1 = minimal (<1%), 2 = mild (1–25%), 3 = moderate (26–50%), 4 = moderately severe (51–75%), and 5 = severe.



Statistical Analysis

All the experimental data were presented as mean ± standard deviations, and analyzed for significant by Kruskal-Wallis test, followed by Mann-Whitney U test. Data were analyzed using SPSS Statistics Software (version 17.0). Statistically significant differences were defined as having p < 0.05.



RESULTS


Characterization of Dura Substitutes


Composition Analysis

The SDS-PAGE image was shown as Figure 2, and the meanings of sample codes and lane numbers were specified in Table 1. According to the electrophoresis strips in the lanes loaded with different samples, dura substitute sample (sample A, lane 1, 3, 5) had similar molecular weights and distribution with type I collagen control (sample F, lane 4). Also, no strips were observed of collagenase digested dura substitute (sample B, lane 6) and collagenase (sample C, lane 9), which indicated the dura substitute was fully digested by collagenase. Thus, the amount of impurities in dura substitute samples was no larger than the detection limit measured with BSA. Since 20 μL of 0.01 mg/mL BSA solution was loaded as sample D (lane 7, 8), the purity of collagen dura substitute could be calculated as the following equation.


[image: image]

FIGURE 2. The SDS-PAGE of dura substitute (Lane 1, 3, 5: sample A, collagen solution; Lane 2: sample E, molecular weight ladder; Lane 4: sample F, control type I collagen; Lane 6: sample B, digested collagen solution; Lanes 7, 8: sample D, BSA; Lane 9: sample C, collagenase solution).



TABLE 1. The meaning meanings of sample codes and lane numbers.
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Where LLBSA is the lower limit of BSA (μg), V is the loaded sample volume (μL) and C is the sample concentration (μg/μL). In this study, C was 2.64 mg/mL, V was 20 μL, and LLBSA was 0.2 μg. Accordingly, the purity was 99.62% and the non-collagen impurity content was less than 0.40%.

The result of amino acid analysis was given in Table 2, which included the molar ratios of different amino acids in collagen dura substitute. Also, the amino acid compositions of bovine collagen alpha-1(I) chain (UniProtKB entry: P02453) were shown as control according to the data from UniProtKB (UniProt, 2020). It is obvious to find that the collagen dura substitute met the main composition features of type I collagen, such as around 1/3 of glycine, no cysteine and tryptophan, and close total content of proline and hydroxyproline.


TABLE 2. The amino acid analysis of dura substitute.
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Structural Characterization

The microstructure of the collagen dura substitute was shown in Figure 3, which demonstrated a three dimensional network structure with inter-connected pores of diameters ranged from a few to 150 μm.


[image: image]

FIGURE 3. The microstructure of dura substitute.




In vivo Animal Study


Gross Observation and Fluid Examination

All the animals had normal intakes and behavior post-operation. The body weight of each animal increased gradually and showed insignificant difference among groups (data not shown). The body temperature of each animal was in normal range during the observation period and showed insignificant difference among groups (data not shown).

For experiment and control groups, no irritation or inflammation, nor fluid or discharge was observed at the surgical site. More importantly, no CSF was observed postoperatively till the sacrifice of animals.



Inflammatory Evaluation

Since leukocytes were considered as one of the main response results when there is an inflammatory response, the leukocyte count was detected both in complete blood and CSF in this study. The results were shown in Figure 4 and they indicated that the leukocyte counts in both complete and CSF had insignificant difference at different sampling time points, which meant no inflammatory caused by the implant or the operation.
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FIGURE 4. The leukocyte counts in complete blood and CSF.




Immunological Response

As the main indicators of immunological response, the IgG and IgM contents in serum of different groups at given sampling times were showed in Figure 5. According to the results, there was no significant difference among the groups comparing the values at sampling time and those acquired before the operation. Therefore, it was reasonable to confirm that there was no early or delayed infection owing to the operation or the implant.
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FIGURE 5. The IgG and IgM contents in serum.




Macroscopic Examination

The tissue adhesion of dura substitutes is one of the critical aspects in the safety evaluation. Since there is no guidance document for tissue adhesion for animal study of dura substitutes, intraperitoneal hernia repair guidance document from NMPA and its referred evaluation standard on tissue adhesion is applied in this study. The macroscopic examination results of the implants at different sampling times were shown as Figure 6, and the adhesion grading results were given in Figure 7. For blank control group, the results showed that the adhesion of brain tissues was so severe that they were very difficult to be separated from the skull and lot of brain tissue were attached after the separation, no matter the examination time was 30, 90, or 180 days post-operation. The tissue adhesion in groups with dura substitute implantation was significant improved according to the results at the first sampling time (30 days). In both experiment and control groups, slight adhesion was found and was easy to be separated. 180 days after the implantation, there was no adhesion was observed in both experiment and control groups.
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FIGURE 6. The macroscopic examination of the implants (arrow: implant position).
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FIGURE 7. The adhesion grading of implants with tissue (*P < 0.05, **P < 0.01).


The histological results of tissue samples were shown as Figure 8. According to the microscopic images of tissues sampled at 30 days, the implants in both experiment and control groups were closely integrated with the surrounding dura tissue. At the same time, attachment and migration of fibroblasts into the implants were clearly identified while no abnormality was observed in arachnoid and brain tissues. The implants were partially degraded, and entangled with the newly formed extracellular matrix as repaired tissue. In blank control group, an obvious dura defect and disorderly fibroblastic proliferation in lateral dura was observed. Meanwhile, the arachnoid structure was incomplete and the brain tissue was shown as necrosis.
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FIGURE 8. The histological observation of the implants (A: brain tissue; the arrow → pointed to the repaired tissue; I: ×100, II: ×400).


After 90 days of implantation, a large number of fibroblasts were observed in both experiment and control groups. The implanted dura substitutes were mostly degraded in both groups. The newly formed tissue with characteristic dura structure had no clear boundary with surrounding brain tissue, while the contacting sides of skull and meningeal tissue showed fine condition and no abnormality was observed in both arachnoid and brain tissue. Thus it is possible to consider that the regenerated dura had mainly replaced the implanted dura substitute. Comparatively, the blank control group exhibited obvious dura defect and loss of arachnoid structure. Also, the brain tissue was partially liquefied or necrotic, while it had visible adhesion with newly formed tissue at the edge of defect, accompanying with noticeable scar tissue.

One hundred and Eighty days after the surgery, the implants were completely degraded and the regenerated dura fully substituted the implants in both experiment and control groups. The surrounding tissues were in good conditions as previous and the skull insufficiently covered the surgery zone was mostly regenerated as well. In blank control group, dura deficiency was obvious and tissues were in similar conditions with what were observed in the same group after 90 days of the implantation.

Figure 9 show the scoring results of histological evaluation of different groups at 30, 90, and 120 days after implantation. Thirty days after surgery, the tissue adhesion in blank control group was extensive and severe, which was significantly higher than those in experiment and control groups (P < 0.05). And this condition continued to 90 and 180 days after the surgery. The difference between experiment and control groups was insignificant at 30 and 90 days after the implantation, but the adhesion was insignificantly higher in control group than that in experiment group at 180 days after implantation (P > 0.05).
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FIGURE 9. The grade scoring of adhesion and inflammation on microscopic assessment (*P < 0.05).


The inflammatory reactions in all groups were evaluated to be mild to moderate without obvious different at 30 days after the surgery. At 90 and 180 days after the implantation, the inflammatory cell infiltration in both experiment and control groups were reduced and significant lower than that in blank control group (P < 0.05), but the difference between experiment and control groups were insignificant (P > 0.05).



DISCUSSION

The composition analysis indicated the fibrous collagen prepared from bovine tendon was highly purified type I collagen (>99.5%) and the amino acid ratios met the main features of bovine collagen alpha-1(I) chain. Thus, the dura substitutes prepared by highly purified type I collagen in this study showed essential composition requirement for dura repair and potential regeneration as well. The dura substitutes possessed with excellent porous network structure which was critical to influence cell behaviors as an ideal biomimetic scaffold (Xu et al., 2017; Wang and Ao, 2019). The pores were inter-connected and the diameters ranged from a few to 150 μm, which was beneficial to the cell attachment, migration and proliferation. Also, the mass transfer, including delivery of nutrient and removal of metabolite in the dura substitute was unhindered, which was suitable for regeneration of extracellular matrix as well. Therefore, the highly purified chemical composition as well as biomimetic microstructure of the experiment dura substitute in this study is favorable niche for host fibroblasts to further regenerate damage or lost dura (Calikoglu et al., 2019).

All medical devices need to demonstrate their safety and efficacy via scientific evidence (Bi et al., 2020). For dura substitute devices expected to regenerate dura mater, the systematic design verification tests include, but not limited to, physical and chemical characterizations; biocompatibility evaluation per ISO 10993 standards which could include acute and chronic systemic toxicity, local tissue response, and genotoxicity tests; biological safety evaluation includes immunogenicity and infectious pathogen test of animal-derived devices. Animal studies are important to validate the in vivo safety as well as performance of the device per intended uses. For dura substitute devices, animal studies could provide data and evidence to prove their tissue repair and potential regeneration properties in situ of the damaged or lost dura mater.

In vivo safety and performance of collagen-based dura substitutes was investigated via animal studies. Multiple approaches were applied to conduct a comprehensive evaluation of the dura substitute for its ability to repair and regenerate dura mater. The gross observation, such as body weight and body temperature of the animal indicated the surgery and implant didn’t cause abnormal body reaction or pyrogen reaction. The insignificant difference of leukocyte counts in both complete blood and CSF in all three groups implied the implants caused no systematical inflammatory in short (7 days) or long (180 days) term without any encapsulation or use of antibiotic (Xu et al., 2020). Furthermore, the immunogenicity of type I collagen has been related to the end of its triple helix structure, which is composed of non-helical telopeptides. Removing these non-helical components via specially designed processes has been shown to reduce the immunogenicity of type I collagen. As a result, the immunological responses showed no infection caused by the implants, which may owe to their highly purified fibrous type I collagen that has removed non-helical telopeptide in the molecule (Lynn et al., 2004). The macroscopic examination and histological observation suggested that the collagen-based dura substitute was tissue anti-adhesion and had suitable degradation rate which was appropriate for aggregation of newly secreted extracellular matrix in a gradual and order pattern to achieve desirable regeneration effect (Wang and Ao, 2019; Ramot et al., 2020). The highly purified type I collagen fibrils and porous microstructures were important to mimic the natural tissues for triggering the native mechanisms to regenerate new host tissue, while the desirable degradation rate to match the progress of newly formed extracellular matrix was critical for dura regeneration too.



CONCLUSION

The in vivo safety and performance of fibrous collagen dura substitutes composed of highly purified type I collagen and biomimetic porous microstructure were investigated using a rabbit model, which was feasible and reliable. Compared with the blank control, the collagen dura substitutes significantly improved the outcome of the dura repair. The collagen dura substitutes exhibited excellent in vivo performance in terms of anti-leaking of CSF, tissue anti-adhesion and degradability. Furthermore, the collagen dura substitutes also demonstrated dura regeneration ability during the course of animal study. In summary, the fibrous type I collagen dura substitutes in this animal study were safe and showed excellent performance for dura repair and regeneration.
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Elastic fibers are an important component of the extracellular matrix, providing stretch, resilience, and cell interactivity to a broad range of elastic tissues. Elastin makes up the majority of elastic fibers and is formed by the hierarchical assembly of its monomer, tropoelastin. Our understanding of key aspects of the assembly process have been unclear due to the intrinsic properties of elastin and tropoelastin that render them difficult to study. This review focuses on recent developments that have shaped our current knowledge of elastin assembly through understanding the relationship between tropoelastin’s structure and function.
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ELASTIC FIBERS AND ELASTIN

Elastic fibers are present in the extracellular matrix (ECM) of vertebrate tissues, such as the skin, lungs, cardiovascular system, cartilage, and tendons. They are ubiquitous across most vertebrates other than lower vertebrates such as species from the superclass Agnatha (jawless fish) (Debelle and Tamburro, 1999). Elastic fibers provide tissues with mechanical resilience, durability, and cell interactivity, which support a diverse range of specialized functionality.

Elastic fibers are composed of approximately 90% elastin, whilst the remaining components are primarily comprised of fibrillin glycoproteins (Mecham, 1991). Thus, elastin is responsible, in great part, for the properties of elastic fibers. The most crucial of these properties is the ability to undergo many stretch-recoil cycles whilst maintaining the structural and functional integrity of elastic tissues over an organism’s lifetime. The ability to stretch and recoil arises from the biochemical properties of elastin’s monomer, tropoelastin (discussed below). Additionally, elastin is remarkably durable as it is primarily deposited during prenatal development and childhood, and is rarely synthesized during adulthood. Its estimated half-life of 70 years (Shapiro et al., 1991) is due to its extensive cross-linking and high hydrophobicity, which render it resistant to degradation (Vrhovski and Weiss, 1998; Schrader et al., 2018; Hedtke et al., 2019).



TROPOELASTIN

Elastin’s subunit, tropoelastin, is a soluble 60–70 kDa protein which has been intensely studied over the past three decades. Tropoelastin is a spring-like molecule that is extremely extensible prior to cross-linking. A single tropoelastin molecule can stretch up to eight times its resting length and has a Young’s modulus (tensile stiffness) of ∼ 3 kPa (Baldock et al., 2011) in comparison to elastin’s extensibility of 150% and stiffness of ∼1 mPa (Aaron and Gosline, 1981). Tropoelastin undergoes minimal energy loss during extension, similar to other polymers such as rubber and resilin (Elvin et al., 2005; Cordier et al., 2008; Baldock et al., 2011). These remarkable properties arise from its sequence and structure, which render tropoelastin structurally highly flexible but not disordered (Tarakanova et al., 2018). In addition to its involvement in molecular elasticity, the flexibility of tropoelastin also a key requirement for self-assembly into elastin, with mutations that perturb this having detrimental effects on tissue (Yeo et al., 2016, 2017). Together, these two properties can be tuned and exploited to give rise to an increasing number of novel biomaterials for tissue engineering and regenerative medicine, which have been recently reviewed elsewhere (Wang et al., 2020; Wen et al., 2020).



TROPOELASTIN GENE AND EXPRESSION

Tropoelastin is encoded by the ELN gene, which is present in all vertebrates except jawless fish (Chung et al., 2006). Most organisms contain one copy of ELN, other than teleosts and amphibians which notably possess two distinct types of ELN genes (He et al., 2007; Miao et al., 2007, 2009). The human ELN gene is located on the long arm of chromosome 7q11.2 and comprises of 34 exons nestled between lengthy introns (Indik et al., 1987, 1989; Bashir et al., 1989). Human ELN gives rise to a broad variety of splice isoforms, with alternative splicing being observed with exons 22, 23, 24, 26A, 32, and 33 (Fazio et al., 1988; Parks et al., 1992) that result in 13 known human isoforms of the mature tropoelastin protein (Reichheld et al., 2019). The most commonly investigated isoform contains domain 26A and lacks domain 22, and is predominantly found in elastic tissues (Indik et al., 1987; Vrhovski et al., 1997).

Variations in the relative abundance of alternatively spliced ELN mRNA transcripts have been observed between tissues, and this diversity is thought to be necessary for the fine tuning of the mechanical characteristics of tissues to suit their unique functional requirements (Reichheld et al., 2019). Indeed, studies examining the consequences of domain insertions and deletions note changes in the intrinsic functionality of tropoelastin, corroborating the hypothesis that domain insertions and deletions result in altered tissue mechanics (Jensen et al., 2000; Kozel et al., 2003; Yeo et al., 2016; Miao et al., 2017). The isoform-function theory is further reinforced by the presence of two different ELN genes within teleosts that are differentially expressed both spatially and temporally during development (Miao et al., 2007). The self-assembly properties and nanostructure of these extra teleost isoforms are yet to be investigated.



SEQUENCE

Tropoelastin’s domains each arise from single exons of the ELN gene. They can be categorized as either “hydrophobic” or “cross-linking” based on their functionality and amino acid content (Figure 1). Tropoelastin’s primary sequence is low in complexity and contains repetitive motifs. Furthermore, tropoelastin’s hydrophobic and cross-linking domains are arranged in alternating patterns throughout the majority of the molecule, giving rise to both inter- and intra-domain level repetition.


[image: image]

FIGURE 1. Tropoelastin’s sequence and domain arrangement. Tropoelastin is a low complexity protein on both primary and secondary sequence levels. Its hydrophobic (pink) and cross-linking (blue) domains consist of repetitive motifs that contribute uniquely to elastin assembly. The hydrophobic domains contain aliphatic amino acids with proline variations that provide flexibility and the ability to assemble into higher order structures. The cross-linking domains are enriched for either Lys-Pro (KP) or Lys-Ala (KA) motifs and form cross-links that link growing tropoelastin chains during elastogenesis; note that exon 6 encodes a KA domain. Tropoelastin’s C-terminal domain 36 (yellow) does not fall into either category as it contains a distinct sequence capped with a Gly-Arg-Lys-Arg-Lys (GRKRK) motif and is primarily involved in cell interactions.


Tropoelastin’s amino acid sequence predominantly consists of non-polar residues including glycine, valine, alanine, and proline (Debelle and Tamburro, 1999). The hydrophobic domains contain repetitions and variations of Val-Pro-Gly-Val-Gly motifs (Figure 1), resulting in the aforementioned low complexity of sequence (Foster et al., 1973; Gray et al., 1973). The hydrophobic domains vary in length, with the majority of the shorter (9–5 residues) domains occurring near the N-terminus, while the longer (up to 55 residues) domains are found within tropoelastin’s central and C-terminal regions (Indik et al., 1989). The hydrophobic domains have been extensively studied and are responsible for facilitating tropoelastin’s ability to self-assemble (Vrhovski et al., 1997; Toonkool et al., 2001).

The cross-linking domains are defined by lysines, which are responsible for the formation of durable bi-, tri-, and tetrafunctional cross-links within mature elastin. Cross-linking domains can be subdivided into KP or KA domains, which denote the amino acids (proline or alanine, respectively) that are adjacent to the lysines (Figure 1). KP domains are found closer toward the N-terminus, whereas KA domains are closer to the C-terminus and include alanine tracts (Indik et al., 1987). Unlike hydrophobic domains, cross-linking domains in isolation are unable to self-assemble; thus, they have been studied in the context of the cross-linking of elastin-derived biomaterials (Annabi et al., 2017; Yue et al., 2017). Cross-linking domains are capable of modulating self-assembly when incorporated into peptides and biomaterials derived from tropoelastin’s hydrophobic domains. For example, their inclusion in peptides derived from hydrophobic domains confers decreased times taken for self-assembly, most likely due to their favorable interaction with aqueous solvent (Miao et al., 2003). Modulative effects are also observed within full length tropoelastin, where disruptions to domain 26 diminish self-assembly (Jensen et al., 2000), highlighting the context of primary sequence on higher order structures.

Another region of note is domain 36, which contains lysines but does not participate in cross-linking (Hedtke et al., 2019). The amino acid sequence of domain 36 is unique; furthermore, its sequence confers a positively charged C-terminus comprising lysines between positively charged arginines, forming a RKRK sequence (Vrhovski et al., 1997). In addition to the RKRK sequence, domain 36 contains tropoelastin’s sole two cysteines and only disulfide bond. Perturbation of either of these components greatly reduces tropoelastin’s ability to self-assemble in vitro and interact with the microfibril scaffold of elastic fibers (Nonaka et al., 2014), indicating that an intact domain 36 is required for correct assembly.



STRUCTURE

The understanding of tropoelastin’s structure has been hindered by numerous intrinsic properties of the molecule. Of most importance, the inability to acquire large quantities of pure tropoelastin historically presented a significant obstacle to experimentally characterizing its structure. Elastin is extensively cross-linked and difficult to break apart into monomers even under harsh conditions, thus, initial strategies included feeding animals a copper deficient diet to prevent lysyl oxidase (LOX) cross-linking of tropoelastin; however, this proved inefficient and time consuming (Wise and Weiss, 2009; Tarakanova et al., 2018).

Even after being able to produce recombinant tropoelastin at scales suited to characterization studies, traditional techniques have not yet produced an experimentally verified atomistic structure (Martin et al., 1995; Tarakanova and Buehler, 2013). Tropoelastin’s flexibility does not allow it to pack into a crystal lattice and its size renders it too complex to assign atomic interactions using nuclear magnetic resonance (NMR) on a global level (Tamburro et al., 2003, 2006; Bochicchio et al., 2004; Pepe et al., 2008). Cryo-electron microscopy is a rapidly developing method and likely to contribute to structural knowledge of tropoelastin. Indeed, cryo-EM was recently reported to have a lower molecular size limit of approximately 50 kDa, however, it has not yet been successfully applied to characterize tropoelastin (Murata and Wolf, 2018).

Due to the lack of a full-atomistic structure, a number of elastin derivatives, including isolated tropoelastin domains (Toonkool et al., 2001; Mackay et al., 2005; Dyksterhuis et al., 2007; Dyksterhuis and Weiss, 2010) and synthetic elastin-derived peptides (EDPs) (Luan et al., 1990; Tamburro et al., 1992; Kentsis and Sosnick, 1998; Kumashiro et al., 2006; Reichheld et al., 2014, 2017; Muiznieks et al., 2015; MacEwan et al., 2017; Tarakanova et al., 2017) have been studied to understand tropoelastin’s domain level properties. Attempts to characterize tropoelastin’s structure have seen a gradual shift from the belief that tropoelastin’s domains have fixed structures, to understanding that the majority of its domains are capable of transitioning between random coils and transient ordered structures. These ordered structures can include α-helices and β-structures (Vrhovski et al., 1997), which depend on the amino acid content and arrangement of domains (He et al., 2012; Reichheld et al., 2014, 2017; Muiznieks et al., 2015) and the choice of solvent (Reiersen and Rees, 2000; Muiznieks et al., 2015).

Tropoelastin’s hydrophobic domains are predominantly responsible for the random coil content of the monomer, and are the result of the unique pairing of proline and glycine pairs that are interspersed throughout the majority of hydrophobic domains (Rauscher and Pomes, 2017). The smallest amino acid, glycine is known to promote flexibility within local structures due to lack of steric hindrance, whereas proline’s restrictive sidechain inhibits conformational sampling and disrupts the formation of prolonged secondary structures (Roberts et al., 2015). Combinations of these two amino acids result in domains that undergo rapid conformational sampling (Rauscher and Pomes, 2017), which, if perturbed toward a conformation that gravitate toward stability, will assemble into highly ordered amyloid-like fibrils that are not elastomeric (Rauscher et al., 2006; Roberts et al., 2015).

More surprisingly, tropoelastin’s cross-linking domains are also capable of similar transitions between ordered and disordered structures. KA domains were initially thought to form α-helices and poly-proline II helices (PPII) due to the presence of cross-links which require a lysine arrangement that was postulated to be achieved via α-helical configuration (Brown-Augsburger et al., 1995). Although alanine tracts within other proteins are predisposed to α-helix formation (Yang and Honig, 1995; Avbelj, 2000), high helical content within tropoelastin’s KA domains was primarily demonstrated to persist in solvents that stabilize secondary structure, such as trifluoroethanol, rather than aqueous solution (Luo and Baldwin, 1997; Tamburro et al., 2006). More recently, it has been demonstrated that KA domains consist of random coil content prior to self-assembly and become more ordered as molecules aggregate, marrying the observations discussed above into a cohesive model within the context of assembly and the requirements of higher-order structures (Reichheld et al., 2014).

The first successful experiments to define the 3D envelope of tropoelastin utilized small angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS) (Baldock et al., 2011). Tropoelastin was revealed to be an asymmetric molecule with distinct N- and C-terminal regions that are respectively referred to as the “head” and “foot” of the molecule. The N-terminal head caps an extended coil region that consists of domains 2–18. Below the coil is a flexible “hinge” region made up of domains 20–24, which are directly adjacent to the “bridge” regions of domains 25–26. Domains 27–36 make up tropoelastin’s foot, which are labeled as such due to their spatial arrangement, forming an almost claw-like component of the molecule. However, higher resolution data were required to map out its elusive properties and performance within a hierarchical assembly (Tarakanova et al., 2018; Ozsvar et al., 2019).



COMPUTATIONAL MODELS OF TROPOELASTIN

Computational approaches have gained popularity in recent decades as their methodologies have been refined to provide accurate atomistic scale insights into molecular structure and movement (Tarakanova et al., 2018). Thus, computational approaches can be considered as important means to complement wet bench experiments. By leveraging the advantages of computational models, such as elastic network models, full-atomistic models and coarse grained models, as depicted in Figure 2, the correlation between the structure, motions, and the functionality of tropoelastin have recently been explored in depth (Yeo et al., 2016; Tarakanova et al., 2018, 2019a).
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FIGURE 2. Overview of the computational and experimental methodologies that have recently contributed to our understanding of elastic fiber assembly. The SAXS/SANS global shape of tropoelastin (Baldock et al., 2011) has been used to validate the full-atomistic computational model of tropoelastin through a geometric and topological comparison (Tarakanova et al., 2018). Furthermore, the SAXS/SANS structure has been mapped to an elastic network model with tunable stiffness to probe the role of tropoelastin’s flexibility in fiber assembly (Yeo et al., 2016). Meanwhile, modifications to the full-atomistic model have revealed the mechanisms that contribute to aberrant fiber structure (Tarakanova et al., 2018) that have been hypothesized to predispose patients to diseases such as acquired cutis laxa (Hu et al., 2006). Additionally, coarse-graining the full-atomistic model has allowed for the examination of mesoscale tropoelastin assembly and, in particular, deciphered the orientation of tropoelastin molecules that occurs during early stage assembly (inset image) (Tarakanova et al., 2019a). Future investigations will allow the bridging of the gap between mesoscale simulations and microscopically observed coacervation (Clarke et al., 2006).


The full-atomistic model of tropoelastin was developed based on replica exchange molecular dynamics (REMD) simulations, an accelerated sampling method for molecular dynamics (Tarakanova et al., 2018). This model revealed that tropoelastin maintains a canonical or “average” structure based on the distribution of its possible conformations in spite of its flexible nature (Figure 2), as well as the possible roles that local structures play in biological processes, specifically, elastogenesis (Tarakanova et al., 2019b). This canonical computational structure was determined to be highly similar to the envelope found via SAXS/SANS, where both consist of an extended molecular body accompanied by a protruding foot (Baldock et al., 2011). The computational model uncovered the contributions of each molecular region to the flexibility of the molecule. For example, the highly flexible domains 2–5 that were noted to generate a twisting motion in N-terminus, were positioned beside domain 6, a relatively immobile region that may assist in stabilizing the subsequent regions. The flexibility of the mid-region of the molecule was proposed to drive the overall elasticity of the resultant fibers. Closer to the base of the molecule, the flexible hinge region between domains 21 and 23 presented with a scissors-like bending, which is now believed to contribute to elasticity and multimeric assembly through enhanced conformational space sampling (Tarakanova et al., 2019b). Further down the molecule, the cell-interactive C-terminus was noted to be highly flexible, indicating that high conformational sampling could be conducive to tropoelastin’s interactions between cell-surface receptors and elastic fiber-associated proteins. Thus, the current computational model unifies the global and regional characteristics of tropoelastin, inferring mechanisms that complement observed experimental phenomena.

Computational models have also been leveraged to pinpoint the molecular consequences of synthetic and disease mutations of tropoelastin. For example, models involving single point mutations at negatively charged residues demonstrated both regional and global destabilization of tropoelastin’s structure, which were validated by SAXS structures (Yeo et al., 2012; Tarakanova et al., 2018). The reduction in solvent accessible surface area of the mutant molecules suggests that the underlying mechanism for their altered self-assembly properties observed in experiments is due to less exposure of the appropriate hydrophobic domains required for coacervation. Similarly, a mutation model associated with cutis laxa, or “loose skin disease” (Hu et al., 2006), was found to exhibit higher stability compared with the wild-type molecule due to the increased longevity of its salt bridges (Hu et al., 2006; Tarakanova et al., 2018). The resultant bending motion – rather than scissors-twist motion – that stemmed from this stabilization highlights the mutant’s diminished flexibility as a key driver of impaired fiber assembly in cutis laxa (Tarakanova et al., 2018). By probing mutations in computational studies that resolve the atomistic structure of the molecule, the deduction of mechanisms associated with changes to functional roles of specific domains has become feasible, and a connection between local structures and biological performance can be established (Figure 2; Tarakanova et al., 2018).

Stiffness within the context of self-assembly has also been examined with both coarse grained and full-atomistic simulations using polypeptides derived from tropoelastin’s hydrophobic domains. The stiffness that arose due to amino acid substitutions partially determined resultant secondary structure which, in turn, impacted assembly (Prhashanna et al., 2019). Such models could be used in conjunction with the full molecular model of tropoelastin to examine the self-assembly of discrete regions to understand the impacts of amino acid substitutions in disease. Unsubstituted models are also critical to understanding self-assembly. Modeling utilizing tropoelastin derivatives has demonstrated that structural compaction into both coils and globules occurs above the transition temperature of self-assembly, which may assist in explaining the anisotropic nature of mature elastin (Baul et al., 2020).

The importance of tropoelastin’s flexibility during self-assembly has also been examined in the light of natural allysine modifications, which condense to give cross-links within mature elastin (discussed further in the following section) (Ozsvar et al., 2019). The conversion of a single lysine to an allysine results in structural stabilization, which may serve as a checkpoint during self-assembly to ensure that molecules incapable of forming multiple cross-links are not incorporated into the growing chain. This deduction has been corroborated by the observation that tropoelastin with multiple allysine modifications displays conformational sampling comparable to that of the wild-type molecule, suggesting it is more likely to readily participate in self-assembly.



ELASTOGENESIS

Elastogenesis is the term that collectively describes the hierarchical process of elastic fiber formation, and is comprised of distinct phases: tropoelastin synthesis, coacervation, cross-linking, and deposition.

Elastogenic cells, such as fibroblasts (Mecham et al., 1985) and smooth muscle cells (Narayanan et al., 1976), synthesize and secrete tropoelastin. The majority of tropoelastin synthesis occurs during perinatal development (Myers et al., 1983; Noguchi et al., 1990), however, synthesis may be triggered in response to tissue damage (Parks et al., 1992) or during diseases such as atherosclerosis (Phinikaridou et al., 2018). Tropoelastin is secreted as a ∼60–70 kDa protein to the cell surface where it participates in self-assembly (Hinek and Rabinovitch, 1994; Figure 3).
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FIGURE 3. Stages of hierarchical assembly of elastic fibers. Tropoelastin monomers undergo self-assembly upon reaching the transition temperature through the aggregation of their hydrophobic domains (Wise et al., 2014). Assembly proceeds from a nucleation event and undergoes elongation in a step-wise manner to form a multimer which can occur in a head-to-tail fashion (Wise et al., 2014). Multimers may undergo further transitions, such as branching, to form spherules made of multimer aggregates (Tu et al., 2010). The spherules grow in size and are deposited onto the microfibril scaffold where they fuse into fibrillar structures (Sherratt et al., 2001). Elastic fibers are eventually formed after extensive cross-linking through a process termed maturation (Yeo et al., 2016).


Coacervation is an endothermic, entropically favorable process through which tropoelastin monomers self-assemble into higher order n-mer structures. Coacervation optimally occurs at physiological temperature, however, in vitro coacervation can also occur at lower temperatures depending on experimental conditions and the choice of tropoelastin isoform or derivative (Yeo et al., 2011). This temperature is also known as the transition temperature. Initially, in vitro coacervation is characterized by the rapid aggregation of tropoelastin. into 200 nm then 1–2 μm spherules, which eventually grow and stabilize into spherules 2–6 μm in diameter (Clarke et al., 2006; Kozel et al., 2006; Tu and Weiss, 2010; Tu et al., 2010). Tropoelastin spherules assemble at the cell surface before deposition onto the microfibrillar scaffold in cell culture systems at physiological temperature (Kozel et al., 2006). The process of tropoelastin aggregation is initially reversible, as spherules dissipate if the temperature is lowered (Clarke et al., 2006), however, maintenance of a physiological temperature results in maturation, which is indicated by spherule coalescence and the irreversible formation of fibrillar structures (Cox et al., 1974; Bressan et al., 1983; Mithieux et al., 2005). The presence of tropoelastin spherules fusing to fibrils has been noted in native tissue, demonstrating marked similarities between in vitro and in vivo coacervation (Haust et al., 1965; Albert, 1972; Kozel et al., 2006).

Tropoelastin’s hydrophobic domains are primarily responsible for facilitating coacervation (Tamburro et al., 1992; Miao et al., 2003; Muiznieks et al., 2003). Non-polar residues are a major contributor to protein folding, as their unfavorable interactions with water drive them to bury into the protein core, however, as tropoelastin is comprised of numerous hydrophobic domains, it has been demonstrated that many of these domains will be at least partially solvent exposed (Dyksterhuis et al., 2007). Thus, at lower temperatures, the water surrounding these domains forms ordered, clathrate-like shells that prevent aggregation until the appropriate temperature is reached (Wu and Weiss, 1999; Miao et al., 2003; Dandurand et al., 2015). In contrast, higher temperatures allow the breaking of the hydrogen bonds of the ordered water, dissipating the clathrate shells and permitting the association of the hydrophobic domains (Yeo et al., 2011). The prevention of early self-aggregation in vitro is thought to be mediated by chaperone proteins (Hinek and Rabinovitch, 1994; Miao et al., 2013). Further to this, the flexibility of the hydrophobic domains may also play a key role in self-assembly. Molecular dynamics modeling of aggregating tropoelastin-derived peptide chains points to the maintenance of a hydrated, disordered, liquid-like state due to the formation of short-lived inter-chain bonds (Rauscher and Pomes, 2017; Reichheld et al., 2020), mostly likely due to the inducement of random coils by PG repeats (vide supra). This phenomenon is supported by in vitro peptide studies, which note that increasing the space between PG motifs or removing prolines results in more ordered structures (Rauscher et al., 2006).

Similar to other ECM proteins, such as collagen, tropoelastin covalently cross-links via its lysines. Approximately 90% of tropoelastin’s lysines undergo modification and/or participate in cross-links, indicating that mature elastin is extensively cross-linked (Kozel et al., 2003; Schmelzer et al., 2019). Cross-linking requires the modification of at least one of the lysine participants by a member of the copper-containing LOX or lysine oxidase-like (LOXL) enzyme families. LOX and LOXL convert the ε-amino group of lysine to α-aminoadipic acid δ-semialdehyde (allysine) (Schmelzer et al., 2019), which spontaneously undergo either a Schiff base reaction with a lysine, or two allysines crosslink through aldol condensation, to give rise to bifunctional crosslinks (Franzblau et al., 1969; Lent et al., 1969). The bifunctional cross-links can undergo further condensation to form tetrafunctional desmosine or isodesmosine (Partridge, 1966). A series of mapping studies have been recently conducted to pinpoint the locations of these cross-links (Schrader et al., 2018; Hedtke et al., 2019; Schmelzer et al., 2019) as their placements are crucial to understanding the resultant molecular orientation of tropoelastin within cross-linked elastin. Molecular docking studies utilizing tropoelastin and the 3D structure of LOX1 (Vallet et al., 2018) may assist in our understanding as to whether the enzyme has a preference for modifying particular tropoelastin residues.

The next stage of elastin assembly involves the deposition of tropoelastin spherules onto the microfibril scaffold of elastic fibers. Microfibrils comprise multiple proteins, of which fibrillin-1 is the most common. Tropoelastin interacts with microfibril components including fibrillin-1, fibulin-4, and -5, and other associated molecules such as latent transforming growth factor β binding protein-4 (Visconti et al., 2003; McLaughlin et al., 2006; Urban et al., 2009; Yamauchi et al., 2010; Noda et al., 2013; Lockhart-Cairns et al., 2020). It has recently been suggested that fibrillins are capable of stabilizing tropoelastin, possibly for the purpose of selecting conformations that are favorable for elastin assembly (Lockhart-Cairns et al., 2020). In addition to interacting with tropoelastin, fibulin-4 and -5 are capable of also binding LOX and fibrillin-1 and, thus, have key roles in facilitating elastogenesis (Hinderer et al., 2015). Moreover, fibulins are essential for elastic fiber directionality, as fibroblasts with fibulin-4 and -5 knockdowns generate poorly formed elastic fibers (Yamauchi et al., 2010), and fibulin-4 –/– mice display aberrant, poorly cross-linked, and non-fibrous elastin (McLaughlin et al., 2006).



CURRENT MODEL OF TROPOELASTIN ASSEMBLY

It was first hypothesized that tropoelastin assembles in a head-to-tail manner similar to that of other ECM proteins such as collagen, which assembles into fibrils that subsequently associate laterally to form sheets and thicker fibers (Kadler, 2017). Solving tropoelastin’s global structure (Baldock et al., 2011) allowed for 3D mapping on tropoelastin of the approximate locations of domains 10, 19, and 25, which were the first unequivocally cross-linked domains to be discovered (Brown-Augsburger et al., 1995). The alignment of these three domains indicates that at least two tropoelastin molecules are required to form this tetrafunctional cross-link, thus, giving rise to the head-to-tail model of assembly involving the growth of a linear chain that can assemble laterally to form sheets and eventually form spherules (Baldock et al., 2011).

However, there are aspects of this model that warrant further investigation. For example, the tetrafunctional cross-link, on which the model is based, is derived from porcine elastin (Brown-Augsburger et al., 1995). Although there is no 3D structure for porcine tropoelastin, porcine tropoelastin differs from that of humans (Sandberg et al., 1977), leaving it unclear as to whether these domains align as expected in human tissue. Further to this, the current model of elastin assembly does not account for how long strings or sheets of tropoelastin are capable of forming spherules on a macroscopic scale (Tu et al., 2010).

More recently, the computational model of tropoelastin has been leveraged to characterize higher-order structures and probe self-assembly (Tarakanova et al., 2019a). Forty tropoelastin molecules were subjected to simulations using a MARTINI-based coarse-grained model, integrated with an elastic network model (Tarakanova et al., 2019a). The advantage of coarse-grained methodologies is that they allow for the simulation of timescales of large molecular systems on the order of microseconds, which are otherwise computationally infeasible with classical full-atomistic molecular dynamics. Dominant driving factors of assembly were examined, including water, temperature and domain pair orientations. Crucially, these simulations revealed that self-assembly starts with a nucleation event and elongation proceeds via both globular and fibrillar structures (Tarakanova et al., 2019a). This suggests a high level of conformational sampling during this phase of coacervation, indicating that the flexibility of tropoelastin plays a key role in assembly that may persist, to some extent, into later stages of assembly (Reichheld et al., 2020). Importantly, the presence of fibrils indicates that the nanostructures formed during initial assembly contribute to the supramolecular structures that arise during both early (spherule) and later (fibril) stages of elastogenesis. Interestingly, the location and orientation of different domains that contacted each other during self-assembly was noted to be heterogeneous, resulting in head-to-head, tail-to-tail, head-to-tail, and lateral interactions (Tarakanova et al., 2019a). This reflects the experimentally observed heterogeneity of cross-links in mature elastin, again giving weight to the hypothesis that the flexibility of tropoelastin is imperative for assembly (Schrader et al., 2018; Tarakanova et al., 2019a).



TROPOELASTIN-CELL RECEPTOR INTERACTIONS AND IMPLICATIONS FOR ASSEMBLY

Tropoelastin promotes cell attachment and migration of several cell types including fibroblasts, endothelial cells and mesenchymal stem cells. Cellular activities are mediated through interactions between tropoelastin or EDPs and specific receptors on the cell surface. These interactions trigger a wide range of processes including wound healing, elastogenesis and maintenance of stemness (Yeo and Weiss, 2019).

Elastin binding protein (EBP) is a splice variant of β-galactosidase, that recognizes the repetitive hydrophobic sequences (VGVAPG) of tropoelastin (Tajima et al., 1997). EBP plays two roles in the assembly of elastin. The first is an intracellular role as a tropoelastin chaperone and the second is as part of the elastin receptor complex (ERC). Intracellularly, EBP is associated with tropoelastin after the release of the signal peptide and acts as a chaperone to prevent self-aggregation and proteolysis as it transported to the cell membrane, after which EBP is then recycled and serves as a reusable shuttle protein (Hinek et al., 1995).

On the cell surface, EBP forms a complex with protective protein/cathepsin A (PPCA) and neuraminidase-1 (Neu-1), giving rise to the ERC (Duca et al., 2007). The ERC binds elastin derived peptides, which are the product of proteolytic activity of soluble and insoluble elastin by various elastases. Elastases can be in the form of serine- (e.g., Ela-2), cysteine- (e.g., cathepsin I), or matrix metalloproteinases (MMP-2, -7, -9, and -12), and bioactive peptides include the VGVAPG peptide. Binding of EDPs to the ERC induces a number of biological effects including migration, adhesion, proliferation, protease expression, and secretion. EDPs can modulate an array of signal pathways (Scandolera et al., 2016), but full-length tropoelastin does not trigger pathways through the ERC. This suggests the ERCs’ primary signal pathways are involved in wound recognition through fragments of elastin, where EDPs are formed as a result of elastic tissue damage.

Glycosaminoglycans (GAGs) are negatively charged, linear polysaccharides, which can be either sulfated [heparan sulfate (HS) or chondroitin sulfate] or non-sulfated (hyaluronic acid). HS, which is present on cell surface proteoglycans (syndecans and glypicans), interacts strongly with tropoelastin (Cain et al., 2005). Positively charged lysine residues in domains 17 were identified to interact with negatively charged HS, most likely via ionic interactions (Lee et al., 2017). The last 17 amino acid residues of the C-terminus of domain 36 are also implicated in HS interactions; the last four residues are Arg-Lys-Arg-Lys and are positively charged at physiological pH which provides a charged cluster capable of binding negatively charged HS (Broekelmann et al., 2005). It has been postulated that the interaction between tropoelastin and cell surface proteoglycans is part of the assembly process of elastin before it is deposited on microfibrils. Fibrillin-1 and -2 also interact with proteoglycans (Tiedemann et al., 2001), which coupled with tropoelastin/GAG interactions provide a pathway to the formation of elastic fibers.

Integrins are a major class of cell surface receptor family, of which tropoelastin has been found to interact with two types: αvβ3 (Rodgers and Weiss, 2004) and αvβ5. Integrins canonically bind proteins containing Arg-Glu-Asp motifs, but this sequence is not found in tropoelastin (Lee et al., 2014). Instead, tropoelastin domains 14–18 and 36 (RKRK sequence) have been found to bind to both integrins. The lysines of domain 15 and 17 are believed to play key roles in this interaction. It is likely that, as a general rule, integrin binding to tropoelastin is mediated via GAGs, which is facilitated by the repetition of tropoelastin’s primary sequence and the surface exposure of positively charged similar domains (Lee et al., 2017; Bochicchio et al., 2021). Interactions with these integrins on the surface of mesenchymal stem cells, either through surface bound or as soluble tropoelastin, promote MSC proliferation and phenotypic maintenance via FAK and PKB/AKT (Yeo and Weiss, 2019). The narrow specificity to αvβ3 and α5β3 may also be beneficial compared with other ECM adhesion molecules such as fibronectin (which can adhere to up to 20 types of integrin) which may compete with and modulate binding to tropoelastin, and deliver opposing effects on cell proliferation. Furthermore, as integrins are involved in the remodeling of the ECM (Bonnans et al., 2014), this is consistent with a model where the tropoelastin-integrin interaction forms part of the wound repair process.



CONCLUSION

Tropoelastin is a unique protein with biochemical and physical properties that allow it to rapidly self-assemble into fibrous structures. It has become increasingly evident that tropoelastin’s sequence, structure and subsequent functionality are in a delicate balance; thus, perturbations to tropoelastin’s sequence can have far-reaching consequences for self-assembly and the resultant architecture of elastic fibers. For many years it was difficult to study tropoelastin at an atomic scale, but the application of computational methods, such as full-atomistic molecular dynamics and elastic network models, in combination with powerful low-resolution structural studies, have expanded the field and delivered an enhanced understanding of the mechanisms that contribute to self-assembly. Modeling has been verified using wet-bench methodologies, forming a robust suite of complementary methodologies that will undoubtedly become more prevalent for exploring the assembly of biological fibers over time. With leaps in the improvement of cryogenic electron microscopy to characterize flexible molecules, we predict that this approach will contribute to a deeper understanding of tropoelastin structure and self-assembly in the context of endogenous fiber formation and biomaterials fabrication.
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The discovery that the polypeptide chain has a remarkable and intrinsic propensity to form amyloid-like aggregates endowed with an extraordinary stability is one of the most relevant breakthroughs of the last decades in both protein/peptide chemistry and structural biology. This observation has fundamental implications, as the formation of these assemblies is systematically associated with the insurgence of severe neurodegenerative diseases. Although the ability of proteins to form aggregates rich in cross-β structure has been highlighted by recent studies of structural biology, the determination of the underlying atomic models has required immense efforts and inventiveness. Interestingly, the progressive molecular and structural characterization of these assemblies has opened new perspectives in apparently unrelated fields. Indeed, the self-assembling through the cross-β structure has been exploited to generate innovative biomaterials endowed with promising mechanical and spectroscopic properties. Therefore, this structural motif has become the fil rouge connecting these diversified research areas. In the present review, we report a chronological recapitulation, also performing a survey of the structural content of the Protein Data Bank, of the milestones achieved over the years in the characterization of cross-β assemblies involved in the insurgence of neurodegenerative diseases. A particular emphasis is given to the very recent successful elucidation of amyloid-like aggregates characterized by remarkable molecular and structural complexities. We also review the state of the art of the structural characterization of cross-β based biomaterials by highlighting the benefits of the osmosis of information between these two research areas. Finally, we underline the new promising perspectives that recent successful characterizations of disease-related amyloid-like assemblies can open in the biomaterial field.

Keywords: amyloid aggregates, cross-β structure, peptide-based hydrogels, amino acid aggregation, glutamine rich structures, biomaterials


BACKGROUND AND INTRODUCTION

The ability of the carbon atom to combine easily with other elements of the periodic table through covalent bonds is universally considered as a central factor for the development of life and of its related molecular diversity and complexity (Pace, 2001). The ability of this atom to form long chains is, however, only one of the founding aspects of life. Indeed, equally important is the capability of the building blocks of the molecules and macromolecules of life to establish a variety of non-covalent interactions that lead to the generation of the intricate architectures frequently exhibited by biomolecules and that regulate their mutual interactions. Whereas the definition of the skeleton of the covalent bonds of these molecules has progressively become a rather straightforward task despite its chemical complexity, the understanding of the bases that govern non-covalent interactions is still a matter of intense and, not rarely, unproductive work. Although many significant progresses have been recently achieved, the decrypting of the folding code of macromolecules or the prediction of intermolecular partnerships remain extremely challenging tasks (Baker, 2019; Senior et al., 2020; Lensink et al., 2020).

This intricate scenario has been further enriched by the discovery that the polypeptide chain has a remarkable and intrinsic propensity to form non-covalent aggregates, denoted as amyloid for their macroscopic reminiscence to starch-like deposits (Riek and Eisenberg, 2016; Chiti and Dobson, 2017). The interest for these particular supramolecular assemblies has been initially dictated by the discovery that in several neurodegenerative diseases, such as Parkinson and Alzheimer diseases and Huntington chorea, proteins and peptides, generally showing completely unrelated sequences, undergo structural transitions (misfolding) (Chiti and Dobson, 2017; Soto and Pritzkow, 2018). In contrast to what observed in physiological conditions where proteins are generally biochemical recyclable and degradable entities, in amyloidosis diseases, upon misfolding, specific proteins become resistant to the normal desegregation and turnover. Consequently, progressive accumulation and extracellular deposition occur in the different tissues, including brain, kidney and heart. The characterization of this proteinaceous material has unraveled a supramolecular organization in which synergic non-covalent interactions generally lead to the formation of extremely stable and low soluble structures (Soto, 2003; Chiti and Dobson, 2017). Beyond oligomers, annular and short/quiescent fibrils and protofibrils, other important forms of amyloid organization comprise superstructures, including spherulites, amyloid-crystals and microparticles (Krebs et al., 2004; Cannon and Donald, 2013; Reynolds et al., 2017).

The structural characterization of these misfolded protein states has progressively shown that both the main chain and the side chain atoms that concur to the formation of non-covalent interactions stabilize them. More specifically, the backbone moieties that participate to hydrogen bonds as hydrogen donors (CO) or acceptors (NH) generate a network of H-bonds that associates β-strands in β-sheet secondary structure. In the case of misfolded states, however, the hydrogen bond pattern is perpendicular to the growth axis of the assembly to generate the so-called cross-β structure (Figure 1; Sunde et al., 1997; Eisenberg et al., 2006). This structural motif presents a characteristic fiber diffraction pattern that exhibits a strong meridional reflection at 4.7–4.8 Å and a broad equatorial reflection in the resolution range 10–12 Å that correspond to the inter-strand and inter-sheet distances, respectively (Figure 1). Side chains contribute to the stability of these assemblies by making a variety of polar and apolar interactions that stabilize the structure of the individual β-sheets (ladder interactions) and the inter-sheet interfaces (Tsai et al., 2005).
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FIGURE 1. Schematic representation of the diffraction pattern and of the structure of a typical cross-β assembly.


Interestingly, the progressive molecular and structural characterization of these assemblies suggested that they could be also formed by rather small and very simple peptides (Gazit, 2007; Wang et al., 2018). This important discovery has led to the growth of a new area of research devoted to the development of innovative and bioinspired biomaterials based on small peptides assembling in cross-β structures. These biomaterials have shown excellent, and often unexpected, mechanical and spectroscopic properties that make them suitable for a myriad of applications in different biomedical and biotechnological areas (Gras, 2007; Maity et al., 2014; Kemper et al., 2015; Peralta et al., 2015; Tena-Solsona et al., 2016; Avitabile et al., 2018; Hu et al., 2018; Diaferia et al., 2019a).

Here, we analyze the state of the art about structural characterizations of cross β-sheet biomaterials and misfolded aggregates of proteins/peptides involved in neurodegenerative diseases. Although these self-assembling biomolecules share a common basic element, the methodologies used and the level of accuracy achieved for their structural characterizations present significant differences. It is important to stress that many of the topics here reported have been already illustrated in excellent literature reviews (see for example Cavalli et al., 2010; Riek and Eisenberg, 2016; Wei et al., 2017). However, it is also worth noting that new exciting results and ideas come out in literature almost daily. The present review is aimed at providing a general view of the state of the art of structural characterizations of cross β-sheet assemblies with a specific focus on the mutual benefits that each of these fields has gained from the success of the other. A particular emphasis is given to the impact that the impressive breakthroughs achieved in the structural characterization of misfolded proteins involved in neurodegeneration in the very last years could have on the possible development of innovative biomaterials.



THE TEMPORAL EVOLUTION OF THE STRUCTURAL CHARACTERIZATION OF AMYLOID-LIKE AGGREGATES INVOLVED IN DISEASE

Some of the first insightful experiments in structural biology were performed by Astbury in mid 30ties who obtained the fiber diffraction patterns of different protein samples (Astbury and Street, 1931; Astbury et al., 1935). Although he was unable to derive atomic-level models from these data, he obtained meaningful diffraction patterns for the most common motifs observed in protein structures, i.e., α- and β-structure. Astbury was also able to register data from denatured samples of proteins displaying a pattern that was similar but rotated to that associated to the β-structure (cross-β structure). For years, the diffraction data of the α- and β-structure were extensively investigated with the aim of deriving the underlying atomic models. These were eventually obtained by Linus Pauling who theoretically built the correct structures for the α-helix and the β-sheet (Pauling et al., 1951; Pauling and Corey, 1951). On the other hand, the data and the possible related structure of the cross-β structure was somehow overlooked. The interest for this structural motif raised when its characteristic diffraction pattern was detected for misfolded proteins involved in neurodegeneration. Although the basic features of the cross-β structure could be straightforwardly derived from the diffraction pattern (Figure 1), the determination of the atomic structures of proteins/peptides adopting this motif has been a difficult process (Balbirnie et al., 2001; Eisenberg et al., 2006). As illustrated in Figure 2, this field has taken advantage of different experimental techniques that, in a step-by-step process started 15 years ago, have progressively led to the structural characterization of misfolded systems of increasing biological relevance. Figure 2 also shows that the most important contributions to the field come from X-ray crystallography (Eisenberg and Sawaya, 2017) and from cryo Electron Microscopy (cryoEM) (Fitzpatrick and Saibil, 2019) with interesting results also obtained by using solid state NMR (ssNMR) (Tycko, 2011) and Electron Diffraction (ED) studies conducted on extremely tiny crystals (microED) (Nannenga and Gonen, 2019). The remarkable contribution of computational studies in unraveling the structural/dynamic properties of self-assembling systems involved in pathogenic processes has been reviewed elsewhere (Nasica-Labouze et al., 2015). These three-dimensional structural data have been also exploited to design inhibitors of amyloid-like aggregation (Seidler et al., 2018; Griner et al., 2019) and nanovaccines (Luo and Abrahams, 2014; Al-Halifa et al., 2020; Zottig et al., 2020). It is also important to note that solution studies conducted with Small-Angle X-ray Scattering (SAXS) and Small-Angle Neutron Scattering (SANS) techniques have provided a considerable contribution to the characterization of solvent structure and dynamics of cross-β assemblies (Fichou et al., 2015; Langkilde et al., 2015; Pounot et al., 2020).
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FIGURE 2. Selected milestones in the atomic-level characterization of cross-β structures related to diseases. The Protein Data Bank code of the related structures is also reported. AD, aSyn, CTE, microED are the abbreviations for Alzheimer Disease, α-Synuclein, Chronic Traumatic Encephalopathy and micro Electro Diffraction, respectively.


Interestingly, X-ray crystallography dominated the field in the early stage of this process (Figure 2). Indeed, very important results were achieved using a reductionist approach that consisted in the identification and the characterization of small peptide fragments that could be crystallized and that in some way could mimic the aggregation tendency and the properties of the misfolded parent protein/polypeptide (Eisenberg et al., 2006). Obviously, the major limitation of the technique is related to the crystallization of the biological relevant misfolded biomolecules whose size and tendency to form fibers make the crystallization process difficult if not impossible. In recent years, this scenario has drastically changed due to the impressive progresses made in the structural characterization of biomacromolecules using single particle cryoEM, a technique that is revolutionizing this field and the entire structural biology. This is clearly evident from the inspection of the right side of Figure 2 that highlights some of the milestones achieved using cryoEM.

The first experimental structural model of an amyloid-like system was the peptide corresponding to the 105-115 fragment of the amyloidogenic protein transthyretin whose structure was determined by magic angle spinning NMR spectroscopy (Jaroniec et al., 2004). The experimental data demonstrated that the peptide adopts a β-strand conformation with the main- and side-chain torsion angles close to their optimal values observed in β-sheets. Although the structural data highlighted a degree of long-range order, generally associated only with crystalline materials, no information could be derived on the lateral association of different β-sheets.

As mentioned above and highlighted by Figure 2, X-ray crystallography provided the most important contributions to the first characterizations of the amyloid-like structures at atomic level. Indeed, once solved the problem of handling and collecting data from the very small crystals that amyloid-like peptides tend to form due to their propensity to form fibers, a remarkable number of high resolution structures was obtained in very few years. The structure of the eptapeptide with the sequence GNNQQNY, which has become a sort of a prototype in the structural studies of amyloid-like peptides (Nelson et al., 2005), showed that the side chains of facing β-sheets interdigitated each other to form the so-called steric zipper motif (Figure 3A). The observed tight packing of the side chains in this motif straightforwardly explains the typical irreversibility of the formation of amyloid-like aggregates. It is worth mentioning that, although the role of the steric zipper motif in amyloid-like assemblies was experimentally discovered with the structure of GNNQQNY, a similar interdigitation of the side chains was proposed for poly-glutamine aggregates on the basis of fiber diffraction data and molecular modeling (Sikorski and Atkins, 2005).
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FIGURE 3. Progressive increase of structural complexity of the cross-β systems whose structure has been determined at atomic levels starting from the GNNQQNY peptide to the human brain-derived Tau filaments (A). The PDB code of the structures reported from the left to the right of panel (A) are 1yjp, 2kj3, 5oqv, and 6vh7. Ribbons are represented with a color code (blue to red) from the N- to the C-terminus. The panels (B) and (C) report the number of amyloid structures as function of the size deposited in the time interval 2004-2015 and 2016-2020, respectively. The initial search for amyloid-like structures was performed by interrogating the entire PDB (release of October 2020) using as a query the following criteria: Polymer Entity Type = “Protein”; Experimental Method = X-ray diffraction, electron microscopy, electron crystallography, solid-state NMR, fiber diffraction, neutron diffraction, solution scattering; Additional Structure Keywords = “amyloid”; Polymer Entity Sequence Length > 5. The PDB structures identified by the server were then manually checked and their main features were reported in the Supplementary Table 1.


Subsequent structural studies carried out on peptide fragments taken from different proteins demonstrated that steric zipper is a frequent motif adopted by the spine of amyloid-like fibers (Sawaya et al., 2007). These structures also unraveled that this motif can be adopted in several different arrangements depending on the nature of the β-sheet (parallel or antiparallel) and on the relative orientations of the facing β-sheets. Despite their limited size, the characterization of these peptides also provided interesting insights into the (mis)function of the aggregates. Particularly relevant in this context is the discovery of polymorphic crystal structures of prion and other amyloid fragments that suggested intriguing structural mechanisms for protein-encoded inheritance (Wiltzius et al., 2009). In particular, combining the information derived from these structures that are stabilized by interactions formed between identical chains (homotypic) with those emerged from ssNMR studies (Paravastu et al., 2008) that highlighted the possibility of forming interactions between distant regions of the protein (heterotypic), packing and segmental polymorphisms were suggested (Colletier et al., 2011; Laganowsky et al., 2012; Lu et al., 2013; Cao et al., 2019).

As indicated by the histograms reported in Figure 3 and data reported in Supplementary Table 1, which lists the amyloid-like structures we detected in a survey of the Protein Data Bank (PDB – release of October 2020) and classify them as function of the size of the cross-β core, the structural complexity of the characterized systems has enormously grown in the very last years. Apart from the structure of the HET amyloid fibrils (van Melckebeke et al., 2010), which actually adopt a different structural organization (β-helix), structures embodying significant fragments of the parent misfolded proteins were determined only since 2015. These achievements include the fibril structure of the Aβ peptide 1-42, of α-synuclein, of the protease resistant portion of the prion protein, of the Tau protein, and of functional amyloids such as the drosophila protein Orb2 (Schmidt et al., 2015; Xiao et al., 2015; Rodriguez et al., 2015; Tuttle et al., 2016; Gremer et al., 2017; Fitzpatrick et al., 2017; Mompean et al., 2018; Falcon et al., 2018a, b, 2019; Salinas et al., 2018, 2021; Hervas et al., 2020; Glynn et al., 2020; Röder et al., 2020; Schweighauser et al., 2020; Zhang et al., 2020).

Remarkably, some of these structural studies have been performed using protein samples directly extracted from patients. According to our survey, the largest cross-β structure present in the PBD is the doublet Tau fibril from corticobasal degeneration human brain tissue (Arakhamia et al., 2020). In line with other large amyloid-like assemblies, this structure is stabilized by many heterotypic interactions that involve distant residues of the polypeptide sequence, in which hydrophobic contacts play a major role (Figure 4). Interestingly, large cross-β assemblies may also be stabilized by hydrophilic interactions as in the functional filaments of the protein Orb2 (Hervas et al., 2020), a putative substrate of long-lasting memories (Figure 5). In this functional amyloid, the side chains of the internal glutamine residues interdigitate to form a tight inter-sheet association that is virtually identical to that observed in the assemblies involved in the glutamine expansion diseases (Sambashivan et al., 2005; Sikorski and Atkins, 2005; Esposito et al., 2008; Colombo et al., 2008).
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FIGURE 4. Ribbon (A) and ball and stick representation (B) of the doublet Tau Fibril from corticobasal degeneration human brain tissue, the largest cross-β structure currently deposited in the PDB (code 6vh7). Residues are colored as function of their hydrophobicity from gray (polar) to red (apolar). In panel B, posttranslational modification sites are denoted with balls.



[image: image]

FIGURE 5. Ribbon (A) and ball and stick representation (B) structure of the hydrophilic core of cross-beta Orb2 filaments (PDB code 6vps) Residues are colored as function of their hydrophobicity from gray (polar) to red (apolar).


Finally, the structural characterization of small protein fragments by X-ray and electron diffraction crystallography has recently provided important contributions in the emerging area of biology aimed at characterizing subcellular membrane-less assemblies that form and re-dissolve in mammalian cells in response to stimuli (de la Cruz et al., 2017; Hughes et al., 2018; Gallagher-Jones et al., 2018). This type of phase separation is frequently observed with proteins that contain low-complexity domains (LCD) and that show a tendency to form reversible semi-solid phase hydrogels at high concentration. The structural characterization at atomic level of these proteins is extremely difficult. Moreover, although X-ray diffraction analysis of these hydrogels yields a cross-β pattern, fibrils found in these hydrogels are heat sensitive in contrast to amyloid fibrils that generally resist denaturation. The crystal structures of small LCD fragments isolated from a protein that forms these hydrogels (FUS) indicate that the heat sensitivity of these cross-β aggregates is related to the less tight association of the β-sheets inside the assemblies compared to steric zipper association detected in amyloids (Figure 6; Hughes et al., 2018).
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FIGURE 6. Ball and stick representation of the SYSGYS peptide (PDB code 6bwz) from the low-complexity domain of FUS (A). The structure of the GNNQQNY peptide (PDB code 1yjp) is also reported (B).




GOING SMALL: OLIGOPEPTIDE-BASED CROSS-β ASSEMBLIES FOR BIOMATERIALS

As outlined in the previous section, initial attempts to gain molecular and structural information on misfolded states of proteins involved in neurodegenerative diseases were performed using a reductionist approach based on the identification of the minimal peptide fragments that were able to emulate the behavior of the parent protein/polypeptide. These studies were not only useful to get structural information on these systems, but they also suggested that very small peptides could be able to self-assemble.

Early successful examples of this reductionist approach include the identification of small amyloid-forming peptides from fragments of the islet amyloid polypeptide (the hexapeptide with sequence FGAILK) (Tenidis et al., 2000), human calcitonin (the pentapeptide DFNKFA) (Kazantzis et al., 2002) and the Aβ1-42 polypeptide (the hexapeptide KLVFFA) (Hilbich et al., 1992; Figure 7). In 2003, Reches and Gazit, extending the approach used to dissect the Aβ1-42 polypeptide and starting from the KLVFFA peptide, identified the diphenylalanine (FF) peptide as the shortest motif able to self-assemble (Görbitz, 2001; Reches and Gazit, 2003; Amdursky et al., 2010). Interestingly, due to its small size, minor modifications of the FF dipeptide lead to different supramolecular assemblies. Indeed, while H-FF-OH formed tubes, spheres, and quantum-dots, the FF variants H-FF-NH2 and Ac-FF-NH2 formed nanotubes (Yan et al., 2007; Adler-Abramovich and Gazit, 2014). Interestingly, carbobenzoxy-FF-OH, PEGylated-FF-OH, and Fmoc-FF-OH formed amyloid-like structures, nanofibers, and β-sheet-based fibrous-hydrogel, respectively (Reches and Gazit, 2005; Jayawarna et al., 2006; Mahler et al., 2006; Castelletto and Hamley, 2009; Diaferia et al., 2019b).
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FIGURE 7. Selected early milestones on self-assembling peptides assuming cross-β structures as elements for fibers and nanotubes, hydrogels and co-assembled biomaterials. Reference for each group are reported following. Fibers and nanotubes: Aβ(16-20) (KLVFF) (Hilbich et al., 1992); EAK16 fibers (Zhang et al., 1993a); modified version of Aβ(1-42) (Seilheimer et al., 1997); protofilaments of Aβ(1-40) (Malinchik et al., 1998); (VT)n peptide fibers (Janek et al., 1999); hIAPP(23-27) (FGAIL) (Tenidis et al., 2000); Val-Val bola-amphiphiles (Kogiso et al., 2000); theory of fiber stabilization (Nyrkova et al., 2000); first crystallographic structure of FF (Görbitz, 2001); peptide-amphiphile nanofibers (Hartgerink et al., 2002); FF aggregation (Reches and Gazit, 2003); model for FF nanotubes (Görbitz, 2006); peptide-PEG fibers (Hamley and Krysmann, 2008). Hydrogels: membranes of EAK16 (Zhang et al., 1993b); EAK16 and RADA16 for cell adhesion (Zhang et al., 1993b); EFK8 HGs matrix (Leon et al., 1998); Boc-Ile5-Ome organogel (Jayakumar et al., 2000); Fmoc D,L dipeptide HGs (Zhang et al., 2003); FmocFF Hydrogel (Mahler et al., 2006); RADA16 as drug vehicle (Nagai et al., 2006); aggregation model of Fmoc-FF (Smith et al., 2008). Co-assembled systems: co-assembled amyloid peptides (Takahashi et al., 2002); co-assemled PAs fibers (Niece et al., 2003); co-assembled ± peptides (Aggeli et al., 2003).


The seminal discovery on the ability of FF to self-assemble originated a new research area that developed in different directions (Yan et al., 2010). On one hand, it stimulated activities aimed at characterizing oligopeptides based on aromatic residues that are known to have a remarkable propensity to self-assemble. On the other hand, it also inspired studies focused on the self-assembling properties of single amino acids. The state of the art of these research lines will be outlined in the following paragraphs from a structural perspective.

Among oligopeptides based on aromatic residues, homopeptides formed by Phe residues, including tri-, tetra-, penta- and hexa-Phe peptides, have a special role. The analysis of the literature suggests that the length of the oligopeptide significantly influences structural, morphological and functional properties of the supramolecular architecture. In particular, the higher stability of these extended oligopeptides compared to the FF homodimer is due to the extended aromatic network in the peptide sequence. Opposite to FF dipeptide, FFF tripeptide forms planar nanostructures (Han et al., 2010), whereas its protected analogs Fmoc-FFF and Boc-FFF self-assemble into nanosphere (Chronopoulou et al., 2010) and hydrogels, respectively (Tamamis et al., 2008). Theoretical density functional theory (DFT) calculations carried out on the zwitterionic FFFF indicated the formation of irregular nanotubes resembling those achieved for FF. On the contrary, its Fmoc-FFFF derivative, lacking of the positive charge on the N-terminal end, can self-organize into a variety of assemblies (nanoplates, fibrils, star-like aggregates, and nanospheres), with a preference toward fibrillary structures with an antiparallel β-sheet organization. Instead, the double protected derivative Fmoc-FFFF-OBzl brought to the formation of volcano-like structures, triaxial ellipsoid-like nodules, and nanotubes (Mayans et al., 2015). Moreover, tetraphenylalanine derivatives in which the aromatic framework is derivatized with the Fmoc group (Fmoc-FFFF) or with polymeric chains such as polyethylene glycole, polycaprolactone, or polyethylene oxide keep a β-sheet structure (Castelletto and Hamley, 2009; Tzokova et al., 2009a, b; Diaferia et al., 2015, 2016a). Analogously to tetra-Phe also penta-Phe self-assembles into fibrillary structures in acetic acid, even though spectroscopic assays made by measuring Thioflavin T fluorescence are negative and the aggregates are not able to exhibit autofluorescence (Arnon et al., 2015).

Although biophysical characterizations of these assemblies provide some information on their structural preferences, models that illustrate their structures at atomic level are difficult to be experimentally obtained. Indeed, the intrinsic propensity of these systems to form fibers, which are generally twisted, disfavors the crystallization process. Moreover, their repetitive sequences make multiple associations between monomers energetically favorable, for example through alternative staggering of the pairing chains, which also have a negative impact on the growth of ordered crystals. Moreover, for very small peptides crystal packing may have a dramatic impact on their conformation. Therefore, crystalline states may not be fully representative of the real structure of these assemblies. Finally, the limited size of the basic spine of these assemblies makes the cryoEM technique hardly applicable.

A significant contribution to this field has been provided by the application of computational approaches (see for example López-Pérez et al., 2013; Do et al., 2015). Molecular modeling and molecular dynamics (MD) studies have indeed provided an atomic level description for F6 assemblies and demonstrated that Phe residues can tightly pack in anhydrous and rigid interfaces that stabilize the cross-β motif (Diaferia et al., 2016b, 2018a; Figure 8). These analyses have shown that Phe-side chains of facing β-sheets, although not interdigitated, establish repetitive and regular interactions that are quite common also in globular structures (Figure 8B). Similar arrangements into cross-β assemblies have been observed for other aromatic peptides based on either Tyr or Trp residues (e.g., Y6 and W4) (Diaferia et al., 2018b, c). MD simulations have also provided insights into the role that intra-sheet Phe-Phe interactions along with the terminal charged groups play in directing the associations of the β-strands, either parallel or antiparallel, within the β-sheets (Diaferia et al., 2018a). As mentioned above, the discovery of the FF self-assembling properties also stimulated the search for small, and even smaller than FF, aggregating systems. Limiting the size of the self-assembling entity has many synthetic advantages and reduces the costs of preparation of the resulting biomaterials. In this framework, many other natural occurring short and ultra-short peptide sequences demonstrated their tendency to self-assemble into ordered nanostructures (Frederix et al., 2015). For many years, it was assumed that dipeptides could represent the minimal entities able to allow generation of complex supramolecular structures due to the unique physicochemical properties of the amide bond. Only ten years after the identification of FF, Gazit and co-workers evaluated the possibility that, under specific conditions, also single amino acids could self-associate. This pioneering study was inspired by the evidence that many short amyloid-forming peptides contain non-consecutive phenylalanine residues (Gazit, 2002) as for example FGAIL and QRLANFLVH fragments of IAPP, NFGSVQFV of lactadherin protein, and SFNNGDCCFILD of gelsolin. In an independent analysis, Dobson and coworkers highlighted that aromatic amino acids, such as Phe and Trp, are the most amyloidogenic ones (Pawar et al., 2005). Although aromaticity is not an essential requirement for amyloid formation, it is clear that π-π interactions between aromatic moieties may accelerate the process of amyloid formation, especially for ultrashort peptide sequences in which the contribution of the hydrogen bonding is limited (Makin et al., 2005).
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FIGURE 8. Two different views of the F6 structure obtained from MD studies (A). The interactions at the hydrophobic interfaces are shown (B).


The first unmodified amino acid tested for its aggregating properties was Phe. The interest for the aggregation of this amino acid was also generated from the evidence that the congenital metabolic disorder phenylketonuria (PKU) is due to the accumulation of high levels of Phe in different portions of the brain, cerebrospinal fluid, and plasma (Kaufman, 1999). By using a series of biophysical techniques, which included electron microscopy, diffraction, thioflavin T and Congo red assays, it was demonstrated that at millimolar concentrations, phenylalanine could self-assemble into ordered nanofibrillar structures resembling amyloids (Adler-Abramovich et al., 2012). However, as detailed below, more recent studies have shown that structural characterization of Phe amyloid-like aggregation is not straightforward, thus demonstrating, once again, that the definition of the structure of assemblies formed by minimal peptide fragments may be a complicate task. In 2013, Perween et al. reported a further investigation on the aggregation properties of Phe in water solution under neutral pH. Although their analysis suggested that Phe self-assembles through different interactions such as hydrogen bonds and electrostatic interactions formed by the amino acid ends and π-π interactions established by the phenyl groups of adjacent molecules, no β-sheet structure was observed (Perween et al., 2013). The ability of the Phe amino acid to make multiple interactions was confirmed by the determination of a novel crystalline form of the zwitterionic L-phenylalanine (Mossou et al., 2014). In this monoclinic crystalline form, four Phe molecules are present in the asymmetric unit (Mossou et al., 2014). Phe layers are stabilized by alternating hydrophobic (aromatic environment) and hydrophilic interactions. Further information on the mechanism of assembly of phenylalanine oligomers and fibrils were obtained using ion-mobility mass spectrometry and theoretical calculations (Do et al., 2015). This study suggests that the Phe aggregation involves the formation of pore-like tetrameric oligomers. These layers of tetramers stack on top of each other to form an elongate structure and build multiple core structures through lateral π-stacking interactions.

Not surprisingly, later studies demonstrated the influence of the charged state of Phe ends on the morphology of the aggregates. In particular, in its zwitterionic state, Phe self-assembles into nanostructures with a fibrillary morphology, while in its cationic and anionic state, its aggregates are dominated by a flake morphology (Tomar et al., 2019). Moreover, several studies were also oriented to investigate different aggregation properties and kinetics of L and D-Phe. Both the isomers were found able to generate micrometer-long singular fiber structures, very similar to the amyloid-like assemblies. The crystal structure analysis of the pure Phe enantiomers highlighted that this aromatic amino acid self-organizes as consequence of hydrogen bonding and polar interactions between NH3+ and COO– groups in neighboring molecules. On the other hand, the authors observed that both kinetics and final morphologies were significantly altered in L/D co-assembling samples (Bera et al., 2020). Specifically, the DL-Phe racemate showed inhibition of fiber organization with the formation of crystalline flake-like structural assemblies with a consequent difference also in the Young’s moduli (53.5 ± 12.1 GPa for DL-Phe composite system respect to 5.8 ± 0.7 and 1.8 ± 0.3 GPa for L- and D-isomer one, respectively). Dynamic simulations reveal that the chirality of amino acids and the lack of central symmetry in the crystals formed by these molecules promote crystal bending. The overall picture delineated above is further complicated by the discovery that Phe aggregates exhibit optical properties with a fluorescent emission peak at 485 nm that overlaps with the fluorescence emission spectra of the ThT/β-structure adduct. This result indicates that false-positive can occur in the ThT assay, which is generally used as a probe for amyloid structure. This evidence also suggests that this assay cannot be used to assess the amyloid nature of Phe aggregates (Ziaunys and Smirnovas, 2019).

Obviously, the possibility that other amino acids could exhibit self-assembling properties has been explored in the last decade. Exactly as for Phe, Tyr accumulation, which is due to the abnormal metabolic behavior of the tyrosine transaminase (TT) enzyme, was identified as the cause of tyrosinemia type II, another neurodegenerative disorder (Banik et al., 2017). The capability of Tyr to self-assemble was initially documented by Perween at al (Perween et al., 2013). They observed the formation of straight fibers with a flat ribbon-like texture from an aqueous solution of Tyr at a concentration of 1 mM, although the authors were not able to detect any typical signature of secondary structure adopted by the amino acid in these assemblies. No evidence for amyloid formation was found on different aggregates (fiber, dendrimeric structures and nanoribbon strip-like nanostructures) of Tyr obtained by varying its concentration (Mènard-Moyon et al., 2015). On the other hand, Gazit and coworkers pointed out the capability of Tyr to form amyloid resembling fibers, when aggregation occurs under different experimental conditions of pH (PBS), temperature (90°C), and concentration (∼22 mM) (Shaham-Niv et al., 2015). It seems, however, that the formation of Tyr amyloid fibers follows a different self-assembly process compared to that observed for Phe. Indeed, Banik et al. (Banik et al., 2017) demonstrated that in Tyr assemblies the H-bonding partner of the COO– group is the OH present in its side chain whereas the carboxylate interacts with the NH3+ group in Phe aggregates. The self-assembling properties of unmodified tryptophan, which accumulates in pathological conditions related to two inborn errors of metabolism (hypertryptophanemia and Hartnup disease), were studied (Singh et al., 2017). On analogy with Tyr and Phe, this amino acid may form amyloid-like assemblies in specific conditions (at a concentration of ∼19.5 mM in phosphate buffer) (Shaham-Niv et al., 2017). On the other hand, in ethanol Trp self-assembles in nanotubes able to emit fluorescence when excited at 385 (blue), 488 (green), and 561 (red) nm (Babar and Sarkar, 2017). Several reports suggest that, despite the absence of π-π stacking interactions, also other amino acids like glycine, cysteine, methionine, and histidine can form ordered amyloid-like structures at millimolar concentrations (Gour et al., 2019). Structural studies highlighted that in these amino acids the fibril formation is prompted by hydrogen bonding occurring between the charged terminal groups NH3+ and COO–. This suggestion is supported by the observation that Cys and Met aggregates are amorphous in nature and can be obtained only under neutral pH conditions.

Finally, the growing evidences that pathological states of some inborn metabolic diseases could be correlated to the increase of endogenous metabolites prompted the researchers to evaluate the possibility that these metabolites could self-aggregate into amyloid-like structures (Shaham-Niv et al., 2015). In this scenario, Gazit and co-workers studied aggregation phenomena of some metabolites (adenine, orotic acid, cystine, tyrosine, uracil, and phenylalanine). Based on their observations, they suggest that the concept of amyloid aggregation could be also extended to non-peptidic chemical entities.



CROSS-β HYDROGELS FORMED BY PROTEINS AND PEPTIDES

The β-structure in general and the cross-β motif in particular have also played a remarkable role in the development of peptide-based hydrogels (HG). HGs are self-supporting materials, structured as a supramolecular hydrophilic network associated with the construction of space-spanning structures characterized by a non-Newtonian behaviour (De Leon Rodriguez M. R. et al., 2016; Rivas et al., 2019). Their hydrophilic nature allows the entrapping of a high volume of biological fluids and water in the swelling process. Due to their appealing features, in the last years HGs have been exploited as versatile and innovative tools in nanomedicine as 3D-extracellular matrices for tissue engineering and regeneration, wound healing systems, ophthalmic compatible materials, and drug delivery systems (Yan and Pochan, 2010; Draper and Adams, 2017; Diaferia et al., 2019c). The specific 3D-connectivity of HGs may be generated by either a chemical irreversible junction (e.g., chemical bonds) or via non-covalent interactions (e.g., π-stacking, cation-π interaction, Van der Waals forces, and hydrogen bonding). Based on the different association modes of their basic components, HGs are broadly categorized as physically or chemically cross-linked materials. Moreover, based on their origin, HGs can be also classified as synthetic [e.g., poly(acrylic acid), poly(ε-caprolactone), poly(lactic acid), poly(glycolic acid)] or natural hydrogels (e.g., glycosaminoglycans, fibrin, chitosan, collagen) (Li et al., 2020).


Protein-Based Hydrogels With Cross-β Structure

Proteins are attractive systems for generating HGs due to some specific properties that include biocompatibility, biodegradability, tunable mechanical properties, molecular binding abilities, and responses to external stimuli. They contain several functional and reactive groups that can be exploited for cross-linking. Interestingly, some proteins can form HGs without any chemical modification. Indeed, HGs may be occasionally formed by proteins in their misfolded states. Interesting examples include elastin (Flamia et al., 2007), α-synuclein (Bhak et al., 2010), lysozyme (Yan et al., 2006; Mains et al., 2013), Escherichia coli inner membrane protein YajC (YajC-CT) (Fang et al., 2011), and β-lactoglobulin (Gosal et al., 2004; Bolisetty et al., 2012), which were found able to self-aggregate, under specific conditions, into amyloid hydrogels of different nature in terms of stiffness, elasticity and biodegradability.

The low level of order of these HGs makes their atomic-level characterizations virtually unfeasible. A number of different biophysical techniques such as Thioflavin-T binding fluorescence, Congo red birefringence, Fourier Transform Infrared (FTIR), Transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM), cryo-Scanning Electron Microscopy (cryo-SEM) and Small-Angle Neutron Scattering (SANS) are generally used to assess their amyloid-like state. The molecular complexity of proteins and their articulated sequences make also difficult to identify their aggregation prone regions that constitute the spine of the HG. For elastin, some structural information on the aggregating region has been obtained through the characterization of the VGGVG pentapeptide and of the amyloids formed by poly(VGGVG) (Flamia et al., 2007).



Peptide-Based Hydrogels With Cross-β Structure

The ability of peptides to self-assemble in cross-β structures has also been exploited for the development of innovative HGs (De Leon Rodriguez M. R. et al., 2016). Synthetic peptides exhibit a variable capability to gelificate depending on their amino acid sequence, hydrophilic/hydrophobic balance, net charge, and length. Experimental conditions such as peptide concentration, presence and concentration of electrolytes, the pH of the solution, and temperature can differently affect the functional and structural properties of the resulting hydrogel.

The gelation properties of peptides are also strongly affected by specific conjugations and modifications. A strategy that has been proposed for controlling mechanical and degradation properties of hydrogels, as well as to enhance their biocompatibility, is the functionalization of the peptide sequence with polymeric moieties. The advantage provided by the use of peptide-polymer conjugates is the chance to combine the features of each component into a unique building block (Redvar and Azevedo, 2019). Due to its high biocompatibility, water solubility and, long circulation time in vivo, poly(ethylene glycol) (PEG) has been exploited as polymer for derivatization of peptides to employ in the hydrogel formulation (Hamley, 2014). Peptide derivatization with PEG moiety was performed according to two different architectures of the conjugate: triblock (peptide-PEG-peptide) or diblock (PEG-peptide). However, it is worth noting that all peptides derivatized with PEG gelificate forming soft hydrogels with a storage modulus ranged between 10 and 100 Pa at a concentration < 5wt%. The gelation tendency of peptides may be deeply affected by their conjugation to aromatic groups such as Fmoc (fluorenylmethylcarbonyl) or naphthyl group. In this case, the hydrogelation process is favored by the additional stabilization effect (π–π stacking) due to the aromaticity of these molecules. Owing to this further stabilization effect, also very short peptide sequences containing either aromatic or non-aromatic amino acids were found to be able to gelificate. In extreme cases, the derivatization with the Fmoc group allows gelification of single amino acids (See also below). (Dasgupta et al., 2013; Fleming and Ulijn, 2014; Adler-Abramovich and Gazit, 2014).

Due to their simpler molecular complexity compared to proteins, the inspection of the sequences of peptides able to form HGs may provide insights into the structure of the final assemblies. In the most frequent cases, hydrogels are formed by peptides that present an alternation of amino acids in their sequences, typically polar/charged residues with apolar ones.

In addition to these peptides with alternating sequences, other HG forming peptides are made of stretches of hydrophobic and hydrophilic residues with the former assuring the formation of the cross-β structure and the latter contributing to the solubilization and to the interactions with the solvent. In the following paragraphs, HG-forming peptides are categorized and subcategorized using this conceptual framework. A specific section is dedicated to the HGs formed by very small peptides (dipeptides) and single amino acids (Table 1).


TABLE 1. Classification of peptide-based hydrogels assuming a cross-β structure with the relative reference.
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Hydrogels Formed by Peptides With Alternating Sequences

In the β-structure arrangement, peptide sequences with an alternation of apolar and polar/charged residues direct their side chain in opposite directions, thus forming a hydrophobic and a hydrophilic face. The tight and rigid association of the two apolar faces generates the basic cross-β motif that constitutes the spine of the filaments within the HG. On the other hand, the hydrophilic interfaces interact with the solvent and mediate the interaction of different filaments in a non-regular way. However, it is worth noting that the nature of the polar/charged residues can strongly affect the possible interactions between the solvent and the exposed faces. The polar/charged residues may also stabilize the cross-β structure by making inter-sheet interactions with residues of adjacent strands. This class may be further subdivided based on the type of polar/charged residues present in the sequence. Indeed, the nature of these residues strongly affects the possible interactions between the solvent and the exposed faces. Since, within the same sheet, these residues can interact with those of adjacent strands, their presence also influences the type (parallel or antiparallel) of β-structure. It is likely that the simultaneous presence of both positively and negatively charged residues in the sequence may stabilize the cross-β motif and the formation of antiparallel β-sheets. On the other hand, the presence of only negatively or positively charged residues in the sequence may interfere with the association of the cross-β filaments in the HG. These evidences are detailed in the two next sections.



Alternation of Apolar Residues With Both Positively and Negatively Charged Residues

The prototype of this class of self-assembling peptides is EAK [Ac-(AEAEAKAK)2-NH2], which was designed and characterized by Zhang and co-authors (Zhang et al., 1993a). The sequence of this peptide exhibits an alternation of aliphatic (Ala) and ionic (Lys and Glu) residues. The dry interface of this peptide is built through the interdigitating of the methyl group of Ala side chains, a residue that has the well-defined ability to make this kind of assemblies. MD analyses indicate that this inter-sheet interface, which is approximately 6.5 Å wide, is rather rigid and confers a remarkable stability to the assembly (Calvanese et al., 2020). This study also indicates that interactions formed at the hydrophilic interface by the charged side chains contribute to the stabilization of the individual sheets present in the assembly. Over the years, EAK inspired the development of self-assembling peptides based on the same basic features i.e., the alternation in the sequence of Ala residues with positively or negatively charged residues. The peptides RADA16-I (Ac-RADARADARADARADA-NH2) and RAD16-II (Ac-RARADADARARADADA-NH2) are widely studied variants of EAK that share with the parent peptide the overall structural organization (Yokoi et al., 2005).

A similar conceptual approach has been used to develop new classes of self-assembling peptides by replacing Ala with other hydrophobic residues such as Phe (FEFEFKFK-OH, (FEFEFKFK)2, Ac-(FKFE)2-NH2, Ac-(FKFE)3-NH2, and Ac-(FKFE)4-NH2), Val (Ac-(VKVE)3-NH2, VKVKVEVK-OH, VEVKVEVK-OH, and VEVEVEVK-OH), Ile (Ac-(IKIE)3-NH2), and Leu (Ac-RLDLRLALRLDLR-NH2) (Table 1; Caplan et al., 2002; Wang et al., 2005; Saiani et al., 2009; Nagai et al., 2012; Roberts et al., 2012; Swanekamp et al., 2014). To this class, it can also be associated the peptide isolated from the protein troponin C (VEQLTEEQKNEFKAAFDIFVLGA-OH) (De Leon-Rodriguez L. M. et al., 2016). Although this peptide does not display a repetitive sequence, hydrophobic residues that can generate the hydrophobic interface can be identified in the sequence (H-KNEFKAAFDIFV-OH). These residues are surrounded by several charged ones that will be located on the hydrophilic face of the assembly.



Alternation of Apolar Residues With Either Positively or Negatively Charged Residues

A variation on the theme of the peptides displaying an alternation of hydrophobic residues with positively and negatively charged ones is represented by the class of peptides in which the apolar residues alternate exclusively with either negative or positive residues. The absence in these peptides of pair of residues that can form electrostatic interactions has an impact on both the stabilization of the individual sheets and on the lateral association of independent cross-β filaments.

Examples of peptides presenting only negative residues include the acidic β-sheet forming peptides (AAβP) that present the sequence PY(XY)5P, where Y is either Glu or Asp and X is either Phe or Leu. The pH value often plays a key role in the assembling of these alternating peptides into HGs. For example, the PE(LE)5P-OH peptide is able to form hydrogel only at a neutral pH value, where deprotonation of the acidic side chains occurs (Rapaport et al., 2008). As alternative, gelification of these negatively charged peptides was observed at low concentration in presence of Ca2+ ions. The coordination of this metal by the negatively charged side chains is an effective way to crosslink different cross-β filaments.

Positively charged β-sheet forming octapeptides with general sequence Ac-(XKXK)2-NH2, where X is Val, Ile, Phe, pentafluorophenylalanine (F5-Phe) or cyclohexylalanine (Cha), were able to gelificate in soft or hard hydrogels for non-aromatic or aromatic residue containing sequences, respectively. It is worth noting that gel formation by all these peptides, with the exception of Ac-(VKVK)2-NH2, occurs only at high values of ionic strength, where the electrostatic repulsions between the positive charges on lysine side chains are minimized (Bowerman et al., 2011). Lack of gelification in Ac-(VKVK)2-NH2 was attributed to the low hydrophobic interactions established by the valine residues. Indeed, it was observed that longer variants of this peptide such as (VK)nV-NH2 (with n = 4, 5, 6) and (VR)6V-NH2 were able to self-assemble into hydrogels (Geisler and Schneider, 2012). Successively, a systematic analysis of the aggregation properties of peptides obtained by replacing the valine residues in the sequence of the hydrogelator Ac-(VK)nV-NH2 with other aliphatic residues such as Ala, Ile or Leu highlighted the role of the hydrophobicity in the gelification process (Bowerman et al., 2011).

Later, other nine peptides presenting an alternation of hydrophobic (Leu and Ala) and hydrophilic positively charged (Lys and Arg) residues in their sequence were exploited as starting building blocks for the preparation of self-supporting hydrogels (Geisler and Schneider, 2012). Although these peptides exist in a random coil conformation in water, they undergo to aggregation phenomena upon addition of a buffered saline solution, by initially forming a β-sheet rich network of fibrils, ultimately leading to hydrogelation. Others two amphipathic variants of positively charged peptides (e.g., Ac-(AAAK)3-NH2 and Ac-(AAAK)4-NH2) that were able to form hydrogels at particularly low concentrations were then reported by Schweitzer-Stenner and coworkers (Measey and Schweitzer-Stenner, 2006; Jang et al., 2009; Measey et al., 2010).

The MAX1 peptide and its analogs also belong to this class (Dasgupta et al., 2013). MAX1 sequence (VKVKVKVK-VDPPT-KVKVKVKV-NH2) contains a tetrapeptide (VDPPT) assuming type II’ β-turn conformation in the middle of two extended strands with alternating hydrophobic (Val) and positively charged (Lys) residues (Table 1). Solid-state NMR characterization on self-assembled MAX1 in its fibrillary state pointed out that the peptide in the gel adopts a β-hairpin conformation and self-assembles into a double-layered cross-β structure (Nagy-Smith et al., 2015). Moreover, hairpins assemble with four probable structures differing in the nature of intermolecular alignments within and between the β-sheets.



Alternation of Apolar and Uncharged Polar Residues

The presence of charged residues in the peptides whose sequence presents an alternation of polar and apolar residues is not essential for aggregation and gelation. A remarkable example in this context is represented by the peptide H-(FY)3-NH2 (Diaferia et al., 2018b). This peptide presents a strong tendency to form fibrillar solid aggregates whose three-dimensional structure has been derived by combining Wide Angle X-ray Scattering (WAXS) data with molecular modeling and dynamics. The basic structural element of these assemblies formed by H-(FY)3-NH2 contain two distinct interfaces: a hydrophobic and highly rigid one made by the interactions of Phe residues and an hydrophilic one constituted by interacting Tyr side chains of facing strands (Figure 9). The conjugation of this peptide with the PEG moiety increases its solubility and leads to the formation of a hydrogel in which the Phe interface is likely retained in this state while the Tyr one is probably destabilized by the interaction with the solvent. In this conceptual framework it is not surprising that the peptide analogue H-(Nal-DOPA)3-NH2 (in which Nal is the 2-naphthylalanine and DOPA is the 3,4-dihydroxy-L-phenylalanine), designed as more hydrophilic variant of H-(FY)3-NH2 is able to form HGs without any type of PEG conjugation (Diaferia et al., 2020). The series of SL peptides (Ac-K2(SL)6K2-NH2, Ac-K2(QL)6K2-NH2 and Ac-K2(TL)6K2-NH2) also belongs to this type of HG-forming peptides, in which Leu and Ser residues make the hydrophobic and hydrophilic interfaces, respectively (Galler et al., 2010). Finally, an alternation of apolar/aromatic and non-charged polar residues may be identified in the natural peptide extracted from the semenolegin I protein (GSFSIQYTYHV-OH) that can be also associated to this class (Frohm et al., 2015).
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FIGURE 9. Two different views of the (FY)3 structure obtained from MD studies (A). The interactions at the hydrophobic and hydrophilic interfaces are shown (B).


Gln-rich peptides deserves a special description as they present some peculiar sequence features. Indeed, the capability of Gln to be part of both the internal and the external face of the cross-β motif (see for example Figure 6) makes these peptides particularly appealing. This ability is evident in the sequences of the cross-β peptides denoted as P11-I (Ac-QQRQQQQQEQQ-NH2) and P11-II (Ac-QQRFQWQFEQQ-NH2) in which Gln residues are frequently consecutive in the sequences (Davies et al., 2006). In P11-I the external face of the sheet includes the charged residues Arg and Glu that also favor the antiparallel orientation of the β-strands within the sheet. In P11-II, the cross-β motif is reinforced by replacing some internal Gln residues with other hydrophobic residues such as Phe and Trp. Above a critical concentration, P11 peptides are able to assemble into hydrogen-bonded β-sheet tapes. The further increase of concentration can lead to higher order structures compared to tapes. Indeed, since the amphiphilic tapes are endowed with both hydrophilic and hydrophobic faces, they can pair into ribbons which, in turn, can stack into fibrils and fibers through further intermolecular interactions (Collier and Messersmith, 2003). Based on P11–II, Collier and coworkers developed the β-sheet-forming peptide Q11 (Ac-QQKFQFQFEQQ-NH2), which can be covalently bound to bioactive molecules containing Lysine residues via tissue transglutaminase (Dawson et al., 1994). In this uncharged peptide the combination of the alternating FQFQF core and the short polyglutamine repeats allows the formation of stiff hydrogels.



Hydrogels Formed by Blocks of Polar/Apolar Stretchs

Another important class of peptides that can self-organize into β-sheet hydrogels is represented by amphiphilic peptides that present stretches of hydrophobic and hydrophilic residues. This class of peptides can be further sub-classified into: (i) surfactant like peptides (SLPs), and (ii) classical peptide amphiphiles (PAs). SLPs have a general formula XmYn, where X is a hydrophobic amino acid (e.g., Gly, Ile, Leu, Val) and Y a polar charged amino acid (e.g., Asp, Glu, His, Lys, or Arg) and m and n are ranged between 3 to 8 and 1 to 2, respectively. Example of SLPs able to self-assemble into stiff hydrogels are Ac-LIVAGD-OH, Ac-LIVAGDD-OH, Ac-IVAGD-OH, Ac-IVD-OH, Ac-ILVAGD-OH, and Ac-ILVAGS-OH (Mishra et al., 2011). The rheological characterization of these gels highlighted that the length of the hydrophobic moiety and the polarity of the head group drastically affect the stiffness of the resultant hydrogel.

On the other hand, PAs contain a peptide sequence composed by a head group and a β-sheet inducer segment, which is in turn connected to a hydrophobic aliphatic tail of variable length. Nanofibers formation in PAs is allowed by the combination of hydrophobic interactions between the alkyl tails and hydrogen bonds between the side chains of the head group. A significant number of PA-based hydrogels have been described in literature for biomedical applications (De Leon Rodriguez M. R. et al., 2016; Machado et al., 2019; Diaferia et al., 2019d). Examples of PAs able to form hard hydrogels characterized by a cross-β sheet motif, with the general formula Pal-VnAn-EEE-OH (where n = 2, 3, 4), are Pal-VVVVAA-EEE-OH, Pal-VVAAAA-EEE-OH, and Pal-AAAVVV-EEE-OH, in which the hydrophobic tail is represented by the palmitoyl and the peptide sequence contains a variable number of Ala and Val residues and a tri-Glu head peptide, which promotes a stimuli-triggered peptide assembly (Pashuck et al., 2010). A similar structural transformation from twisted to helical ribbons was also observed in the PA containing three Phe residues (Pashuck and Stupp, 2010; Pashuck et al., 2010). As expected, in the series Pal-VnAn-EEE-OH, the hydrogel rigidity was found to be the highest for the longest peptide sequences, whereas the substitution of Val with Ala (as for example Pal-VVAAAA-EEE-OH compared to Pal-VVVVAA-EEE-OH) causes a dramatic decrease of the mechanical properties of the resulting hydrogels. This result is obviously due to the lower propensity of Ala residue to favor β-sheet assembly than Val. On the other hand, it was observed that the length of the aliphatic tail does not significantly affect the mechanical properties of PA-based hydrogels (Wang et al., 2015).

Other examples of PAs able to generate hydrogels are those containing the hepta-Gly peptide (Pal-GGGGGGG-ERGDS-OH) and its analogs in which one or more Gly residues in the sequence are replaced with NMeGly (N-Methyl-Glycine) (Paramonov et al., 2006). Due to the lower tendency of Gly to self-assemble into β-sheet, hepta-Gly peptides form soft hydrogels.

In 2011, Schacht et al. described another hydrogel based on the β-sheet forming peptide sequence from silk proteins, eADF4(C16) (GSSAAAAAAAASGPGGYGPENQGP SGPGGYGPGGP) containing 16 repeat units of module C. (Schacht and Scheibel, 2011). The eADF4 hydrogel formation occurs through a transformation from an initial random coil structure to α-helices, and eventually to β-sheets. The authors achieved an increase of stability and of mechanical stiffness in the hydrogels by chemically cross-linking tyrosine side chains.



Hydrogels Formed by Conjugating Single Amino Acids or Dipeptides

As mentioned above, the derivatization with Fmoc-group of small peptides and even single amino acids allows gelification (Dasgupta et al., 2013; Adler-Abramovich and Gazit, 2014; Fichman and Gazit, 2014; Fleming and Ulijn, 2014; Singh et al., 2015; Yang et al., 2021). Indeed, it is well known that the capability of small molecules to gelificate is strictly related to their hydrophobicity. Commonly, the total hydrophobicity is reported as logP, where P (repartition coefficient) is the ratio of concentrations at equilibrium of a compound in the two phases of a mixture made by two immiscible solvents. In line with this consideration, some of the Fmoc peptide derivatives have been deeply investigated as suitable building blocks for self-supporting hydrogels preparation. One of the most studied and promising dipeptide is Fmoc-FF-OH. The interest toward Fmoc-FF is to research into its capability of gelificate at physiological pH, compatible with biomedical applications (such as tissue engineering and drug delivery). Fmoc-FF firstly synthesized by Reches and Gazit (2005), self-assembles into macroscopic fibrous hydrogels above a critical concentration of 0.5%wt. Hydrogel formation is achieved either using the “solvent switch” method (Mahler et al., 2006), or as reported by Ulijn and co-workers, using the “pH-switch” method (Jayawarna et al., 2006). Structural studies on Fmoc-FF hydrogels allowed the proposal of a plausible theoretical aggregation model, in which peptide copies are arranged into a nanocylindrical structure (with a diameter of ∼3.0 nm) due to the interlocking through lateral π-π interactions of four twisted anti-parallel β-sheets. Under optimal pH conditions, lateral assembly of the nanostructures causes the formation of large flat ribbons. In the attempt to design novel simple peptide based materials, many others hydrogels based on Fmoc-dipeptides have been synthetized and characterized using both natural and unnatural amino acids. As for the long peptide sequences, it was observed that also for dipeptides both the number and the position of the aromatic residues in the peptide sequence played a key role in the self-assembling process and in the mechanical properties of the final material. In this context, the couple Fmoc-FG-OH and Fmoc-GF-OH represents an example in which the simple inversion between Phe and Gly (FG to GF) causes the loss of hydrogelation, thus indicating that the hydrogelation is favored for peptides containing adjacent aromatic groups (Tang et al., 2011). The importance of the primary peptide sequence in the hydrogel preparation was further evidenced by Adam’s group in their comparative study of the assembly process and of the mechanical properties of a small Fmoc-dipeptide library (Adams et al., 2010). Their results pointed out that only dipeptides with a logP value between 3.4 and 5.5 were able to form self-supporting hydrogels and the gel rigidity proportionally increases with the hydrophobicity. Moreover, the more hydrophilic Fmoc-FF variant, Fmoc-DOPA-DOPA, forms self-supporting hydrogels in which catechol groups are exposed to the solvent (Fichman et al., 2014b).

Successively, Rajbhandary and Nilsson synthetized three Fmoc-FF analogs (Fmoc-F-Nphe, Fmoc-Nphe-F and Fmoc-Nphe-Nphe) in which one or both the Phe residues were replaced with the N-benzyl glycine peptoid (Nphe) derivative, where the benzyl group in the amino acid is shifted from the Cα to the Nα atom (Rajbhandary and Nilsson, 2017). Their structural characterization indicated that only the two peptide/peptoid hybrids, keeping at least one Phe residue were able to gelificate, although with a lower propensity compared to Fmoc-FF. This result underlines the critical role played by the intermolecular H-bonding and the geometry of aromatic interactions in the gelation process. The effect of other aromatic groups on FF homodimer was also evaluated. For example, Adler-Abramovic et al. synthetized the Nvoc-FF (6-nitroveratryloxycarbonyl-diphenylylalanine), a Fmoc-FF analog in which the Fmoc group is replaced by the Nvoc one, a well-known ultraviolet (UV)-sensitive photo-trigger. This peptide forms light responsive hard hydrogels that can promote a controlled drug release upon UV irradiation (Roth-Konforti et al., 2018).

Analogously to Fmoc-dipeptides, also single amino acids derivatized with the Fmoc group have been found to be able to gelificate. In this case, hydrogelation is pH dependent and thermally reversible. The first example of fibrillation and subsequent hydrogelation by Fmoc protected single amino acids, alone or in combination, was reported by Xu and coworkers that described the hydrogelation of a mixture of Fmoc-Lys and Fmoc-Val upon basification (Yang et al., 2004). In order to exploit this small hydrogelator for industrial and biomedical applications, the hydrogelation of Fmoc-Phe and its aromatic analogues were also studied by other research groups (Sutton et al., 2009; Ryan et al., 2010aRyan et al., 2010b; Ryan et al., 2011). Fmoc-Phe gelificates by carefully adjusting the pH of the peptide solution from basic to neutral/acidic, whereas Fmoc-Tyr gelificates by diluting in water the peptide predissolved in an organic solvent at very high concentration. As alternative, the formation of self-assembled Fmoc-Y hydrogels can be promoted by a dephosphorylation reaction catalyzed by a phosphatase (Yang et al., 2008). Moreover, Shi et al. demonstrated that Phe can undergo to the gelification process also when functionalized with aromatic group alternative to Fmoc (e.g., naphthyl, naphthalenoxyl, or cinnamoyl) (Shi et al., 2011). The single crystal structure of Fmoc-F and Fmoc-Y gelators has been determined and the resulting data compared to the fiber X-ray diffraction data (Draper et al., 2015). Results indicated that there is a good match between data obtained on the fiber phase and on the crystalline phase of Fmoc-F. On the contrary, there are substantial differences between the two phases for Fmoc-Y. Indeed, in the crystal structure of Fmoc-Y the packing is mediated by π-π interactions between the aromatic rings of the Fmoc groups, whilst in the fiber the self-aggregation is prompted by hydrogen bonding within the gel. Analogously to Fmoc-F and Fmoc-Y also DOPA derivative self-assemble into hydrogels. Fmoc-DOPA is a non-coded analog of Fmoc-Y in which the catechol group replaces the phenol group of the tyrosine. Using a multistage and multiscale analysis, Fishman et al. proposed a model for the Fmoc-DOPA assembly mechanism, in which building blocks undergo to a progressive rearrangement from metastable spheres, in equilibrium with their monomeric form, up to thermodynamically favorable ultrastructures. The mechanism is based on three distinct stages: hydrophobic association in solution, self-assembly into ordered nanofibrils and crystallization due to the spatial locking and to the stabilization by hydrogen bonds (Fichman et al., 2016).





OTHER APPLICATIONS OF PROTEIN AND PEPTIDE BASED MATERIALS WITH β-STRUCTURE

With the advent of biosynthetic and efficient methods of purification, protein-based materials (recombinant, punctual chemically modified or engineered) are at the cutting-edge of materials science, electronics, and medicine (Vasconcelos et al., 2008; Abascal and Regan, 2018). Indeed, these materials are characterized by peculiar physical properties. Among these, their intrinsic biodegradability allows the process of circular economy that returns them to the total biomass. Moreover, as the cross-β motif represents a stable architecture in water-soluble polypeptides, it can be properly designed (Biancalana et al., 2010).

Different methodologies were developed to produce fibrils from protein-rich and renewable sources (e.g., plant proteins) (Kamada et al., 2017; Josefsson et al., 2020). This aspect can explain the currently interest in both manufacturing and obtaining innovative protein-based systems. In this context, the first examples are related to natural fibers, including silk fibroin and resilin. Electrospunned into nanofibers, fibroin, corresponding to the protein of silk core, was proposed to prepare filaments for clothing (Aigner et al., 2018). This protein can be also wet-spun or self-organized to form microfibers, solvent cast into mesoporous foams for local dermal applications, used as enhancer for optoelectronic chips and nanorods or used as component of films. A solvent-based process can be used to form silk-based biodegradable screws or plates or to produce artificial skin and nanodots (Kishimoto et al., 2013; Saravanan et al., 2018; Maniglio et al., 2018; Cazares Vargas et al., 2019; Guo et al., 2020; Zheng and Zuo, 2021).

Resilin and elastin, together with their related materials, have been shaped properly for potential use in tissue engineering, in wound healing as porous scaffolds or films and as drug delivery systems. Aside from the reported applications, protein-based materials have shown potential use as conductive elements (Pena-Francesch et al., 2018). Protein- and peptide-based nanofibrils display interesting mechanical and functional properties in forming nanotubular scaffolding for bionanotechnology. For example, amyloid fibers were found to be mechanically strong (Lara et al., 2012; Bortolini et al., 2015; Paul et al., 2016), thus suggesting their potential use as constituents of functional systems and materials (Nuno et al., 2014; Knowles and Mezzenga, 2016). Moreover, they can be properly decorated by assembling antibody, fusion proteins or ligand to obtain biochemical sensors and chips (Men et al., 2010; Sakono et al., 2012; Kim et al., 2015; Oliveri et al., 2018). For instance, fibril aggregates have been proposed as potential tools for the next-generation of photovoltaic and organic solar cells (Barrau et al., 2008; Hauser et al., 2014), catalytic chemistry (Bolisetty et al., 2015; Al-Garawi et al., 2017) and energy-harvesting devices (Slabov et al., 2019). 2D amyloid hybrids fibrils were also used as immobilization platform for Au and enzymes (Pilkington et al., 2010; Fernández et al., 2016). These systems have also been applied as bioassay to clarify the mechanism of bacterial biofilm formation and of amyloid aggregation (Taglialegna et al., 2016; Taricska et al., 2020).

Peptide-based fibers were also proposed as innovative materials for biomedical applications, such as diagnostic agents, bioimaging agents and tissue engineering. For example, peptide nanofibers opportunely derivatized with gadolinium complexes were exploited as potential contrast agents for Magnetic Resonance Imaging (MRI) technique (Kim et al., 2016; Diaferia et al., 2019a; Gallo et al., 2020). On the other hand, the intrinsic blue/green photoluminescence recently associated to amyloid and amyloid-like structures has brought to the investigation of peptide and protein fibrils as fluorescent sources for monitoring the in vitro kinetics of aggregation (Liu et al., 2015; Gao et al., 2019). These photoluminescent materials (including peptide films and fibers), opportunely engineered, were evaluated as constituents for the development of integrated optoelectronic systems or waveguiding tools (Bo et al., 2019; Apter A. et al., 2020, Apter B. et al., 2020). Moreover, the chemical access, the biocompatibility and the high loading capacity of both hydrophobic and hydrophilic drugs displayed by these peptide and protein nanostructures make them appealing tools for drug delivery applications (Stie et al., 2020). Furthermore, fibrillary objects could be properly planned and decorated with bioactive motifs to achieve an active targeting of the drug. Stimuli-responsive, prolonged and triggered drug release profiles can also be obtained by modifying their primary sequence (Choi et al., 2016; Wei et al., 2017).

The unique physiochemical properties of amyloid fibrils make them attractive materials in a myriad of applications (Gras, 2007; Fichman et al., 2014a; Peralta et al., 2015), not just in biomedical and regenerative medical fields. Relevant applications were proposed in environmental sciences and liquid crystals (Corrigan et al., 2006; Castelletto and Hamley, 2009). For instance, amyloid fibrils, blended with activated carbon amyloid and forming macroscopic membranes, were proposed as purifying tools for a variety of contaminants from wastewater samples (Li and Mezzenga, 2012; Bolisetty and Mezzenga, 2016; Bolisetty et al., 2017). Modified lysozyme amyloid fibrils were also proposed as Chromium(VI) ions absorbent or as component for liquid crystal phases (Leung et al., 2016).



CONCLUDING REMARKS AND FUTURE PERSPECTIVES

The intrinsic ability of the polypeptide chains to form β-rich structures, almost regardless of their length, has a tremendous impact in different research areas. As detailed in the previous sections, the interplay between the structural characterizations of small and large cross-β assemblies has been crucial to achieve an atomic level understanding of the aggregates involved in neurodegeneration and to develop innovative biomaterials. The reductionist approach has been fundamental for gaining the first information on structural bases of the aggregation modes of proteins. On the other hand, the structural characterization of protein/peptides assemblies in their misfolded states have provided important information for the definition of the atomic structures of self-assembling peptides.

This osmosis is likely to endure in the future, as the recent elucidation of the intricate structures of misfolded proteins will probably be exploited to create new biomaterials. In particular, the analysis of these structures reveals the presence of several heterotypic regions (see for example Figure 4) that could allow the design of couples of peptides whose mixing may generate novel self-assembling systems. Indeed, there is a growing interest toward hybrid hydrogels that can be generated by simply mixing two or more hydrogelators (Halperin-Sternfeld et al., 2017; Diaferia et al., 2019d; Zhai et al., 2019). This strategy may allow the creation of novel materials with improved mechanical properties, desired morphologies, implemented structural and functional complexity and enhanced stability. Moreover, the hydrophilic core of Orb2 filaments indicates that glutamine-based oligopeptides may represent an attractive source for the generation of innovative biomaterials due to the versatility of this residue that can be involved in both the anhydrous and the solvent exposed face of the sheet in the cross-β motif (Figure 5). Finally, new classes of peptide-based hydrogels may come from the characterization of peptides mimicking low-complexity domains of proteins involved in phase separation.
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This brief report presents an X-ray scattering investigation of self-assembled nanotubes formed by a short peptide. X-ray scattering methods enable multiscale structural elucidation of these nanotubes in solution under the same conditions involved in the self-assembly process. In particular, the dimensions of nanotubes and the crystalline organization within their walls can be determined quantitatively. This is illustrated in the case of amyloid-β(16-22) peptide nanotubes.
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1. INTRODUCTION

The hierarchical self-assembly of short peptides to form well-defined nanotubes of nearly macroscopic dimension has been the subject of numerous investigations (Childers et al., 2009; Valéry et al., 2011; Hamley, 2014). Most often short peptides self-assemble to form fibrillar morphologies but under certain specific conditions the ribbon-like fibrillar structure curls and form nanotubes of uniform dimension. This self-assembly is governed by the delicate interplay of hydrogen bonding, electrostatic, and entropic interactions. Both helical ribbons and nanotubes have similar mean curvature and zero Gaussian curvature (Ke et al., 2020). The size uniformity and tunability make them suitable for templated growth of functional nanomaterials with potential applications in modern technologies (Valéry et al., 2011; Hamley, 2014; Levin et al., 2020). The preceding article presented a short review of X-ray scattering investigations of different peptide systems forming similar nanotubes (Narayanan et al., 2021).

A well-known example for the nanotube forming peptide system is the CH3CO − KLVFFAE − NH2, a sequence from the amyloid-β peptide [Aβ(16-22)] (Lu et al., 2003; Mehta et al., 2008). This short peptide self-assembles in acetonitrile/water binary liquid mixture at pH 2 forming well-defined nanotubes with mean diameter and wall thickness about 52 and 4.3 nm, respectively. This system has been the subject of many structural investigations (Childers et al., 2009). Instead at pH 6, this peptide exhibits fibrillar morphology (Mehta et al., 2008). Using electron diffraction and complementary spectroscopic methods, the packing of peptides into bilayer leaflets within the tube wall was demonstrated (Mehta et al., 2008, 2013). A model for the lamination of peptides involving antiparallel β-sheets and the curling of peptide bilayers to form nanotubes was proposed (Childers et al., 2009).

This report presents a small and wide angle X-ray scattering (SAXS and WAXS, respectively) investigation of the Aβ(16-22) self-assembly over a wider peptide concentration range. A combination of SAXS and WAXS methods elucidates the different hierarchical levels exhibiting by the self-assembled structure. The improvement in the detection capability of scattering techniques now enable deciphering weak structural features submerged beneath a high background as illustrated here. In addition, a coexistence of two different structural moieties is observed at higher peptide concentrations.



2. MATERIALS AND METHODS

The Aβ(16-22) peptide (CH3CO − KLVFFAE − NH2) nanotubes were formed in 40 weight % acetonitrile/water solvent mixture with 0.1% trifluoroacetic acid (TFA) at pH close to 2 (Lu et al., 2003; Mehta et al., 2008). The peptide was purchased from CPC Scientific Inc. (purity of 97 %) and was used without further purification. The pH of the solvent was adjusted to 2 by the addition of TFA. Nanotubes were aged for several weeks prior to SAXS and WAXS measurements. The X-ray scattering experiments were performed on the ID02 beamline at the ESRF (Narayanan, 2014). The samples were loaded in a flow-through capillary cell (diameter ~ 2 mm and wall thickness ~ 10 μm) maintained at 25oC, which enabled accurate background measurements from the capillary filled with the solvent as well as limited flow alignment of the nanotubes. To cover the broad size scales relevant to the self-assembled structure, two sample-to-detector distances of 8 and 1.2 m were used for SAXS and the WAXS detector was placed at 0.11 m from the sample. The measured two dimensional scattering patterns were normalized to an absolute intensity scale after applying detector specific corrections and isotropic patterns were azimuthally averaged to obtain the one-dimensional scattering profiles (Narayanan, 2014). After subtraction of the corresponding normalized background, one-dimensional profiles from different sample-to-detector distances were merged together to obtain the scattered intensity, I(q) as a function of the magnitude of scattering vector (q). Where q = (4π/λ)sin(θ/2), with λ the wavelength of the X-rays (≃ 1 Å) and θ the scattering angle. The SAXS data were modeled in terms of core-shell cylinders (with the core scattering length density set to the same as the solvent) and rectangular parallelepiped form factors using the SasView software (Doucet et al., 2017). The helical ribbon form factor was adapted from the models presented in Pringle and Schmidt (1971) and Hamley (2008).



3. RESULTS AND DISCUSSION

Figure 1 presents the partially oriented 2D SAXS and WAXS patterns for four concentrations of the peptide over a restricted q range. At 0.1 % (by weight), the peptide was fully soluble without any features of nanotube scattering function. The 0.2 and 0.5% samples clearly showed the scattering form factor of nanotubes as indicated by the oscillations in SAXS intensity and corresponding WAXS patterns displayed weak Bragg peaks from the peptide packing within the nanotube walls. The 0.5% sample maintained the alignment of nanotubes induced by the flow while in 0.2% sample the orientation was lost upon cessation of the flow. The clear alignment of WAXS peaks in the 0.5% sample indicates that the β-sheets are oriented around the nanotube axis along a helical path with a pitch angle of 23o. A distinguishing hallmark between the tubular and fibrillar morphologies is this azimuthal tilt in the β-sheet reflections. The SAXS patterns from 1.5 and 3.0% samples did not show the characteristic features of nanotube scattering form factor though some anisotropy is maintained in the former. Corresponding WAXS patterns displayed stronger Bragg peaks without clear azimuthal orientation. The observed SAXS features suggest a morphological transition but WAXS confirms that the molecular packing of peptides has not changed. This peptide is known to form nanotubes only around pH 2, whereas at higher pH a fibrillar assembly has been observed (Mehta et al., 2008). Here, the pH is fixed at 2 by the presence of the strong acid TFA, and the lysine side group remains fully protonated at all concentrations studied.
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FIGURE 1. Partially aligned SAXS and WAXS patterns (lower and upper panels, respectively) from Aβ(16-22) peptide samples at four different concentrations after the solvent background subtraction. In the case of 0.5% sample, the nanotubes are aligned along the horizontal axis and the relative orientation of nanotube radius and β-sheet laminations is shown. The SAXS sample-detector distance was 1.2 m.


Figures 2A,B depict the azimuthal average of the normalized SAXS and WAXS intensities, respectively over the full q range of measurements. To derive the structural parameters of the nanotubes, SAXS profiles were modeled by polydisperse core-shell (hollow) cylinder scattering function in SASView. The corresponding parameters, outer radius (R) and wall thickness (δ), were 24.8 and 5.2 nm, respectively for 0.2% sample and 24.6 and 4.4 nm, respectively for 0.5% sample. The mean length of the nanotubes was larger than the q range covered by these measurements. In the fits, it was kept in the range of 3,000–5,000 nm but from the alignment behavior, it is clear that the nanotubes are much longer. The obtained size parameters are consistent with previously reported values (Lu et al., 2003; Mehta et al., 2008). In the modeling, the wall thickness is constrained by the scattering minimum around q of 1–2 nm−1, which was not resolved in previous studies. The inset of Figure 2A shows that the determination of this high q minimum critically depends on the accuracy of the solvent background subtraction. Due to concentration fluctuations, the acetonitrile/water solvent mixture background is a Lorentzian function (Narayanan, 2014) and not flat like that of pure water. The high q minimum of the nanotube scattering falls on the decaying part of the Lorentzian function with a correlation length ≃ 0.8 nm. Nevertheless, the shift in the minimum is evident even in the background unsubtracted data. Although the outer diameter is nearly the same, the packing of peptides in the 0.5% sample appears to be tighter. The SAXS profiles of 1.5 and 3.0% samples showed only weak oscillations and the minima and maxima are less defined. This suggests a coexistence of two morphologies, which are likely nanotubes and nanofibrils. As a result, SAXS profiles were modeled by a linear combination of polydisperse hollow cylinder and monodisperse parallelepiped scattering functions. In addition, the weak minima and maxima have shifted to lower q values than in the 0.5% case implying an increase in the diameter of nanotubes or partial unwinding (helical ribbons). The model curve for 3.0% sample represents nanotube radius and wall thickness of 33.6 and 4.0 nm, respectively, and parallelepiped length, width, and thickness of 3,900, 36.0, and 3.5 nm, respectively. The corresponding nanotube and nanofibril number density fractions are 0.23 and 0.77, respectively. Table 1 summarizes the main structural parameters derived from the SAXS modeling in terms of a linear combination of tube (hollow cylinder) and flat ribbon (parallelepiped) scattering functions.
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FIGURE 2. (A) Normalized SAXS profiles from Aβ(16-22) peptide at four concentrations over the full q range of measurement. The inset displays the background unsubtracted profiles and highlights the importance of accurate background subtraction. (B) Corresponding WAXS profiles for the four peptide concentrations and indexation of the Bragg peaks (the spacings of which are specified in the text). The inset depicts the strong solvent background scattering.



Table 1. Model parameters from the SAXS analysis of Aβ(16-22) peptide samples shown in Figure 2A.
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For the 1.5 and 3.0% samples, the SAXS profiles can also be described by a linear combination of helical and flat ribbons with parameters of helix, mean radius, polydispersity, width, and length; 62, 0.06, 80, and 2,000 nm, respectively. The pitch was fixed at the same value as that of the tube (364 nm), determined by its radius and angle from the WAXS pattern (67o). The helical ribbon form factor alone is not sufficient to describe the SAXS profiles and a clear power law decay of I(q) at the high q region is absent (Hamley, 2008). The lack of significant orientation suggests that the nanotubes and nanofibrils are shorter than the nanotubes in the 0.5% sample. This is also consistent with the tendency of scattering profiles to flatten at lower q region. The structure factor of interparticle interactions (Narayanan, 2014) is neglected as the data do not display the signature of such an effect in 1.5 and 3.0% samples. Moreover, for a given peptide volume fraction (ϕp), the hollow nanotubes occupy a larger volume than ribbons as they also contain enclosed solvent. The nanotube volume fraction, ϕtube, is approximately given by ϕtube = (R/2δ)ϕp (Bucak et al., 2009). For the parameters in Table 1, nanotubes are roughly 3 times more voluminous than flat ribbons for the same ϕp.

The azimuthally averaged WAXS profiles are shown in Figure 2B. The inset displays the corresponding background unsubtracted data and shows the weak Bragg peaks superimposed on the strong structure factor of the solvent mixture. In addition, the perfect overlap of the solvent scattering confirms that the composition of the solvent remained the same in all four samples. The stronger Bragg peaks at 13.1 and 6.0 nm−1 corresponding to spacings of 0.479 and 1.046 nm represent the orthogonal β-strand periodic repeat and stacking of the antiparallel β-sheets, respectively. Interestingly, both these periodicities are very similar to the two orthogonal cross-β spacings, meridional and equatorial, respectively, observed in the fiber diffraction diagram of full length Aβ peptide (Serpell, 2000). These Bragg peaks can be assigned to the (1,0) and (0,1) reflections from a 2D rectangular lattice (Childers et al., 2009), schematically shown in Figure 3. The higher order peaks of the stacking or lamination can be found at 12 and 18 nm−1, corresponding to spacings of 0.523 and 0.348 nm, respectively. In the case of nanofibrils, two additional weak peaks at 7.7 and 15 nm−1 (spacings 0.819 and 0.419 nm) are also observed, which may be from out of registry β strands. The observed peak positions in the WAXS are consistent with that reported by electron diffraction (Mehta et al., 2008), except for 5–10% dilation of spacings, which can be attributed to the drying effect in the latter. The advantage of WAXS is that the information is deduced in the solution condition that is more relevant in functional studies. Figure 3 schematically illustrates the semi-crystalline organization within the nanotube walls and different crystallographic planes of the 2D lattice.


[image: Figure 3]
FIGURE 3. Schematic illustrations of the nanotube, the semi-crystalline architecture within the walls and corresponding orientation of 2D lattice planes of a rectangular unit cell with side lengths a = 0.479 nm and b = 1.046 nm.


A transition from nanotubes to helical ribbons and then to nanofibrils has been observed in the case of amphiphilic peptide KI4K with increasing acetonitrile in a similar aqueous solvent (Zhao et al., 2015). However, a large change in the relative concentration of acetonitrile (20–80 %) was required. These transformations have been attributed to the changes in the hydrophobic interaction in the side chains while the peptide backbone hydrogen bonding remained intact (Zhao et al., 2015). The amphiphilic peptide system A6R is another example, where a coexistence of nanotubes and nanosheets has been observed at higher peptide concentrations (> 15%) (Hamley et al., 2013). In that case, the transition is attributed to enhanced screening of the electrostatic repulsion between the arginine units and C-terminal carboxyls, which stabilizes the planar geometry. For the related peptide A6K a coexistence of nanotube and a high concentration planar lamellar phase has been reported (Cenker et al., 2011). The mechanism for the concentration induced structural transition from nanotubes to nanofibrils in the present case is not fully clear. The relative stabilities of nanotubes and twisted ribbons were recently discussed within a model considering different β-sheet deformations in the two structures in addition to a preferred β-sheet twist and an interfacial tension term (Rüter et al., 2020). The peptide chemical potential in the two structures can be very similar, and small perturbations (e.g., translational and rotational entropies) may shift the relative stability from nanotubes to nanofibrils.



4. CONCLUSION

Overall, the presented SAXS and WAXS data are in good agreement with the nanotube model derived from complementary electron microscopy and diffraction, an array of spectroscopic methods, and molecular dynamics simulations (Mehta et al., 2008, 2013; Childers et al., 2009). The nanotube diameter and wall thickness are consistent with the values reported earlier (Lu et al., 2003; Mehta et al., 2008) and compatible with an interdigitated bilayer arrangement of peptides in the nanotube walls. However, as the peptide concentration is increased, there is a gradual unwinding of the nanotubes, and partially unwound tubes or helical ribbons coexist with flat ribbons.

The example presented in the previous section illustrates the capability of scattering methods to decipher weak structural signals submerged beneath a large solvent background. This aspect could be further exploited in functional studies of self-assembled peptide systems. A combination of SAXS and WAXS methods enable hierarchical structural elucidation from the molecular packing up to the macroscopic dimension of the nanotubes simultaneously. In addition, the coexistence of different structural moieties can be identified on a quantitative scale.
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This mini-review presents the structural investigations of the self-assembled peptide nanotubes using X-ray scattering techniques. As compared to electron microscopy, scattering methods enable studies of nanotubes in solution under the appropriate physicochemical conditions and probe their formation mechanism. In addition, a combination of X-ray scattering methods allow the elucidation of structural organization from the molecular scale to the dimension of nanotubes.
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1. INTRODUCTION

The aggregation of proteins can lead to a variety of complex structures, which are at the origin of many degenerative diseases (Ke et al., 2020). A well-known example is the fibrillar assemblies of amyloid peptides, formed by cleavage from a larger amyloid precursor protein, involved in neurodegenerative disorders (Serpell, 2000; Hamley, 2012). In the vast majority of cases, peptides self-assemble to fibrillar morphologies but under specific solvent and pH conditions, oligopeptides may form more organized nanotubes of nearly macroscopic dimension in length (Hartgerink et al., 1996; Valéry et al., 2011; Hamley, 2014). At the molecular level, both amyloid fibers and peptide nanotubes display the same characteristic feature, orthogonal antiparallel β-sheet structure, and sheet laminations (Mehta et al., 2008; Morris et al., 2013; Hamley, 2014). This unique structural signature shared by both pathogenic amyloid forming peptides and artificial functional peptides contrast their macroscopic properties, for example, the undesired effects of amyloid peptides in neurodegenerative diseases but beneficial roles of synthetic peptides in modern technologies (Ke et al., 2020). In particular, the self-assembly of synthetic biomimetic peptides enables a broader exploration of specific interactions and sequences than those possible with conventional amphiphilic molecules (Schneider et al., 2002; Zhao et al., 2013; Dasgupta and Das, 2019). As a result, relatively simple model peptide systems can be used to mimic more complex biological systems and processes (Ke et al., 2020; Levin et al., 2020).

The hierarchical self-assembly of short peptides to form uniform nanotubes of nearly macroscopic dimension has been the subject of numerous investigations (Valéry et al., 2011; Hamley, 2014). In specific cases due to the delicate interplay of hydrogen bonding, electrostatic and entropic interactions, the ribbon-like fibrillar structure curls and forms nanotubes of well-defined dimension. The wide range of polymorphism exhibited by peptide self-assemblies can be rationalized in terms of the free-energy landscape in which helical ribbons and nanotubes occupy closely located minima, with crystals at the lowest energy state (Adamcik and Mezzenga, 2018). Both helical ribbons and nanotubes have similar mean curvature and zero Gaussian curvature (Ke et al., 2020). The homogeneity in the diameter and limited tunability make them interesting candidates for templated growth of functional nanomaterials with potential applications in the biotechnology and nanotechnology (Reches and Gazit, 2003; Pouget et al., 2007; Valéry et al., 2011; Hamley, 2014; Levin et al., 2020).

This short review presents some of the recent studies of self-assembled peptide nanotube systems using X-ray scattering methods. In particular, small and wide angle X-ray scattering (SAXS and WAXS, respectively) elucidate the different hierarchical levels involved in the self-assembly process albeit lacking the chemical sensitivity (Narayanan et al., 2017). Indeed, the morphology of the peptide nanotubes is directly revealed by imaging methods such as cryogenic transmission electron microscopy (cryo-TEM) and atomic force microscopy (AFM) (Valéry et al., 2011; Hamley, 2014; Adamcik and Mezzenga, 2018), which is a decisive input for the quantitative X-ray modeling of the nanotubes in solution.



2. X-RAY SCATTERING STUDIES OF PEPTIDE NANOTUBE SELF-ASSEMBLY

A prototypical case of the hierarchical self-assembly has been illustrated with the lanreotide octapeptide developed by Beaufour-Ipsen laboratory that forms a therapeutic gel (autogel®) (Valéry et al., 2003, 2011). At a lower lanreotide concentration than in the gel, monodisperse nanotubes of diameter about 25 nm are spontaneously formed. The supramolecular and molecular organizations within the tube wall were elucidated by SAXS and WAXS, and complementary techniques of electron microscopy and vibrational spectroscopies (Valéry et al., 2003). In this case, the exceptionally well-aligned fiber diffraction patterns revealed that the structural organization within the nanotubes wall is crystalline with low mosaicity, that in turn allowed constructing their electron density maps, which indicated a 2.07 nm alternation of aliphatic and aromatic residues that formed amyloid-β like fibers. The nanotubes are constituted by 26 of these fibers and consequently their diameter is very uniform. High-resolution SAXS further revealed the hexagonal packing of these nanotubes at high volume fractions (Valéry et al., 2003). The feasibility of serving these nanotubes as templates for biomineralization has been illustrated with a silica precursor resulting in double-walled silica nanotubes of uniform diameter and bundles of which assemble to centimeter-sized fibers (Pouget et al., 2007). Mutations in the peptide sequence can lead to different packing of aromatic residues, and modification of a single aromatic residue enabled a four-fold increase in nanotube diameter in the range of 10–36 nm (Tarabout et al., 2011). Further studies involving the effect of counterions revealed the specificity of anion size, demonstrating that counterions are not only regulating the charges on the surface of the nanotubes but also playing an important structural role, varying their diameter in the range of 19–26 nm (Gobeaux et al., 2012). By substituting monovalent by divalent counterions, double-walled nanotubes were observed and this morphological change has been attributed to competition between the adhesion force generated by divalent counterions and the mechanical stiffness of the peptide wall (Gobeaux et al., 2013).

Another nanotube forming peptide system investigated in detail from the structural perspective is the CH3CO − KLVFFAE − NH2, a sequence from the amyloid-β peptide, Aβ(16-22) (Lu et al., 2003; Childers et al., 2009). This short peptide self-assembles in acetonitrile/water solution at pH 2 into well-defined nanotubes with mean diameter about 52 nm and wall thickness 4.3 nm. Instead at pH 6, the peptide forms fibrils (Mehta et al., 2008). Using electron diffraction and complementary spectroscopic methods, the packing of peptides into bilayer leaflets within the tube wall was elucidated (Mehta et al., 2008, 2013). A model for the lamination of peptides involving antiparallel β-sheets and the curling of peptide bilayers to form nanotubes was proposed (Childers et al., 2009). Further work using peptides differing only in their N-terminal residue, phosphotyrosine vs. lysine, showed a coassembly as stacks of antiparallel β-sheets with precisely patterned charged lattices stabilizing the bilayer leaflet interface, creating nanotubes with dense negative external and positive internal surfaces (Li et al., 2016). Another sequence Aβ(13-22) with different N-terminal extensions enhanced the propensity for β-sheet laminations and transformed into nanotubes over a wider pH range (Liu et al., 2008).

The nanotubes formed by surfactant-like peptides are another case subjected to X-ray scattering investigations (Hamley, 2014). A well-studied system is the peptide without endcaps AAAAAAK (A6K) that self-assembles into nanotubes in water (Bucak et al., 2009). At higher concentrations, nanotubes orient to form a nematic-like phase. At even higher concentrations corresponding to a volume fraction in excess of 0.4, a lamellar phase has been reported (Cenker et al., 2011). The initial SAXS modeling suggested a wall thickness ≤ 1 nm and proposed a model involving the parallel packing of peptides in the nanotube walls (Castelletto et al., 2010). However, this model has been revised on the basis of other experimental evidences to that comprising bilayers of peptides perpendicular to the nanotube wall similar to that in the case of Aβ(16-22) (Hamley, 2014). Time evolution of SAXS intensity during the formation of nanotubes showed an exponential growth similar to a crystal growth process (Cenker et al., 2012). Further investigation of the homologous series AnK with n = 4, 6, 8, and 10 revealed that while A6K forms single-walled nanotubes in water above a threshold concentration (10%), A4K is fully soluble, and A8K and A10K assemble to rod-like aggregates even in dilute concentrations (Cenker et al., 2014). The latter structure has been revised to twisted ribbon with laminations of single stretched peptide molecules (Rüter et al., 2019) and a thermodynamic model has been presented for the transition between tube to ribbon structures (Rüter et al., 2020). The arginine-rich peptide R3L12 (arginine3-leucine12) forms a variety of nanostructures including nanotubes in aqueous solutions as a function of pH (Castelletto et al., 2020). These structures are supposedly built from α-helical antiparallel coiled-coil peptide dimers arranged perpendicular to the nanotube axis in a cross-α configuration.



3. RECENT EXAMPLES OF X-RAY SCATTERING STUDIES OF PEPTIDE NANOTUBES

A state-of-the-art example for X-ray diffraction investigation of peptide nanotube self-assembly has been presented by Valery et al. in the case of a decapeptide, triptorelin (Valéry et al., 2015). This peptide self-assembles to form monodisperse nanotubes (diameter ≃ 50 nm and wall thickness 2.6 nm) at higher pH (> 7.5). The organization within the nanotube wall is crystalline (2D monoclinic) as indicated by low mosaicity fiber diffraction patterns. These authors exploited a smart crystallization strategy to enable atomic resolution structural elucidation (Valéry et al., 2015). The conformational change of the peptide with pH was exploited to derive a deeper functional insight. At the atomic scale, it was revealed that the globular conformation at high pH is stabilized through a strong histidine-serine H-bond and a tight histidine-aromatic packing (Valéry et al., 2015). Lowering the pH induced histidine protonation, disrupting these interactions and triggering a large change to an extended β-sheet-based conformation. At lower pH (<6.5), triptorelin assemblies exhibit in the form of twisted nanotubes of smaller diameter (≃ 11 nm). High resolution small and wide angle X-ray diffraction was used to derive a molecular level structural model of the nanotube assembly. Figure 1 illustrates typical X-ray diffraction pattern from an oriented bundle of nanotubes and corresponding structural models at different hierarchical levels (Valéry et al., 2015). The well-defined meridional layerlines at 4.85 Å shows that the β-sheet H-bond network lies along the nanotube axis and forms protofilaments. The repeat distance along the nanotube axis is the size of the β-hairpin. The large number of Bragg peaks in the equatorial layer indicate the crystalline six-fold ordering of protofilments and 30 of which constitute a nanotube. The small-angle equatorial intensity is modeled in terms of hexagonal packing of nanotubes within the bundles. Furthermore, the nanotube wall thickness is about 2.6 nm, which is similar to that at higher pH but with an outer shell of 1 nm having an excess electron density than the inner layer. This corresponds to more aromatic residues located on the outer surface of the nanotube, which are likely involved in the close contact between nearest neighbors to form the twisted bundle.


[image: Figure 1]
FIGURE 1. The molecular structure of the low-pH triptorelin nanotubes. Aligned (a) fiber diffraction pattern and (b) SAXS profile of bundles of small nanotubes. (c) Side and (d) top schematic views of the small nanotubes built from 30 protofilaments. (e) Molecular structure of the protofilaments forming the nanotube walls. Color code: W (orange), Y (green), protonated histidine (H2)+, and (R8)+ (red). The two green boxes in (c,d) underline the position of one protofilament that is enlarged in (e). Reproduced from Valéry et al. (2015) licensed under a Creative Commons Attribution 4.0 International License.


As mentioned before, in the AnK model peptide system the self-assembled structure is strongly dependent on the number of alanine residues in the chain, n, resulting in assemblies of tubes or twisted ribbons (Rüter et al., 2020). Figure 2A presents SAXS profiles of the nanotube forming A6K above and below the solubility limit (10%). The SAXS profile of dissolved peptides is well-described by the scattering function of Gaussian polymer coils with a radius of gyration of about 0.55 nm. At higher concentrations, the scattering profile shows the characteristic features from a tubular structure, which can be described by a hollow cylinder model with mean radius 30.8 nm, polydispersity 4% and wall thickness 3.3 nm. The deviations at lower q region is attributed to the packing of oriented tubes in domains. Figure 2B depicts the WAXS pattern from oriented nanotubes. The orientation of the peaks shows the helical pitch angle (52o) with β-sheets arranged on helical paths along the tube surface. The peaks in the WAXS pattern were assigned to a 2D oblique unit cell with the first peak at 1.16 nm−1 corresponding to the alanine stacking distance (Middleton et al., 2013). Considering the length of an extended peptide monomer, lp = 2.5 nm and the tilt angle, the wall thickness of 3.3 nm may correspond to an interdigitated bilayer arrangement (Hamley, 2014). A similar bilayer architecture has been employed to model nanotubular morphologies formed by short peptides Aβ(16–22) (Mehta et al., 2013) and αSβ1 (NH2 − VLYVGSKT − COOH) (Morris et al., 2013).
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FIGURE 2. (A) SAXS and WAXS (inset) profiles from A6K peptide for two concentrations above and below the peptide solubility limit. (B) WAXS pattern from partially aligned nanotubes showing the peptide packing and helical pitch angle of 52o. (C) Model of the nanotube wall architecture: blue: hydrophilic peptide ends, red: hydrophobic core of the peptide sequence. Reproduced from Rüter et al. (2020) licensed under a Creative Commons Attribution 3.0 Unported License.




4. OTHER SYSTEMS FORMING SELF-ASSEMBLED NANOTUBES

Not only short peptides but also a variety of amphiphilic molecules self-assemble to form nanotubes of comparable dimension. In many cases, SAXS has proven valuable for the elucidation of their structure and pathways of self-assembly in solution. An example is lithocholic bile acid in aqueous sodium or ammonium hydroxide solutions forming well-defined nanotubes of diameter in the range of 50 nm (Terech et al., 2006). In this case, SAXS revealed that the pathway of their formation is via helical ribbons. In concentrated suspensions, the oriented tubes self-organize to 2D hexagonal lattice with p6m symmetry (Terech et al., 2006). Using SAXS, cryo-TEM, and AFM, derivatives of cholic acid (Travaglini et al., 2013) and sodium lithocholate (Gubitosi et al., 2014) have been shown to self-assemble into nanotubes. Furthermore, in mixtures of sodium lithocholate and its mannose derivative, the nanotube radius could be tuned by the mixing ratio (Gubitosi et al., 2015). Certain amino acid amphiphiles, like N-α-lauryl-lysyl-aminolauryl-lysyl-amide, have also been shown to form nanotubes in solution (Ziserman et al., 2011). Here, nanotubes were observed to form slowly, over a period of several weeks. Following the process using cryo-TEM, it was demonstrated how nanotubes evolved from originally thin fibers via twisted and helical ribbons (Ziserman et al., 2011). Besides, some sterols and γ-oryzanol in edible oils form nanotubes with diameters ranging from 6 to 8 nm (Bot et al., 2009) and the network of these tubes resulting in an organogel. Another case is the self-assembly of DNA minor groove-binding heterocyclic ligand DB921 in aqueous solutions containing chloride or bromide salts (Mizuta et al., 2018). The single-walled nanotubes of diameters 26–32 nm are developed from helical ribbons which close to form tubes only in the presence of chloride or bromide counterions.

Amphiphilic diblock copolypeptoids having domains chemically distinct and congruent in size and shape self-assemble in water into nanotubes with crystalline walls (Sun et al., 2016). These peptoids are like molecular tiles and their length determines the nanotube diameter (4–10 nm). The nanotube wall is composed of stacked, porous crystalline rings, which are held together primarily by side-chain van der Waals interactions. Bolaamphiphiles consisting of a sugar residue, an alkyl chain, and an amino group (NKNT2-C18) are another type of molecules exhibiting propensity to self-assemble and form nanotubes in aqueous solution with diameters in the range of 18–20 nm (Takahashi et al., 2019). In this case, the formation mechanism is not via helical ribbons but more like by closure of the well-organized monolayer membranes. Finally, the programmable route to design nanotubes of tailored diameter and desired chirality is via single-stranded DNA bricks strategy (Sun et al., 2019). In this case, the width of DNA helical tubes is controlled by the rigidity and curvature of repeating units through their thickness and helical twist density, respectively. Nanotubes, as well as the twisted or helical ribbons, that form in these self-assembling systems, are considered to be consequences of molecular chirality (Helfrich and Prost, 1988; Chung et al., 1993; Selinger et al., 2001). However, achiral gemini-tartrate amphiphiles complexed with chiral tatrate anions form ribbons and tubes due to induced chirality at a supramolecular level (Brizard et al., 2007). It has been possible to resolve the molecular structure of such self-assembled systems and correlate to the macroscopic properties (Oda et al., 2008).



5. SUMMARY

This mini review presented a brief overview of X-ray scattering investigations of self-assembled peptide nanotube systems. The key advantage of X-ray scattering method is that the structural information can be elucidated in real solvent and under appropriate thermodynamic conditions, over a broad range of concentrations. In addition, external perturbations such as temperature (Cenker et al., 2011), shear flow (Narayanan et al., 2020), and electric or magnetic fields (Pandey et al., 2017) can easily be imposed. A combination of SAXS and WAXS methods enable hierarchical structural elucidation from the crystalline molecular packing up to the micron scale dimension of the nanotubes. In addition, the coexistence of different structural moieties can be identified on a quantitative scale (Narayanan et al., 2021). Complementary real space information from cryo-TEM and AFM provide decisive input for constraining the solution structural model. Although, both cryo-TEM (Ziserman et al., 2011) and frequency modulation AFM (Sugihara et al., 2013) are capable of revealing subnanometer molecular structure of nanotubes, X-ray modeling yields more quantitative structural parameters averaged over a large ensemble.

High brilliance SAXS and WAXS methods enable deciphering of weak structural features superimposed on a large background, which could be useful in studies involving self-assembled functional peptide systems. One potential avenue is exploring the complex pathways of self-assembly involving the coexistence of multiple structural motifs. A particular challenge is formulating theoretical models that can predict structural parameters from molecular properties (Nyrkova and Semenov, 2010; Zhang et al., 2019). The analysis software tools need to be better optimized for complete modeling of the self-assembled structures from the known molecular architecture.
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Biological materials found in living organisms, many of which are proteins, feature a complex hierarchical organization. Type I collagen, a fibrous structural protein ubiquitous in the mammalian body, provides a striking example of such a hierarchical material, with peculiar architectural features ranging from the amino acid sequence at the nanoscale (primary structure) up to the assembly of fibrils (quaternary structure) and fibers, with lengths of the order of microns. Collagen plays a dominant role in maintaining the biological and structural integrity of various tissues and organs, such as bone, skin, tendons, blood vessels, and cartilage. Thus, “artificial” collagen-based fibrous assemblies, endowed with appropriate structural properties, represent ideal substrates for the development of devices for tissue engineering applications. In recent years, with the ultimate goal of developing three-dimensional scaffolds with optimal bioactivity able to promote both regeneration and functional recovery of a damaged tissue, numerous studies focused on the capability to finely modulate the scaffold architecture at the microscale and the nanoscale in order to closely mimic the hierarchical features of the extracellular matrix and, in particular, the natural patterning of collagen. All of these studies clearly show that the accurate characterization of the collagen structure at the submolecular and supramolecular levels is pivotal to the understanding of the relationships between the nanostructural/microstructural properties of the fabricated scaffold and its macroscopic performance. Several studies also demonstrate that the selected processing, including any crosslinking and/or sterilization treatments, can strongly affect the architecture of collagen at various length scales. The aim of this review is to highlight the most recent findings on the development of collagen-based scaffolds with optimized properties for tissue engineering. The optimization of the scaffolds is particularly related to the modulation of the collagen architecture, which, in turn, impacts on the achieved bioactivity.

Keywords: type I collagen, hierarchical organization, tissue engineering, regenerative medicine, scaffold, collagen processing, fibrous assemblies


INTRODUCTION

Biological tissues are made of cells embedded in a tissue-specific extracellular matrix (ECM). The ECM is an intricate network of macromolecules, including proteins, glycosaminoglycans, proteoglycans, and glycoproteins, which are able to hold a high amount of water (Gelse et al., 2003; Birk and Bruckner, 2011). This provides the ECM with gel-like texture and gel-like mechanical properties. While the ECM was originally thought as a passive system responsible for the structural and functional integrity of tissues and organs, it is now clear that the ECM actually plays a pivotal role as an active regulator of cell phenotype (Birk and Bruckner, 2011; Pawelec et al., 2016). Cell surface receptors recognize specific ligands on the ECM, attach to them, and then transduce signals from the ECM. This type of signaling, including biochemical, topographical, and mechanical cues, regulates various cell functions, such as cellular growth, migration, and differentiation. The interplay between cells and ECM also includes the turnover or remodeling of the ECM by the cells during both normal and pathological conditions through the secretion of several ECM-degrading enzymes, along with the secretion and deposition of ECM components. Very briefly, it can be stated that cells and ECM constitute a highly dynamic and finely regulated system that controls the development, maintenance, and repair of tissues and organs.

Among the ECM proteins, collagen definitely holds the lion’s share. In humans, it is indeed estimated to account for about 30% of the total body protein content (Nimni and Harkness, 1998). The unique fingerprint of collagen molecules is a right-handed triple-helical domain, called tropocollagen, which is formed by three left-handed polypeptide helices, called polyproline-II (PPII) helices (Gelse et al., 2003; Shoulders and Raines, 2009; Birk and Bruckner, 2011). So far, at least 28 proteins having this specific fingerprint have been identified as members of the collagen family, which are differently located within the body and progressively named from type I to type XXVIII according to the time of discovery (Shoulders and Raines, 2009; Birk and Bruckner, 2011). The differences among the collagen types are related to their submolecular, molecular, and supramolecular features, which confer them distinct structural and biological functions (Shoulders and Raines, 2009; Birk and Bruckner, 2011). Type I collagen, which has been the first collagen to be identified (hence being the most widely investigated), is the predominant fibrous component of connective tissues such as the dermis, bones, tendons, ligaments, and cornea, accounting for approximately 70% of the total collagens found in the body (Gelse et al., 2003).

Therefore, it is not surprising that tissue engineering and regenerative medicine, which respectively aim at achieving tissue regeneration in vitro and in vivo, make extensive use of type I collagen (mostly derived from animal tissues, e.g., bovine) as the biomaterial of choice for the manufacture of cell-instructive scaffolds (Walters and Stegemann, 2014; Terzi et al., 2020). Scaffolds are artificial matrices designed to work as temporary ECM substitutes, i.e., designed to deliver specific structural and biochemical signals to the cells, in order to stimulate the cellular processes involved in tissue regeneration and matrix remodeling. Hence, the scaffold design takes inspiration from the ECM, attempting to mimic as closely as possible the tissue-specific ECM composition and architecture, at various length scales.

Being a major ECM component, type I collagen is intrinsically bioactive and biodegradable. It also possesses low immunogenicity (i.e., the ability to trigger an immune response) and weak antigenicity (i.e., the ability to interact with antibodies) (Bianchini and Parma, 2001; Lynn et al., 2004; Delgado et al., 2017). Furthermore, its versatile processing allows the production of a wide range of tissue engineering scaffolds of various sizes and shapes, e.g., hydrogels, sponges, and fibrous mats (Friess, 1998; Dong and Lv, 2016). However, the cellular interaction with a processed collagen-based scaffold is largely affected by how closely the scaffold is able to recapitulate the structure of native collagen on different length scales (Walters and Stegemann, 2014). In tissues, type I collagen exhibits a peculiar multilevel hierarchical structure, moving from the nanoscale to the macroscale, with each structural level inducing or controlling given biological processes, in addition to providing the tissue (e.g., skin, bone, tendon) with appropriate mechanical strength. Several processing steps, performed during both collagen isolation and scaffold manufacturing, can impact the native collagen assembly to various extents, thus potentially affecting the cellular response and the overall biological activity in vivo.

In this review, after presenting the structural hierarchy of type I collagen in tissues and discussing the related biological activity, we address the most recent findings on the development of collagen-based scaffolds with optimized regenerative capability. In particular, our aim is to emphasize that the scaffold optimization goes through a deeper understanding of the structural modifications of collagen induced by processing, along with a detailed analysis of the cellular response(s) elicited by such changes. To this purpose, we first discuss, on a general basis, the effects of the collagen source and the subsequent processing on the scaffold structure and the related biological activity. Then, we focus on the optimization of collagen-based scaffolds for the regeneration of specific tissues (such as skin, cornea, bone, and tendon) by presenting some exemplary attempts to modulate the scaffold biological activity to improve the in vitro and/or in vivo regenerative performance.



HIERARCHICAL STRUCTURE OF TYPE I COLLAGEN AND RELATED BIOACTIVITY

Together with collagen types II, III, V, XI, XXIV, and XXVII (Table 1), type I collagen is a fibril-forming protein. Fibril-forming collagens are the most widespread in vertebrates, representing about 90% of the total collagens (Gelse et al., 2003).


TABLE 1. Fibril-forming collagens found in vertebrates (Shoulders and Raines, 2009; Sorushanova et al., 2019).

[image: Table 1]Briefly, the triple-helical molecular domains (with length ≈300 nm and diameter ≈1.5 nm) assemble to form cylindrical structures known as fibrils (with length ≈μm and diameter ≈100 nm), which are, in turn, organized into fibers (length ≈mm and diameter ≈10 μm). Within tissues (length scale ≈cm), collagen fibers are then either randomly oriented or preferentially arranged in given directions in order to provide the tissue with proper architecture to ensure structural and functional integrity (Figure 1).
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FIGURE 1. Hierarchical organization of type I collagen skin, tendon, and bone from macroscale to atomic scale.


Along with this hierarchy at the microscale and macroscale (i.e., at the fibril, fiber, and tissue levels), the single collagen fibrils also show a peculiar hierarchical structure. Similarly to other proteins, four different structural levels can be identified for type I collagen, with one level (i.e., primary) at the atomic/submolecular scale, two levels at the molecular scale (i.e., secondary and tertiary), and one level at the supramolecular scale (i.e., quaternary). These structural levels are concisely described in the following before addressing the tissue architecture. As then summarized in Table 2, some hints on the interplay between the collagen structure and the biological activities are also provided.


TABLE 2. Hierarchical structure of fibril-forming collagens: identification of the different structural levels and the related biological activity.
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Primary Structure

The primary structure of collagen refers to the amino acid sequence in the polypeptide chains (called α chains) that make up the collagen molecule and univocally identify the collagen isoform. Type I collagen, for example, is a hetero-trimer consisting of two identical α1 chains and one α2 chain (Table 1), where α1 and α2 chains differ for the amino acid sequence. The primary structure of collagen is tissue-specific, i.e., provides the protein with peculiar biochemical and physical properties that affect cell attachment and other biological functions (Walters and Stegemann, 2014).

In general, collagen can be represented as a repetition of the Gly-X-Y triplet, where glycine (Gly), i.e., the smallest amino acid, occupies every third position in the peptide sequence of the single chain, so as it can be positioned in the core of the triple helix, closely packing the structure. Conversely, side groups in the X and Y positions are exposed to the surface for the sterical interaction with other residues and are frequently occupied by proline (Pro) and hydroxyproline (Hyp), respectively (Shoulders and Raines, 2009). Since each α chain contains about 1,000 amino acid residues, approximately 330 repeating Gly-X-Y triplets per chain can be estimated. In particular, the triplet Gly-Pro-Hyp, unique to collagen molecules, is reported to occur with a frequency of about 12%, while 44% of triplets are in the forms Gly-X-Hyp and Gly-Pro-Y, and the remaining 44% in the general form Gly-X-Y (Sorushanova et al., 2019).

The high content of Gly (higher than 30%) is fundamental to stabilize the triple-helical domain through the formation of inter-chain hydrogen bonds that are perpendicular to the chain axis. These bonds include both direct hydrogen bonds between the backbone -NH group of Gly and the backbone –C = O group of a residue in the X position of the neighboring chain and indirect hydrogen bonds mediated by water bridges, such as those involving the hydroxyl group of Hyp in the Y position (Rich and Crick, 1961; Ramachandran and Chandrasekharan, 1968).

Pro and Hyp contribute to stabilize the triple helix and also stiffen the α chains by preventing rotation around the C-N bond (Sorushanova et al., 2019). It is estimated that about 22% of all residues in the strands of human collagen are either Pro or Hyp (Shoulders and Raines, 2009). Hyp is typical of collagen, thus it is commonly used as a marker to detect and quantify collagen in tissues (Ignat’eva et al., 2007). Remaining residues in the primary structure of collagen include a variety of amino acids that provide the protein tissue-specific bioactivity.



Secondary and Tertiary Structures

The secondary structure of proteins refers to the peculiar local arrangement of the single polypeptide chains forming the molecule. For collagen, the secondary structure is thus represented by the left-handed PPII helical conformation of the α chains. However, single α chains only have this conformation when associated with the other two chains, with a one-residue staggering, to form a right-handed triple-helical unit (Brodsky and Ramshaw, 1997; Bella, 2016). This triple helix, stabilized by inter-chain hydrogen bonds, represents the tertiary structure of collagen. Since PPII helices would not exist in the absence of the triple helix, the secondary and tertiary structures of collagen are sometimes considered a unique structure (termed “secondary”). It is important to note that the single chains also comprise two short non-helical regions at both the amino (N–) and carboxy (C–) termini, which measure about 9–26 residues (Shoulders and Raines, 2009; Sorushanova et al., 2019) and do not have a repeating Gly-X-Y structure (Kadler et al., 1996). Therefore, the collagen molecule (about 300 nm long and 1.5 nm in diameter) is made of a central tropocollagen unit and two short non-helical ends, called telopeptides.

Zooming into the triple-helical conformation, two models are reported in the literature to describe this structure (Rich and Crick, 1961; Okuyama et al., 2006). The Rich and Crick model (Rich and Crick, 1961), based on fiber diffraction studies on native type I collagen, considers a single inter-chain hydrogen bond per triplet and a 10-fold helical symmetry with a 10/3 pitch (i.e., 10 repeating triplets in three turns, 3.33 triplets/turn), a 28.6-Å axial repeat, and a pitch length of 86 Å. Another more recent model proposed by Okuyama et al. (2006) is based on crystallographic analyses of proline-rich collagen-related peptides (CRPs) and shows a sevenfold helical symmetry with a 7/2 pitch (i.e., seven triplets in two turns, 3.5 triplets/turn), a 20.0-Å axial repeat, and a 60-Å pitch length. In order to match the two models, it has been postulated that the helical pitch of collagen could be 10/3 in proline-poor regions and 7/2 in proline-rich regions. However, it is now acknowledged that a range of helical symmetries can be found in native collagen and among different collagen types (Shoulders and Raines, 2009; Orgel et al., 2014). This variability could also play a role in the interaction of collagen with other biomolecules (Shoulders and Raines, 2009).

Regardless of the helical symmetry, the rope-like triple helix conformation is fundamental to provide collagen with proper biochemical and biophysical properties, including adequate mechanical stiffness, susceptibility to collagenase, and exposure of selected cell ligands, e.g., GFOGER (Gly-Phe-Hyp-Gly-Glu-Arg), to collagen-specific integrin receptors, such as α1β1, α2β1, α3β1, α10β1, and α11β1 (Knight et al., 2000; Khew and Tong, 2007; Grover et al., 2012a,b).

The denatured counterpart of collagen, i.e., gelatin, is obtained from the disruption of the triple-helical structure by cleavage of the hydrogen bonds, e.g., by thermal heating (Bigi et al., 2004). The consequent molecular unfolding (i.e., helix-to-coil transition) is mostly irreversible and leads to a loss of structural order, which results in much lower stiffness and much higher susceptibility to proteases compared to native collagen. This is why particular care is needed to avoid denaturation during the processing of collagen-based scaffolds, since tissue regeneration requires the scaffolds to be mechanically stable for a given time length. With regard to cell adhesion, several cell types are able to attach to both native and denatured collagen, suggesting the presence of conformation-independent binding sites that are masked in the triple-helical conformation but exposed to cells upon molecular unfolding. Cellular attachment to gelatin is likely due to the interaction of several integrin receptors, e.g., α5β1, αvβ3, and α2β1, with RGD (Arg-Gly-Asp) and DGEA (Asp-Gly-Glu-Ala) ligands (Davis, 1992; Yamamoto and Yamamoto, 1994; Grover et al., 2012a,b).

As for enzymatic degradation, it is worth recalling that the secondary and tertiary structures of collagen are specific substrates for collagenase, thus playing a pivotal role in the ECM (or scaffold) remodeling. Indeed, collagenase is able to cleave the tropocollagen unit through all three α chains, specifically at a single point that is located at about three quarters of the length from the N-terminus (Sunada and Nagai, 1983). The resulting triple-helical fragments then undergo spontaneous denaturation at physiological temperature, thus becoming susceptible to various proteases.

As an additional general note on the biological response to a collagen-based implant, it is also worth mentioning that collagen antigenicity is related to its molecular (secondary and tertiary) structure. Antigenic determinants of collagen can be classified into one of three categories, respectively: (a) helical, i.e., dependent on triple-helical conformation; (b) central, i.e., located within the triple helix, but dependent only on the peptide sequence; (c) terminal, i.e., located in the telopeptides (Lynn et al., 2004). While collagen antigenicity has been attributed mostly to its terminal telopeptides, it is important to note that the location of the major antigenic sites actually depends on the specific donor/recipient species pair being considered, e.g., bovine/human (Lynn et al., 2004).



Quaternary Structure

In native collagen, rope-like collagen molecules spontaneously assemble to form a three-dimensional crystalline lattice. As mentioned above, collagen fibrils are formed, in which the molecules are quasi-hexagonally packed and super-twisted in a right-handed structure along the longitudinal axis of the fibril (Collins et al., 2019). Interestingly, the super-twisted structure of the fibrils is maintained also through the non-helical telopeptide regions (Shoulders and Raines, 2009).

Based on the X-ray diffraction patterns of native collagen, Orgel et al. (2006) proposed a “microfibril” structural model having a triclinic unit cell formed by parts of five different collagen molecules (Collins et al., 2019). This is quite consistent with the simplified microfibril model previously proposed by Hodge and Petruska (1963), who envisaged a bidimensional stack of five collagen molecules aligned parallel to one another with a staggering of about 67 nm (Figure 2). This longitudinal or axial stagger represents the characteristic D-periodicity of the fibrils detected by transmission electron microscopy (TEM), which is the sum of gap and overlap regions between collagen molecules (Figure 2). Indeed, because the molecule length (≈300 nm) is about 4.4–4.5D, a fibril contains a gap or low-electron density regions (about 0.54D long), with some space between the ends of longitudinally lined-up molecules, as well as an overlap or high-electron density regions (about 0.46D long) where side-by-side overlapping of adjacent triple helices occurs (Shoulders and Raines, 2009; Sorushanova et al., 2019). In TEM imaging, gap regions are visualized as the darker ones.
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FIGURE 2. Biosynthetic route from the molecular procollagen to collagen fibers. Three helical left-handed procollagen single strands form a right-handed triple helix of roughly 300 nm in length, named procollagen triple helix. The tropocollagen molecules, resulting from proteinases cut of N- and C-termini, go toward the supramolecular assembly in the so-called collagen microfibrils in the characteristic quarter-staggered form that causes the characteristic appearance of the collagen type I fibrils on the ultrastructural level.


Type I collagen fibrils can be even greater than 500 μm in length and 500 nm in diameter (Shoulders and Raines, 2009; Sorushanova et al., 2019), which suggests the assembly of a huge number of molecules (more than 107). Fibril formation or fibrillogenesis is basically a spontaneous self-assembly process, in which hydrophobic and electrostatic interactions between adjacent molecules occur to minimize the surface area/volume ratio of the final assembly (Kadler et al., 1996; Sorushanova et al., 2019). However, fibril formation can be also cell-regulated, especially in developing or repairing tissues (Kadler et al., 1996). More in general, fibrillogenesis is a tissue-specific process, since different fibril structures and organization are needed to provide the tissue with given functions.

While single triple helices would be unstable at body temperature (i.e., the random coil conformation would be the preferred one) (Shoulders and Raines, 2009), the formation of supramolecular fibrils allows stabilizing the molecular domains. Moreover, this supramolecular assembly is essential to provide collagen with resistance to multidirectional mechanical loading, as well as with enhanced resistance to proteolysis, compared to single molecules.

Although triple helices lacking telopeptides might assemble into fibrils, the C-terminal telopeptides of collagen molecules appear to be involved in the initiation of fibrillogenesis, thus being able to accelerate the process of fibril assembly (Shoulders and Raines, 2009). More importantly, telopeptides play a key role in the mechanical stabilization of fibrils, as they contain sites for both intramolecular and intermolecular crosslinking (Terzi et al., 2020). Subsequently to fibril formation, Lys side chains in the telopeptides are covalently crosslinked forming hydroxylysil pyridinoline and lysil pyridinoline crosslinks between Lys and hydroxylysine residues (Shoulders and Raines, 2009). Covalent crosslinks between triple helices repeat at regular intervals along the fibril, following the fixed stagger pattern. Such a crosslinking provides the fibrils with enhanced strength and stability, as well as higher resistance to proteolysis. Therefore, while telopeptides might not be essential for fibrillogenesis, they are fundamental to strengthen the fibrils via the formation of crosslinks (Shoulders and Raines, 2009).

Within the final crystalline lattice, water molecules surround each triple helix, forming a cylinder of hydration that contributes to stabilize the molecular structure (Collins et al., 2019; Terzi et al., 2020). In addition to this “bound” water, free water is also found in the intra-fibrillar spaces. The intra-fibrillar level of hydration clearly affects the intermolecular distance between lateral and longitudinal neighbors (Birk and Bruckner, 2011). Drying of fibrils is indeed known to lead to a shortening of the D-periodicity, as well as a reduction of the lateral packing. For example, the intrafibrillar lateral packing of collagen molecules is reported to vary from 1.6 nm for wet bovine cornea to 1.8 nm for dry rat tail tendon (Terzi et al., 2020). Intermolecular center-to-center distances are also affected by the diameter of the single triple helices, which is in turn dependent on the extent of glycosylation, i.e., the galactosylation and glucosyl-galactosylation of hydroxylysine residues. Differences in the extent of glycosylation are thus a mode of physiological regulation of fibril organization, as it occurs in corneal type I collagen (Birk and Bruckner, 2011).

In addition to determining the structural and mechanical properties of collagen within given tissues, the organization of the collagen molecules into fibrils is actively involved in the process of blood clotting or hemostasis. Indeed, when fibrous collagens, such as type I collagen, are exposed to the blood flow due to injury, platelets recognize specific collagen sequences and interact with the protein, giving rise to the process of blood clot formation (Brass and Bensusan, 1974; Kehrel et al., 1998). Such collagen-induced platelet activation requires both the tertiary and the quaternary structures of collagen (Kehrel et al., 1998).



Fibers and Tissue Architecture

At the next hierarchical level, collagen fibrils are bound together by interfibrillar proteoglycans that are orthogonal to the fibrils in order to form fibers that have a typical packing distance ≥ 100 nm (Brodsky and Ramshaw, 1997; Shoulders and Raines, 2009). Proteoglycans form crossing bridges between adjacent fibrils by binding collagen at specific sites located at regular intervals of about 60 nm (Terzi et al., 2020). Along with interfibrillar proteoglycans, intrafibrillar proteoglycans are also found, which are oriented along the fibril axis and contribute to the maintenance of the rope-like structure (Terzi et al., 2020). The residual presence of strongly bound proteoglycans, upon the extraction of collagen from animal tissues, is a factor known to affect the antigenicity of the biomaterial (Lynn et al., 2004).

Similarly to the tissue-specific fibril structure, collagen fibers are also tissue-specific and arranged in a peculiar architecture in order to ensure structural and functional ECM performance. For example, in the cornea, all collagen fibrils have small diameters (≈30 nm) and are regularly packed in orthogonal lamellae, which provide not only mechanical stability but also transparency (Birk and Bruckner, 2011). On the contrary, tendon fibrils show a heterogeneous distribution of large diameters (≈50–250 nm), and the fibers are all arranged along the longitudinal axis of the tendon (Birk and Bruckner, 2011; Chen et al., 2017).

In general, heterogeneity is an intrinsic feature of biological tissues, which is present at various length scales and originates at the level of the collagen molecule (Chen et al., 2017). While heterotrimeric triple helices (such as those of type I collagen) are more prevalent than homotrimeric ones (Shoulders and Raines, 2009), it is also important to note that heterotypic fibrils exist, which are assembled from mixtures of two or more fibril-forming collagens (Birk and Bruckner, 2011). Indeed, connective tissues consisting of collagen types I, II, and III (i.e., the quantitatively major fibril-forming collagens) contain minor amounts of collagen types V and XI. The latter are regulatory fibril-forming collagens that are critical for fibrillogenesis and co-assemble with the major fibril-forming collagens to form heterotypic fibrils. The resulting fibril organization and assembly then result in tissue-specific fibril differences (Birk and Bruckner, 2011). For instance, type V collagen is commonly associated with type I collagen in most tissues, especially in the cornea, while type XI collagen is commonly found with type II collagen in cartilage tissues. Additional heterogeneity of the collagen fibrils can also depend on the extent of the lysil oxidase crosslinking (Chen et al., 2017). All of these inherent sources of chemical and structural heterogeneity found at the nanoscale and microscale induce heterogeneity at higher hierarchical levels, thus making the detailed characterization of tissues quite challenging. Heterogeneity at all length scales clearly affects also the mechanical properties of the tissue-specific ECM (Chen et al., 2017).

While the ECM mechanical properties provide structural integrity to tissues, it is worth recalling that they may directly affect the cellular behavior. Upon mechanical loading of the ECM, strain is differently distributed over the distinct hierarchical levels of collagen (from fibers down to molecules) (Gautieri et al., 2011). Cells are continuously exposed to local mechanical cues, arising from their ECM as well as from neighboring cells. By means of mechanotransduction, i.e., a series of molecular processes that transform a physical/mechanical cue into a biological process, cells can perceive a given mechanical stimulus and respond to it (Martino et al., 2018). Mechanical signals, in addition to biochemical and topographical cues, are thus pivotal regulators of cell function. This is the most important reason why cell-instructive scaffolds for tissue engineering should be designed to match as closely as possible the mechanical properties of the target tissue. On the contrary, changes of the compliance of the ECM, which are related to changes of its nanostructure and composition, are commonly associated with the progression of degenerative diseases (Martino et al., 2018).



MANUFACTURING OF TYPE I COLLAGEN-BASED SCAFFOLDS: IMPACT ON STRUCTURE AND BIOLOGICAL ACTIVITY

Due to the intrinsic complexity and heterogeneity of the ECM at various length scales, the scaffolds currently adopted to recapitulate the ECM composition and structure actually represent oversimplified ECM substitutes. Generally speaking, two strategies can be implemented to produce scaffolds for tissue engineering, respectively a top-down strategy, inherent to the use of decellularized ECMs (Gouveia and Connon, 2016), and a bottom-up strategy, regarding the assembly of scaffolds from molecular building blocks. Whereas the decellularization of the ECMs is successfully applied in some clinical settings [e.g., the use of porcine small intestinal submucosa (SIS) for chronic wounds or the use of decellularized nerve grafts for peripheral nerve injuries], it still poses concerns on reproducibility and sterilization (Garreta et al., 2017). Moreover, although the process of decellularization is claimed to retain the structure of the native ECM, the chemical processes that are involved, if not properly controlled, may have some impact on the collagen structure, in addition to removing key soluble ECM components (Gouveia and Connon, 2016).

Compared to the use of decellularized ECMs, the assembly of scaffolds is much more challenging but advantageous, as it allows building artificial ECM substitutes with tunable and reproducible properties. However, the reconstitution of the native collagen architecture within a scaffold is challenged by the available processing techniques: while the control of the collagen organization on multiple length scales is hard to achieve, the scaffold processing can also impact on the collagen structure on multiple levels. Interestingly, in spite of providing oversimplified ECM substitutes, this close interplay between processing and structure, as detailed in the following, offers the great opportunity to modulate the structure-related biological activity of the scaffolds in order to optimize their capability to induce and sustain tissue regeneration (Table 3).


TABLE 3. Impact of processing on the structure-related biological activity of collagen-based scaffolds: overview of the main structural properties (or parameters) modulated by a given processing step and the in vitro/in vivo biological properties (or processes) that could be concurrently affected.
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Collagen Source

The choice of the collagen source represents the first step in the production of collagen-based scaffolds and plays a pivotal role in the subsequent processing, as well as in the determination of the physicochemical, mechanical, and biological properties of the scaffolds (Zeugolis et al., 2008b; Parenteau-Bareil et al., 2011; Perez-Puyana et al., 2019). In general, the collagen used for the manufacturing of scaffolds can be obtained either from recombinant production systems or from animal tissues. Recombinant human collagen can be expressed by both prokaryotic (i.e., bacteria) and eukaryotic hosts (i.e., yeast, mammalian, plant, and insect cells) and offers the potential for consistent collagen production at large scale (Dong and Lv, 2016; Wang et al., 2017). However, recombinant collagen is still far from being similar to native human collagen in a multitude of parameters, since hosts are not able to reproduce the full-length molecule with the native amount of posttranslational modifications (i.e., hydroxylation, glycosylation) (Wang et al., 2017). The incorporation attempts of non-native hydroxylases in ad hoc engineered hosts revealed to be unable to adequately hydroxylate collagen molecules (Wang et al., 2017). Although this issue can be overcome by the use of mammalian cells, which require a less extent of genetic manipulation, thanks to the naturally owing of the necessary posttranslational modification apparatus, the yield improvement is very challenging. The genetic manipulation by the introduction of stronger promoter for the increment of collagen production unpairs with the prolyl hydroxylase activity that is thus unable to fully hydroxylate collagen (Wang et al., 2017). Additionally, apart from that, large-scale production is limited by the high cost of mammalian cell culture and the long production time required.

Among eukaryotic systems, it is worth mentioning the outcomes reached by the CollPlant Ltd. company that was able to reproduce a transgenic type I collagen from engineered tobacco plant with hydroxylation levels of both proline and lysine similar to that of human type I collagen (Merle et al., 2002; Stein et al., 2009). Furthermore, they demonstrated how the tobacco-derived type I collagen was able to organize in fibrils, although they did not show the characteristic axial periodicity (Stein et al., 2009). Based on these promising results, CollPlant Ltd. administered two preclinical trials (Shilo et al., 2013; Abir et al., 2020) and one clinical trial1 (Identifier: NCT02309307) with plant-derived recombinant human collagen for wound healing and tissue repair.

Despite the potential of recombinant collagens, unresolved issues make them expensive and thus less attractive than animal-derived collagen, which is still the gold standard for use. Therefore, in an attempt to mimic the structure of native collagen as closely as possible, the majority of the collagen currently used in the biomedical field is derived from animal tissues.

Large terrestrial mammals (such as cows, pigs, sheep, and horses) are currently the preferred sources for collagen extraction in the biomedical industry, owing to the high sequence homology with human collagen, as well as the possibility to breed them domestically in large numbers (Silvipriya et al., 2015; Gallo et al., 2020b). In particular, bovine and porcine collagens are the most widely available, being derived from the by-products of the slaughter of beef and pork. Among tissues, tendons and skins are the most commonly used for collagen extraction because of their high collagen content. Up to 85% of the dry mass of the Achilles tendon is reported to be collagen, while in skin, the collagen content is about 70% (Gallo et al., 2020b). The collagen yield from these tissues can be highly variable, depending on the extraction method and on specific characteristics of the animal source (e.g., species, age of animals) but can reach values of 70% or higher (Ghodbane and Dunn, 2016). For research-only applications, collagens from small mammals find also wide use, e.g., the collagen from rat-tail tendon (Davison-Kotler et al., 2019).

In spite of being the current gold standard for biomedical applications, mammalian collagen is not free from risks or limitations. Firstly, it has the potential to induce an undesired immune response; about 2–4% of the population shows allergy to bovine and porcine collagen (Silvipriya et al., 2015). Moreover, it holds the risk of cross-species transmission of infectious diseases, such as foot and mouth disease (FMD) and bovine spongiform encephalopathy (BSE). In this regard, all the sources used for the production of medical-grade collagens are required to be veterinary controlled, traceable, and certified as “disease-free.” Additionally, it is worth noting that the xenogeneic origin often dictates the cultural accommodation of collagen-based products. For example, the use of porcine and equine collagens is not acceptable for Muslim and Jewish people, while the use of bovine collagen is prohibited by the Hindu faith.

In this context, animal sources other than mammals, although showing “immunological distance” from humans (Peng et al., 2010), have been investigated for collagen extraction. While collagen of avian origin (e.g., from chicken skin and feet) may be suitable for biomedical usage (Peng et al., 2010; Li et al., 2017; Perez-Puyana et al., 2019), it still presents the risk of zoonotic diseases, e.g., the avian influenza. On the contrary, collagen from aquatic animals, such as fish, jellyfish, marine sponges, and mollusks, seems safer and more attractive for use (Salvatore et al., 2020a). Indeed, this collagen holds a lower likelihood of transmitting infectious diseases, in addition to being free from any religious or cultural concerns and easily harvested from waste by-products of the fish processing industry. Although the incidence of fish allergy is variable, it is estimated that only 1% of the general population present immune reactions due to fish and fish-based products (Kourani et al., 2019). This further contributes to the common perception that collagen from aquatic animals is safer than collagen from terrestrial mammals. However, the use of this collagen for the production of scaffolds is mainly restricted to research settings, since for most aquatic sources, medical-grade collagen is not yet available. This limitation is due to the need to improve the extraction yields for large-scale production and, most of all, to enhance the batch-to-batch consistency, which is pivotal for clinical implementation (Salvatore et al., 2020a).

In the choice of the optimal collagen source for given tissue engineering applications, the advantages and limitations of each source should be taken into account (Table 4), together with the effects of the source on both the related processing and the final scaffold properties. First of all, the amino acid composition of collagen varies considerably between species (Yamada et al., 2014; Perez-Puyana et al., 2019). The different primary structures directly impact on the biological activity of the protein (i.e., the integrin-binding motifs), as well as the structure at higher length scales and the physicochemical and mechanical properties, including thermal stability, degradation rate, solubility, viscosity, crosslinking, and elastic modulus (Zeugolis et al., 2008b). For example, collagen from aquatic animals demonstrated to have chemical and physical properties significantly different from those of mammalian collagen, such as a lower denaturation temperature (related to a lower amount of imino acids) and a greater degradation rate (Salvatore et al., 2020a). These properties affect the extraction protocols and the subsequent processing phases while requiring the adoption of specific treatments (e.g., crosslinking) to improve the thermal and mechanical stability of the collagen scaffolds for potential clinical use (Salvatore et al., 2020a).


TABLE 4. Comparison of the main collagen sources utilized and/or investigated for the production of collagen-based scaffolds.
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Collagen Processing

As already mentioned, the processing of collagen, from the extraction process to the sterilization of the end product, strongly influences its conformational structure and thus its biological, physicochemical, and mechanical performances. In this respect, a recent study by Böhm et al. (2017), who investigated the in vitro response of fibroblasts and platelets to collagen matrices obtained from different sources and processing conditions, suggested that the processing of collagen may have a stronger effect on the cell response than the collagen source.

As widely known, the development of a collagen-based device could be divided into five macro-steps of manufacturing, including the extraction process, the raw material processing in aqueous solutions, the fabrication of the collagen-based product with given microstructure and macrostructure, its customization by the application of physical and/or chemical crosslinking, and the final sterilization (Figure 3). Terminal sterilization is indeed preferred over aseptic manufacturing due to enhanced repeatability (Monaco et al., 2017). All process parameters of each step could be varied to manufacture a structurally versatile material with varying properties with regard to morphology, mechanics, degradation rate, and behavior in the physiological environment. The possibility to act on all levels allows to finely tune the properties of the collagen-based device in order to achieve the desired final features.
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FIGURE 3. Representative scheme of collagen processing steps from the animal source harvesting to the in vivo implant. The development of a collagen-based product can be divided into five macro steps: (i) the extraction or isolation from animal tissues, (ii) the preliminary raw material processing, (iii) the fabrication of the collagen-based product, (iv) its customization by the application of physical and/or chemical crosslinking, and (v) the final sterilization.


The application of material science and engineering principles to biology for the in-depth understanding of cell interaction with collagen forms led to the identification of several products with specific bioactive properties. Generally, scientific and industrial research focused on the development of three main kinds of reconstituted collagen in the form of native triple helix, gelatin, or peptides of a wide range of molecular weights, according to the application. Although the bioactive properties of gelatin and peptides made them valid raw materials for the cosmetic and food sectors, great relevance has native-like collagen in the biomedical field, attributed to the generally accepted concept that the protein entirely performs its biological function only when it retains its tertiary structure or above. Because of the important role in cell signaling, the collagen triple-helical molecule is characterized by the presence of a high number of integrin binding sites (i.e., the “GFOGER” sequence) that are fundamental for cell adhesion and interaction, proliferation, and differentiation (Davidenko et al., 2016b, 2018). The crucial structural role of collagen in the tissues’ architecture and shape maintenance and its regulatory functions (Gelse et al., 2003; Makareeva and Leikin, 2014) suggested how mimicking the native tissue, by ex vivo reorganizing a native-like multiscale and hierarchically organized building blocks, could provide the possibility to finely control the cellular microenvironment and the cell response, enabling functional tissue regeneration. In this attempt, a key role is covered by the investigation techniques employed to correlate collagen structure to its in vitro bioactivity. The recent application of new and advanced imaging techniques such as wide-angle X-ray scattering (WAXS), small-angle X-ray scattering (SAXS), TEM, atomic force microscopy (AFM), piezoresponse force microscopy (PFM) allowed to deeply understand the impact of the processing on collagen spatial conformation at the nanoscale level and its interaction with cells.


Impact on Submolecular and Molecular Structure

In the manufacturing of a collagen-based product, the extraction of collagen from animal tissues is the preliminary step that, more than all further processing, influences the final properties of the device (Delgado et al., 2017; Xu et al., 2017; Bak et al., 2018). By means of several procedures with specific processing conditions, including exposure times, kind and concentration of chemicals, temperature, and pH, it is possible to obtain different types of reconstituted collagen, from the native protein extracts to peptides, with finely controlled properties at the submolecular and molecular levels. Among them, after the preliminary tissue mincing and milling, a crucial role is covered by the successive chemical and the enzymatic treatments. The exposure time, chemical agent concentration, and temperature deeply control reconstituted collagen structure.

The chemical treatment, usually performed in acetic acid solutions, allows to achieve only a partial solubilization of collagen fibers with a high level of native structure conservation, since intermolecular crosslinked collagen fibrils are not cleaved (Delgado et al., 2017). The enzymatic and non-enzymatic crosslinks present in mature collagen that give it resistance to degradation and chemical cleavage are the main causes of its low solubility in buffers and weak acids usually employed for its extraction. Despite this, long-lasting chemical treatment or high concentrations of chemicals are prevented when the extraction of collagen in native form is required, since long exposure times to acids do not increase collagen yield but damage the protein folding.

For this reason, the enzymatic treatment is almost always routinely performed after the chemical treatment to increase collagen extraction yield (Mocan et al., 2011). The chosen enzyme and its specific cut strictly direct toward the specific type of molecule that will be obtained. Usually, native collagen extraction involves the use of pepsin, an enzyme that cleaves the collagen non-helical telopeptide regions without disrupting its triple-helical structure, thanks to its affinity to unfolded proteins rather than folded. The effective removal of telopeptides can be controlled through the quantification by mass spectroscopy of the tyrosine residues that could be found only in the N-terminal and C-terminal positions. Despite the fact that the enzymatic treatments modify the native length of the collagen by cutting its extremities, the ultrastructural investigation by means of WAXS, SAXS, and Fourier-transform infrared spectroscopy (FT-IR) analyses demonstrated how the finely tuned chemical and enzymatic treatments allowed to retain a partial lateral packing arrangement despite the disruptive treatments of the extraction process (Falini et al., 2004; Terzi et al., 2018, 2019, 2020).

The production of peptides of specific molecular weights and therefore with specific bioactivity occurs through the use of different types of enzymes such as trypsin, chymotrypsin, alcalase, bromelin, collagenase, ficin, Flavourzyme, neutrase, pancreatin, thrombin, papain, and others that have high affinity to collagen in its native form and cut in specific points of the chain (Jung et al., 2014; Hong et al., 2019; Semenycheva et al., 2020). Also in this case, the fine-tuning of digestion parameters (pretreatments, enzyme type and concentration, time, temperature, pH) allows to have peptides with a variable and selective molecular weight distribution and isoelectric points (Zhang et al., 2013; Chi et al., 2015; Hong et al., 2019).

It is essential not to forget the role played by temperature, which must be kept below the collagen denaturation temperature during the whole extraction process when the preparation aims to save the triple-helical structure. On the contrary, the production of gelatin and peptides could involve raising of the working temperature above the denaturation temperature in acidic or alkaline environment with or without enzymes (Gorgieva and Kokol, 2011; Mokrejs et al., 2012).

The length of the collagen fibers could be controlled by tuning the dry matter content during homogenization. “Wet” homogenization (dry matter content in an aqueous system lower than 5%) allows to isolate fibers of several hundred micrometers, while with the “dry” homogenization (10–15% of dry matter contents in an aqueous system), thicker fibers of several centimeters long are achieved (Meyer, 2019).

The influence of the dialysis on collagen and thus on collagen-based scaffold properties and cell behavior was recently investigated by Bak et al. (2018). Supported by Raman spectroscopy and X-ray diffraction analysis, they demonstrated that the presence of acetic acid residues in collagen dialyzed with acetic acid presents a major extent on denatured molecules that directly impacted on mesenchymal stem cell proliferation rate (Bak et al., 2018). Complete elimination of acetic acid residues from collagen by performing dialysis with deionized water is recommended to preserve collagen nativeness and bioactivity.

As previously discussed, the entire extraction process and the physicochemical properties of the final material are strongly dependent on the selected animal source and tissue. More in general, various factors, such as animal age and interspecies variability, make collagen chemical and physical properties highly variable but customizable within a range of values (Gallo et al., 2020b). Keeping in mind all these aspects (i.e., age, tissue, animal, interspecies variability) and the variability of extraction protocols and the sensibility of the instruments and techniques used for collagen characterization, it is not surprising to find literature reports about the mechanical properties (e.g., stiffness) of the different hierarchical levels of collagen, which fall within a very wide range of values, sometimes overlapping (Table 5). Another factor that might lead to discrepancies is the fibril hydration level. Some recent studies confirmed that hydration plays an important role in the elastic modulus of collagen, which in the hydrated state is about 1,000-fold decreased than in the dry state (Yadavalli et al., 2010; Gautieri et al., 2011). However, although high standard deviations are found, it is clear that fiber bundles are the most flexible structural unit (slightly more than whole tissue), four times less stiff than microfibrils and 20 times less stiff than a collagen molecule (Meyer, 2019).


TABLE 5. Young modulus of type I collagen in wet state at microscale and nanoscale, calculated as the slope of the tangent to the linear elastic region of stress–strain curves obtained by means of AFM or tensile test.
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Impact on Supramolecular Structure

The conformational organization of the isolated collagen in the form of fiber, fibril, single molecule, or peptide could be further modulated after the extraction process by its preliminary handling prior to its manufacturing by means of further mechanical, chemical, and physical treatments. Several works report that the solubilization step, the solvent used and its concentration, and the homogenization procedures and times strongly affect the collagen supramolecular organization (Gopinath et al., 2014; Bak et al., 2018; Terzi et al., 2018; Zubal et al., 2018; Stanton et al., 2019).

One of the most important aspects in the manufacturing of collagen-based products is to produce devices with reproducible and constant properties. To do this, collagen is usually dispersed in acid aqueous solutions in such a way to form a homogeneous suspension, named “slurry.” Obviously, the solvent concentration and type strongly influence its structure and thus its interaction with other molecules. From a biological point of view, the use of acid solutions is reported to disrupt the periodic banding (Figure 2) of the collagen fibrils, thus potentially affecting the related platelet response (Sylvester et al., 1989; Böhm et al., 2017). In addition, despite existing strategies for the removal of excess acid, the presence of non-negligible residues heavily affects the cellular response, as the release of acids is directly responsible for pH changes in the medium, which lead to cell growth slowdown or cell death.

While some types of less packed collagen are soluble in aqueous environment and do not require special precautions, other highly structured ones require a slightly acidic environment as well as the application of mechanical forces to break the strong interaction forces that keep collagen microfibers and do not allow them to uniformly solubilize or disperse in solution. Incomplete solubilization may induce non-homogeneous slurry properties, which would then be responsible for non-homogeneous or non-reproducible properties of the final device. Thus, collagen slurries are usually subjected to several cycles of mechanical homogenization (Terzi et al., 2019; Nair et al., 2020b). The modulation of the homogenization parameters allows to obtain more or less extensive fragmentation of the collagen fibers, thus controlling the supramolecular structure of collagen and, as a result, its bioactivity. In this regard, the tuning of the homogenization process in aqueous solution has been recently found by our team to lead to structural collagen modifications, as well as to control Schwann cell differentiation into myelinating cells (Terzi et al., 2018).

A significant in-depth study was then conducted by Ding et al. (2014), who explored collagen aggregation behavior in acid environment, related to concentration and temperature, to provide information on its use or processing. By means of ultrasensitive differential scanning calorimetry (US-DSC), AFM, and fluorescence techniques, they demonstrated that collagen molecular state was different in solutions with different collagen concentrations. In particular, they found that the denaturation temperature and the corresponding enthalpy slightly decreased with the increase of collagen concentration. The increment of collagen concentration reflects the formation of more hydrophobic interactions among collagen molecules and less water-mediated hydrogen bonds that tend to reduce the stability of collagen and increase the formation of aggregates (Ding et al., 2014). Furthermore, the thermal denaturation of collagen might be influenced by the heat transfer rate: the shorter distance between collagen molecules in aggregates may lead to a higher rate of heat transfer, thus to an easier thermal denaturation (Ding et al., 2014). Additionally, collagen elastic modulus was reported to be strongly influenced by the type and concentration of monovalent salt (e.g., sodium chloride, potassium chloride, ammonium chloride) dissolved into the collagen suspension, which revealed to have a dose-dependent stiffening effect (Grant et al., 2009).

Insoluble collagen, which is usually more structured and more resistant to enzymatic degradation and mechanical load, has the disadvantages to need a more complex manufacturing and to result in a narrower application range. Indeed, the fact that it is soluble in weakly acid solutions, while aggregating and precipitating at physiological values of pH, drastically limits its use for the formulation of hydrogels or injectable suspensions. Some manufacturing “tricks” were developed in order to make native-like ultrastructured insoluble collagen soluble at neutral pH (Li et al., 2015; Zhang M. et al., 2018; Yang et al., 2020a,b). Among these, acylation and desamidation were set up to induce shifts of the collagen isoelectric point to lower values. The acylation of ε-amino group of lysine by means of succinic or glutaric anhydrides makes collagen molecules polyanionic and thus soluble at physiological pH, without affecting its triple-helical structure (Sripriya et al., 2011; Xu et al., 2017). By means of advanced analytical techniques such as XRD, AFM, FT-IR, and circular dichroism (CD), Xu et al. (2017) demonstrated how the collagen conformation was still preserved after acylation. Moreover, this kind of structural modification influences not only collagen solubility but also its resistance against enzymatic degradation, since lysine is one of the recognition residues for the proteases (Sripriya et al., 2011). The biocompatibility of such a treatment has been widely evaluated, and the treatment is currently used for ophthalmic applications due to the high level of thin film transparency (Hadassah et al., 2008, 2010). Less known is the alkaline (i.e., sodium sulfate) treatment of collagen fibrils that progressively hydrolyzes the amide groups of glutamine and asparagine side chains of collagen, resulting in the increase in the number of free carboxyl group and consequently in the sharpening of the isoelectric point (Radhika and Sehgal, 1997; Radhika et al., 1999). While acylation increases collagen thermal stability (Sripriya et al., 2011; Li et al., 2013), desamidation induces a decrement of collagen denaturation temperature (Radhika and Sehgal, 1997). Although the partial destructuration due to the breaking of intermolecular and intramolecular crosslinks between alpha chains and collagen molecules, the alkali treatment apparently does not affect cell behavior, since abnormal cell morphology and cytotoxic phenomena were not detected, confirming the absolute biocompatibility of the so treated collagen (Radhika and Sehgal, 1997; Radhika et al., 1999). However, the lack of in-depth cellular studies on this type of structural modification prevents from defining its long-term effects on cellular behavior.

The last supramolecular structure control, before further processing, could be done by inducing in vitro fibrillogenesis. Despite collagen extraction protocols are commonly set up to preserve its native structure as much as possible, the application of mechanical, chemical, and enzymatic treatments brings to a partial destructuration of the strict hierarchical organization of collagen fibrils (Gallo et al., 2020b) that is reflected in fibrils characterized by smaller diameter and length. Thus, the structural organization of the native tissue is not completely preserved in the extracted product. In this regard, some attempts were made in order to in vitro reorganize collagen fibrils in fibers that could resemble the natural ones by mimicking the entropy-driven process through which collagen molecules naturally assemble into fibrils.

Fiber packing can be controlled based on solution parameters such as concentration, temperature, pH, and ionic strength (Yadavalli et al., 2010; Harris et al., 2013; Li and Douglas, 2013; Moraes and Cunha, 2013; Ding et al., 2014). The exposure of collagen gels to relatively high temperature (32°C) below the denaturation temperature allows to obtain thicker fibers compared to those at room temperature (Ding et al., 2014). However, at temperatures close to or above the denaturation temperature, the fibers become thinner, suggesting that collagen disaggregation process occurs (Ding et al., 2014). Of key importance is the pH of the collagen suspensions, since it could promote or inhibit the collagen self-assembly process (Yadavalli et al., 2010). However, depending on collagen extraction source and type, different results could be obtained. Additionally, a high number of studies tried to enhance collagen assembly, depending on salt and ion concentration in solution. TEM and AFM revealed that collagen self-assembled into fibrils in the presence of multivalent ions that are able to induce the like-charge attraction and facilitate monomers’ longitudinal registration to form fibrils with the native banding (Li and Douglas, 2013). In particular, Li and Douglas (2013) demonstrated that native fibrils could be reconstituted at pH 7.4 in salts with divalent anions and at pH 9.0 in salts with divalent cations. Some alternative strategies achieved high fibrillation levels by means of the presence of functionalized surfaces. For example, a hyaluronic acid surface coating was found to facilitate the self-reconstitution of collagen, leading to a more mature fibrous network with a twisted structure and enhanced lateral aggregation of fibrils. This fibrous network resulted in enhanced mesenchymal stem cell adhesion and spreading (He et al., 2013).

It is worth noting that, although a partial realignment could be obtained, to date, it is not possible to completely reassemble the extracted collagen fibrils in the ordered hierarchical natural organization.



Impact on Microstructure and Macrostructure

As previously mentioned, biological systems are highly hierarchical organized structures constituted by building blocks that enable and regulate the tissue function. To engineer such complex tissues, biomanufacturing tools are necessary to manufacture and model multiscale building blocks. The high versatility of collagen allows it to be manufactured in many different forms whose properties can be adjusted in a broad range. The last processing level that comprises collagen-based device fabrication and sterilization offers another tool for architecture control on the microscale and macroscale. Clearly, the former processing at the submolecular, molecular, and supramolecular level has a strong impact on this step. The manufacturing techniques most frequently used for the production of temporary nanostructured and microstructured substitutes are, but are not limited to, freeze-drying, electrospinning, sol–gel transitions, and the new strategies enclosed in the additive manufacturing. It should not be neglected that the techniques accessible for collagen manufacturing are limited to those that allow handling it at temperatures lower than the denaturation one. However, it is worth noting that, in dry and vacuum conditions, the denaturation temperature can be even exceeded to induce a physical crosslink or to sterilize the collagen-based products.

The porous 3D structure, highly required for tissue engineering applications to promote cell survival, infiltration, and vascularization, could be produced and tuned according to the needs in terms of micro- and macro-architecture (e.g., pore size, shape, orientation, pore wall thickness and roughness) by acting on the manufacturing parameters (Offeddu et al., 2016; Pawelec et al., 2016). Advanced techniques, such as X-ray micro-computed tomography (micro-CT) and scanning electron microscopy (SEM), allowed in-depth investigation on collagen concentration effect on pore features and swelling behavior, revealing an increase of pore wall thickness, closed pore number, and swelling volume with collagen density (Offeddu et al., 2016). Besides to act on the technique, the modulation of the morphological parameters can occur through the addition of solutes to the collagen slurry. By means of SEM imaging investigation, sucrose was found to lead to the formation of smaller pore size, while sodium chloride was found able to stabilize collagen fibrils that became more fibrillar and led to the detection of scaffold pore walls with a more fiber-like surface (Pawelec et al., 2016), in accordance with Grant et al. (2009). Ideally, the porous or fibrous assembly of the scaffold should be tuned to match as much as possible the structural organization of collagen fibers within the target tissue. Indeed, topographical cues are fundamental to promote the desired cell phenotype/differentiation and to direct cell migration, as shown in vitro for multiple cell types, e.g., dermal fibroblasts (Poole et al., 2005), mesenchymal (Metavarayuth et al., 2016) and embryonic stem cells (Natale et al., 2020), and corneal keratocytes (Wilson et al., 2012). Moreover, the substrate topography can drive the remodeling of the scaffold, where the secretion of degrading enzymes by the cells and the deposition of new ECM components, in a native tissue-like architecture, may be assisted by the spatial arrangement of the scaffold in a similar pattern (Ahearne et al., 2020).

In this regard, the possibility to develop 3D hydrogel constructs via reproducible and flexible molding procedures such as the sol–gel transition is of great interest for the creation of constructs of a variety of shapes and size with a 3D network resembling that of soft tissues. The high number of variables implicated in hydrogel synthesis such as solubilization method, pH and temperature of polymerization, solution components, crosslinker, ionic strength, and collagen concentration allows to control and optimize hydrogel properties in order to better replicate the ones of the target tissue. To this aim, Antoine et al. (2015) developed an empirical predictive model by correlating multiple fabrication parameters in order to facilitate a priori design of collagen hydrogels with prescribed properties. An in-depth insight into the features of collagen hydrogels was done by means of a novel optical tweezers-based micro-rheometer technique, which demonstrated the presence of local inhomogeneities in the length scales of 25 μm or larger (Latinovic et al., 2010). The presence of areas of sparse and dense regions reflected the variability of the structural and viscoelastic properties on the microscale, since differences in the elastic properties of the collagen network, of three orders of magnitude higher than the less dense parts, were registered (Latinovic et al., 2010).

Another strategy to resemble an ECM-like architecture is provided by electrospinning, a well-established fabrication technique able to produce submicron non-woven fibers. Various advantages such as high surface–volume ratio, adjustable porosity, and easy surface functionalization made electrospun collagen matrices extremely useful for applications in the fields of tissue engineering, drug delivery, and wound dressing. By means of different strategies, electrospinning allows to manufacture collagen nanofiber networks similar to that present in the ECM in terms of fiber directionality and dimensions. However, native-like collagen suspensions cannot be spun because of inadequate viscosity, solubility, and insufficient solvent evaporation. As such, the electrospinning of gelatin or gelatin/collagen blends is more commonly performed (Monroy et al., 2017; Campiglio et al., 2019).

In the manufacture of implantable devices, key properties are mechanical resistance and enzymatic degradability. Unfortunately, the advantages of collagen biocompatibility, low antigenicity, and high bioactivity collide with disadvantages including low mechanical stiffness and poor resistance to enzymatic degradation. A chance to overcome this issue is offered by the post-fabrication formation of crosslinking bonds between the collagen chains by means of physical, chemical, or enzymatic methods (Table 5). Physical treatments that include ionizing, UV irradiation, dehydrothermal treatment (DHT), and dye-mediated photo-oxidation (Weadock et al., 1996; Gu et al., 2019) allow to achieve low values of crosslink density that restrict their range of application. Hence, a wide range of chemicals such as aldehydes (formaldehyde, glutaraldehyde, acrolein, glyoxal, malondialdehyde, succinaldehyde, dialdehyde starch), isocyanates (hexamethylene diisocyanate), carbodiimides [ethyl-3(3-dimethylamino)propylcarbodiimide], epoxides (1,4-butanediol diglycidyl ether, ethylene glycol diglycidyl ether), and some natural agents extracted from plants (gallic acid, glucose, quinones, genipin, oleuropein) were investigated as crosslinking agents in order to enhance the residence time and the mechanical performances of collagen-based devices (Madaghiele et al., 2009; Salvatore et al., 2014, 2020c; Madaghiele et al., 2016; Snider et al., 2017; Gallo et al., 2018; Terzi et al., 2018; Adamiak and Sionkowska, 2020; Gallo et al., 2020a). Recently, some enzymes such as tyrosinase, laccase, and mostly transglutaminase have also been investigated as non-toxic agents (Gu et al., 2019; Adamiak and Sionkowska, 2020). Depending on the clinical application and the function of implants, crosslinking seems to be advantageous with regard to physical properties such as strength over time, the integration in the surrounding tissue, and the rate and type of remodeling. Each crosslinking method is able to induce different degrees of structural and mechanical stability, which are largely dependent on the crosslinking mechanisms, concentration, and exposure time. Advanced microscopy techniques such as AFM and PFM allowed to investigate the amino acid level modification of collagen piezoelectricity, as well as the ability to modify it using chemical crosslinkers, in order to tailor the electromechanical properties and the related biological response (Nair et al., 2019). Carbodiimide crosslinking of collagen films was found to result in local alignment of collagen fibrils to form thicker fiber bundles, with a perceptible enhanced and localized piezoelectric response; on the contrary, transglutaminase and genipin crosslinked films displayed a non-localized enhanced piezoelectric response (Nair et al., 2019).

Although numerous investigations focus on chemical crosslinking optimization, from a clinical point of view, various authors recommend to avoid chemical crosslinking because of the intensive proinflammatory reaction to crosslinked materials. During resorption, chemical crosslinking affects matrix metalloproteinase (MMP) bioactivity and produce an imbalance in ECM turnover (Aamodt and Grainger, 2016) that results in scar formation. Additionally, resulting collagen degradation fragments are recognized as antigens and amplify the foreign body response (Sandor et al., 2008; Maternini et al., 2019). However, in contrast to the general assumption, Dunn (2012) recently argued that in vivo trials often lack comparable conditions and long-term clinical investigations are still missing. One of the most important effects of crosslinkers is their modification of the GFOGER integrin binding sites of collagen helical structure. The hiding or the removal of such recognition sites significantly alters cell differentiation, adhesion, and migration, since cell response is mediated by integrin bonding in a mechanosensing and ligand density-dependent way (Bax et al., 2017). Nair et al. (2020b) demonstrated that the long-term proliferation of human dermal fibroblasts is dependent on the availability of integrin binding sites regardless of the mechanical cues, and that it can be effectively modulated by choosing the appropriate crosslinking. Thus, it is of fundamental importance to consider the mechanism of action and the amount of crosslinker used in order to tune the biological response according to the intended application. In the light of these pieces of evidence, collagen scaffold crosslinking has been customized to direct stem cells toward differentiation (Keogh et al., 2010), organoid formation (Mason et al., 2013; Abbas et al., 2019; Yang et al., 2020c), or to develop 3D cancer models for drug development and testing (Campbell et al., 2017). Interestingly, the crosslinking and stiffening of collagen gels have been also reported to promote the in vitro stability of tubular structures, such as blood and lymphatic vessels (Chan et al., 2014).

The considerable advantages offered by crosslinking pushes the research toward the identification of a potential “gold standard” crosslinking protocol for collagen-based devices, to date not yet found. A key problem when comparing different crosslinking treatments is that used protocols often differ greatly. Moreover, additional variations could be ascribed to the different collagens (i.e., extraction source, selected tissue) used as starting materials as well as to their peculiar processing. Indeed, both factors have been shown to have a large effect on crosslinking efficacy and cellular response. While numerous researches demonstrated that mechanical properties and degradation rate could be finely tuned as a function of the crosslinking method, optimized crosslinking methods for collagen-based materials still needs to be developed not only to achieve an adequate balance between stability and functional tissue remodeling but also to affect and control key cell–matrix interactions (e.g., adhesion and migration) required for proper tissue synthesis.

Sterilization of collagen-based devices is the last key process to accurately perform prior to in vivo implant. Traditional sterilization methods utilizing heat (autoclaving) are not applicable, since collagen is irreversibly denatured over 60°C (Proffen et al., 2015). Therefore, the most frequently used methods include dry heat (DHS), ethylene oxide (EtO), and high-energy radiations such as beta (β-ray) or gamma irradiation (γ-ray). The major issue in sterilization methods is that all of them induce molecular alteration of the collagen triple-helical structure, with a consequent decrease of mechanical and enzymatic resistance (Noah et al., 2003; Wiegand et al., 2009; Proffen et al., 2015; Monaco et al., 2017). A variety of studies have shown that an unsuitable sterilization process can destroy the structure of collagen, break chemical bonds, and alter physical, chemical, and biological properties substantially (Noah et al., 2003). Therefore, the choice of the sterilization technique is fundamental to preserve the collagen structural and biological role in the ECM-like reconstituted construct.

The treatment with EtO induces changes in the protein structure, a decrement of mechanical properties and a reduction of cell metabolic activity due to the possible presence of toxic residues (Proffen et al., 2015). As well, β-ray can alter the protein structure by directly cleaving the protein chains (Proffen et al., 2015). However, EtO sterilization and β-ray irradiation induce less damage than γ-ray (Parenteau-Bareil et al., 2010; Monaco et al., 2017). The latter indeed is able to break chemical bonds and decrease tensile strength even severely so as to induce a rapid enzyme degradation (Noah et al., 2003). Still, when comparing EtO with β-ray sterilization, the former seems to have less effect on the decrease of mechanical properties (Proffen et al., 2015). The chain scission occurring upon β-ray exposure leads to protein fragmentation and overall increased enzymatic degradability compared to EtO. With respect to EtO and β-ray, DHS treatment resulted in the slowest enzymatic degradation, thanks to the further heat-induced crosslinking that makes the collagen-based scaffold less vulnerable to proteolysis (Monaco et al., 2017).

The modification of the structural properties of the manufactured scaffold could affect the cell response, since the native cell binding sites may be no more available due to collagen triple helix denaturation or chain scissions. With regard to sterilization, conversely to what was expected, Wiegand et al. (2009) demonstrated that γ- and β-ray as well as EtO sterilization did not influence the binding capacity of type I collagen for selected proteases and cytokines associated with non-healing wounds, as no significant loss in the binding affinity for polymorphonuclear elastase, matrix metalloproteinase-2, and interleukin-1β or in the antioxidant capacity was found. However, while these modifications were not reported to significantly affect cell response in vitro and in vivo (Proffen et al., 2015; Monaco et al., 2017), evidences by Noah et al. (2003) showed a higher proliferation in EtO-sterilized sponges compared to γ-ray-treated ones.



OPTIMIZATION OF TYPE I COLLAGEN-BASED SCAFFOLDS FOR THE DEVELOPMENT OF SPECIFIC TISSUE SUBSTITUTES

The manufacturing and the optimization of collagen-based scaffolds for tissue regeneration have been the subject of a large number of studies over the last 40 years. Since the pioneering work by Yannas et al. (1982) on the synthesis of collagen-based sponges for skin regeneration, which dates back to early 1980s, extensive research has been performed in vitro and in vivo, with the multiple aims of (a) investigating the cellular processes underlying tissue regeneration; (b) understanding the guidance cues (e.g., biochemical, mechanical, and topographical) provided by the scaffold to instruct and orient cells toward tissue regeneration; (c) improving the extent and the quality of induced regeneration in terms of size of the regenerated tissue and restoration of the native tissue structure and functionality. This multidisciplinary research has been enabled and boosted by several technological advancements in both the biology and materials science sectors, such as the optimization of cell culture procedures and the development of more accurate manufacturing technologies and analytical methods.

An exhaustive review on the use of type I collagen-based scaffolds for tissue regeneration would go beyond the scope of this article. Here, we only discuss the optimization of the scaffold structure for improved biological activity by focusing on exemplary cases inherent to the regeneration of skin, cornea, bone, and tendon tissues. Several attempts to develop functional tissue substitutes are described, highlighting, where applicable, critical features due to inappropriate or poor mimesis of the native tissue structure.


Skin (Dermal Templates)

Skin is the largest organ of the human body, composed of an outer cell-based epithelial layer, i.e., the epidermis, and an inner ECM-based connective tissue, i.e., the dermis. In the dermal ECM, type I collagen is the most abundant fibrous component (80%), along with type III collagen (15%) and elastin (Kaur et al., 2019; Rahmati et al., 2020). Glycosaminoglycans are also found, which form the so-called ground substance, i.e., an amorphous gel in which cells and fibrous components are embedded. The dermis is also highly vascularized and innervated and contains several appendages, i.e., hair follicles, sweat glands, and sebaceous glands, which contribute to skin functionality (Vig et al., 2017; Kaur et al., 2019). Furthermore the dermis is responsible for the different thicknesses of the skin in different parts of the body in relation to the function of the tissue.

Skin constantly deals with intrinsic and extrinsic forces. The effect of mechanical forces is dependent upon the stiffness and biomechanical properties of the skin, which vary between anatomical locations (Wong et al., 2012). As a physical force is applied to the skin, mechanical signals are converted into chemical ones and transmitted to cells in order to trigger a further signaling cascade of responses (Kuehlmann et al., 2020; Urbanczyk et al., 2020). In doing this, ECM components and in particular type I collagen cover an essential role in the transduction of mechanical forces to cell mechanosensors such as cytoskeleton (e.g., actin and transforming protein RhoA), ion channels, catenin complexes, cell adhesion molecules (e.g., focal adhesions and integrins), and several signaling pathways [e.g., Wnt, focal adhesion kinase (FAK)-extracellular signal-regulated kinase (ERK), mitogen-activated protein kinase (MAPK)/ERK] (Alenghat and Ingber, 2002; Kuehlmann et al., 2020; Urbanczyk et al., 2020). Thus, besides the biomechanical aspects, type I collagen is involved in a plethora of additional functions. Signaling by specific receptors that mediate the interaction with collagens, such as integrins, discoidin-domain receptors, glycoprotein VI, or specialized proteoglycan receptors defines adhesion, differentiation, growth, and cell reactivity.

In case of severe injuries, the spontaneous healing response of the dermis consists of a repair process, where the injured site is closed by wound contraction and deposition of an irregular collagenous “scar” tissue. Repair thus leads to the formation of a tissue that is structurally and functionally different from the native one. On the contrary, induced skin regeneration aims to restore the physiologic organ structure and function by using a dermal template (or scaffold) capable of limiting or suppressing spontaneous contraction and scar formation while enabling the synthesis of new dermal tissue (Yannas, 2009; Soller et al., 2012). The understanding of mechanotransduction processes revealed to be important in the manufacturing of a temporary scaffold for tissue regeneration, since mechanical stimuli contribute to alterations in the wound healing process and scar formation (Kuehlmann et al., 2020). Clinical evidence confirmed how the application of mechanomodulatory procedures by the use of a compression device is able to relax skin tension at the site of the wound and effectively reduce scar development, although there remains room for improvement (Lim et al., 2014; Longaker et al., 2014; Orgill and Ogawa, 2014). To date, a multitude of temporary skin substitutes are available for clinical use, which consist of cell-free and/or cell-seeded biomaterial templates (Vig et al., 2017). However, the so-obtained skin is only partially regenerated, as it lacks appendages and does not show the full recovery of biofunctional properties, such as thermoregulation, sensation, and pigmentation (Vig et al., 2017). Therefore, the optimization of dermal templates for improved regeneration is currently the subject of extensive ongoing research.

In the context of skin regeneration, various type I collagen-based templates have been developed and tested in research and/or clinical settings. Groundbreaking studies performed by Yannas et al. (1982) showed that a collagen/glycosaminoglycan-based freeze-dried sponge, crosslinked with glutaraldehyde, could partially regenerate the dermis in animal models and in humans. Although being an oversimplified ECM substitute, this cell-free dermis regeneration template (DRT) (later commercialized as Integra® skin graft) was notably able to induce significant regenerative outcomes. In particular, by modulating some structural parameters of the DRT, it was possible to demonstrate that induced regeneration was strongly correlated to the scaffold ability to delay wound contraction (Yannas et al., 1982). In this regard, two evidence-based mechanisms have been later proposed to explain how the scaffold may hinder contraction, i.e., the reduction of the number of contractile cells (myofibroblasts) in the wound bed and the reduction of the overall contraction forces (Soller et al., 2012). The observed decrease of the number of myofibroblasts in the wound, in the presence of the scaffold (Murphy et al., 1990), could be due to the scaffold ability to non-specifically bind the transforming growth factor beta 1 (TGF-β1), which is a promoter of the myofibroblast phenotype (Yannas, 2009) while preventing platelet aggregation (Sylvester et al., 1989). Indeed, the DRT scaffold is processed by dispersion of bovine tendon collagen in an acid solution, which disrupts the native collagen fiber banding. The consequent inhibition of platelet aggregation may thus lead to inhibition of platelet degranulation and to the concomitant reduction of TGF-β1 from the wound bed (Sylvester et al., 1989). As for the reduction of the contractile force, this may be related to the scaffold ability to bind most of the contractile cells along its randomly oriented collagen struts, thus resulting in ineffective contractile forces, oriented out of the plane of the wound (Yannas, 2005; Soller et al., 2012). Noteworthy, this mechanism would explain why the DRT leads to a maximum delay of wound contraction, i.e., maximum biological activity, only when having specific mean pore size (in the range 20–120 μm, achieved by tuning the freezing rate and temperature in the freeze-drying process) and specific degradation rate (with an in vivo residence time of approximately 3 weeks, yielded by tuning the crosslinking) (Yannas, 2005). The requirement of an optimal pore size that suggests an optimal surface area per unit volume may be due to the need for the scaffold to bind an adequate number of contractile cells (O’Brien et al., 2005). Similarly, the requirement of an optimal residence time may be due to the need for the scaffold to persist at least over the period of wound healing (about 3 weeks) during which contraction remains active (Yannas et al., 1989). At the same time, a too long persistence of the scaffold would likely interfere with the synthesis of new tissue. Indeed, the inhibition of contraction is necessary but not sufficient for regeneration, since regeneration also requires tissue formation (Yannas, 2009).

Based on such observations, the following structural determinants of the scaffold biological activity have been identified (Yannas, 2005), which are mostly linked to the scaffold ability to establish direct interactions with the hosted cells: (a) the chemical composition (i.e., the ligand identity); (b) the mean pore size (i.e., the ligand density); (c) the crosslink density (i.e., the ligand duration); and (d) the local spatial arrangement or microstructure (i.e., the ligand orientation). Moreover, collagen banding is an additional structural feature that likely plays a major role in modulating the in vivo response. With regard to pore size and crosslink density, it is worth mentioning that the optimal values found by the Yannas team for their DRT are currently used as a gold standard for the development of alternative dermal substitutes. However, the DRT does not present the native collagen banding (it is estimated to have only a 5% residual banding) (Yannas, 2005) while having a microporous sponge-like structure that does not really mimic the fibrillar network of the skin ECM (Dill and Mörgelin, 2020). This relatively poor mimesis of the native collagen architecture may be one of the critical features leading to suboptimal skin regeneration.

Indeed, more recent studies seem to suggest that the preservation of the native tissue structure is highly desirable for improved skin regeneration (Böhm et al., 2017; De Angelis et al., 2018; Tati et al., 2018; Dill and Mörgelin, 2020). When comparing different collagen-based dermal substitutes, all obtained by freeze-drying but varying for the collagen source and the related processing steps (e.g., collagen extraction, aqueous processing, and crosslinking), those with a dermis-like fibrillar network and/or those retaining the native collagen banding have been shown to promote in vitro important biological processes involved in tissue regeneration, such as the binding and inactivation of proteases (Tati et al., 2018), an accelerated adhesion, migration and proliferation of cells in the scaffolds (Böhm et al., 2017; Dill and Mörgelin, 2020), an improved cell morphology (Dill and Mörgelin, 2020), and a higher downregulation of the myofibroblast phenotype (Dill and Mörgelin, 2020). Interestingly, in a recent clinical study, an alternative dermal template based on native type I collagen has been shown to lead to accelerated angiogenesis and tissue formation in the short term, as well as to a better clinical outcome in the long term, compared to the Integra® DRT (De Angelis et al., 2018). In that study, the two investigated templates had similar glutaraldehyde-based crosslinking and were both obtained by freeze-drying but mainly differed for the chemical composition (collagen from bovine skin vs. collagen from bovine tendon and glycosaminoglycan) and the related microstructure.

Although requiring further exploration, these findings indicate that the scaffold capability to recapitulate at least some of the structural features of collagen in native dermis may suffice to enhance the scaffold regenerative potential. From a clinical point of view, accelerated angiogenesis is a key factor to improve the outcome of skin regeneration, also considering that the kinetics of angiogenesis is inversely related to the incidence of infections (Yannas, 2009). Therefore, research efforts to improve skin regeneration include the functionalization of cell-free scaffolds with angiogenic molecules, as well as the induction of simultaneous dermis and epidermis regeneration (Oh et al., 2012; do Amaral et al., 2019). For example, it has been recently shown that a DRT added with platelet-rich plasma holds potential for both enhanced vascularization and simultaneous epidermis regeneration (do Amaral et al., 2019). Sophisticated manufacturing techniques, such as 3D bioprinting, are being explored to produce functional full-thickness skin equivalents, starting from cells embedded in collagen-based gels (Ramasamy et al., 2021). While these complex skin substitutes may be particularly useful for in vitro studies related to pharmaceutical and cosmetics purposes, they do not appear competitive or easily translatable to the clinical setting, where relatively simple and functional skin substitutes (although yet suboptimal) are already available.

As a final note on skin regeneration, it is worth mentioning that, in spite of the well-known importance of mechanical signals on the cell behavior (e.g., fibroblasts migrating from softer to stiffer substrates) (Kidoaki and Matsuda, 2008), the mechanical properties of the various skin substitutes developed so far have not been widely addressed (Kaur et al., 2019). As an example, the DRT discussed above has a quite low tensile modulus in the wet state (about 500 Pa) (do Amaral et al., 2019), which has not been optimized to match the skin modulus. The measured modulus of human skin is actually quite variable, in the range 0.004–150 MPa, based on body location, age, orientation of the skin sample with respect to the Langer lines, and testing method (Nì Annaidh et al., 2012). The scaffold mechanical properties are thus likely to be critical features that deserve future optimization for an improved regenerative outcome. In this respect, scaffolds with stiffness gradients have been recently proposed to simulate the stiffness gradient between different skin layers (epidermis and dermis), so as to better resemble the mechanical cues that cells in each layer receive from their microenvironment (Rahmati et al., 2020). In addition, the identification of an optimal crosslinking agent is worth a future investigation, considering that toxic glutaraldehyde is still widely used. The effects of various crosslinking agents on both the mechanical properties and the actual availability of cell ligands on the scaffold surface should be properly addressed.



Cornea

The cornea is a rigid, transparent, and multilayered organ on the eye surface that protects the eye and focuses light onto the crystalline lens, thus ensuring vision. The epithelium is the outermost cell-based tissue, in contact with the external environment, which accounts for ≈10% of the corneal thickness; the stroma (≈90% of the thickness) is the supportive avascular but highly innervated ECM-based tissue mainly responsible for the functional properties of the cornea, such as mechanical strength and transparency; the innermost endothelium is composed of a single layer of endothelial cells that regulate the cornea hydration (Gouveia and Connon, 2016; Ahearne et al., 2020; Mahdavi et al., 2020). Proteoglycans and type I collagen, which are secreted by keratocytes, form the stromal ECM with its unique structural pattern: collagen fibrils, having a diameter of about 35 nm (Raspanti et al., 2018), are regularly arranged in orthogonal layers (or lamellae), in which fibrils lie in a quasi-hexagonal lattice, like a liquid crystal, which enable transmittance of visible light wavelengths and confer suitable mechanical properties to resist the tension exerted by the intraocular pressure (Sibillano et al., 2016). Fratzl and Daxer (1993) also observed that hydration of the fibrils and layers influence corneal mechanical features.

In the anterior part, the fibrils are highly interwoven and dictate the precise curvature of the cornea, which allows to properly focus light for vision (Gouveia and Connon, 2016). Optical clarity of the cornea is also ascribable, in part, to its stromal cells. Indeed, keratocytes, which reside between the lamellae, express corneal crystallins, i.e., proteins that are thought to match the refractive index of the cell cytoplasm with that of the surrounding ECM (Shah et al., 2008).

Considering that damage to corneal stroma results in scarring and impaired or lost vision, great efforts are directed to the development of stromal substitutes via scaffold-based tissue engineering approaches, as recently detailed in several reviews (Zhang et al., 2019; Ahearne et al., 2020; Mahdavi et al., 2020). Among the scaffolds proposed for corneal regeneration, those based on type I collagen are largely investigated, in an attempt to mimic the composition of the stromal ECM. Some of the earliest trials to produce corneal substitutes involved the use of collagen-based gels (Germain et al., 1999), sponges (Orwin and Hubel, 2000), and films (Crabb and Hubel, 2008), with the collagen derived from animal tissues, such as bovine or porcine skin or tendon. However, the achievement of suitable strength and transparency, prerequisites for corneal function, soon represented major challenges in the development of practical corneal substitutes. Young’s modulus and tensile strength of the human cornea are reported in the wide ranges 0.1–110.0 MPa and 3–6 MPa, respectively, based on tissue anisotropy, donor variability, and testing methods (Fagerholm et al., 2014; Shih et al., 2017; Ahearne et al., 2020). While several crosslinking methods could be utilized to effectively enhance the stiffness of the collagen substrates without impairing the transparency, the cytotoxicity of the crosslinking agents could limit the cell proliferation (Ahearne et al., 2020). Collagen sponges, obtained by freeze-drying and DHT crosslinking, were found to support the growth of corneal epithelial, stromal, and endothelial cells but also to induce a myofibroblast phenotype of stromal cells over time in culture (Orwin and Hubel, 2000). Interestingly, when comparing DHT-crosslinked collagen sponges and films (with the latter being stiffer than the former), this shift in phenotype was less pronounced on the films, on which cells could grow but not migrate into. This confirmed the utmost importance of both topographical and mechanical cues on cell behavior (Crabb et al., 2006).

Indeed, critical limitations of those earliest corneal substitutes were mostly ascribable to their inability to mimic the dense and sophisticated quasi-hexagonal packing of the collagen fibrils in the corneal ECM, which also led to a mismatch of the mechanical properties. Preliminary studies on the analysis of corneal cell behavior on aligned 2D substrates demonstrated that topographical features could modulate the proliferation of epithelial and stromal cells, in addition to controlling cell alignment, migration, and phenotype (Liliensiek et al., 2006). The development of aligned and dense 3D collagen scaffolds, inspired by the native corneal architecture, has attracted much attention in the last 15 years. With reference to collagen gels, one of the simplest methods to improve the mimesis of native tissue density and mechanical properties is to utilize plastic compression under load. In compressed gels, collagen dehydration and mechanical/physical crosslinking occur, so as to increase both the collagen concentration and the gel stiffness (Cheema et al., 2007; Gouveia and Connon, 2016). Interestingly, cyclic loading has been investigated and found to control the collagen fibril diameter (Cheema et al., 2007). In spite of the simplicity of this approach, compressed gels have been shown to represent a significant improvement over conventional gels for the production of epithelial, stromal, and endothelial constructs (Cheema and Brown, 2013; Levis et al., 2015). Recently, compressed gels containing human corneal stromal stem cells have been reported to suppress scar formation and improve regeneration in a mouse model (Shojaati et al., 2018).

Noteworthy, compressed collagen gels have been utilized to reproduce the native corneal curvature, which is an additional structural requirement deeply affecting cell behavior (Gouveia et al., 2017; Miotto et al., 2019). Indeed, curvature alone has been shown to control the alignment of human corneal stromal cells and their biosynthesis of stromal tissue (Gouveia et al., 2017). While curved substrates are commonly obtained using contact lens molds (Merrett et al., 2008; Gouveia et al., 2017), the self-curvature of compressed collagen gels has been recently induced by patterning the gels with a peptide amphiphile, able to inhibit the contractile activity of stromal cells via specific Arg-Gly-Asp (RGD) sequence–integrin interactions (Gouveia et al., 2014). The spatial modulation of the substrate contraction activated by stromal cells has been found to promote the tissue self-curvature over time in culture, then resulting in the formation of a tissue substitute with both native-like curvature and ultrastructure (Miotto et al., 2019).

Other attempts to mimic the native corneal architecture, in order to enhance the biological activity of the tissue substitute, have involved the use of advanced manufacturing techniques that allow controlling the diameter and orientation of the collagen fibers upon deposition. For example, electrospun collagen-based substrates with aligned fibers, in the diameter range 30–500 nm, have been shown in vitro to downregulate the myofibroblast phenotype while improving the optical properties of the tissue construct (Phu et al., 2011). However, since electrospinning may have a significant impact on the collagen triple helix conformation, alternative techniques have been explored to produce oriented collagen scaffolds, such as oriented flow casting (Tanaka et al., 2011) and the magnetic alignment of collagen fibrils (Torbet et al., 2007). Electrospun nanofibers based on synthetic polymers have been coupled to collagen gels (Wilson et al., 2012) and compressed collagen gels (Kong et al., 2017), respectively, resulting in downregulation of the myofibroblast phenotype and enhancement of mechanical properties while supporting cell growth.

Bioprinting is an additional manufacturing method that has gained much interest for the production of corneal substitutes due to its ability to control the hierarchical assembly of biological constructs while allowing the fast synthesis of thick and customizable constructs (Isaacson et al., 2018; Sorkio et al., 2018; Zhang et al., 2019; Fuest et al., 2020). Several collagen-based bioinks are being explored to encapsulate and deposit corneal cells upon printing (Isaacson et al., 2018; Sorkio et al., 2018; Duarte Campos et al., 2019; Kim et al., 2019), some of which based on human type I collagen (derived from neonatal fibroblast cells) for better mimesis of the human corneal stroma and higher compatibility with human stem cells (Sorkio et al., 2018). Notably, it has been shown that printed constructs with aligned collagen fibrils and cells can be obtained by properly controlling the shear stress on the bioink upon extrusion (Kim et al., 2019). Compared to non-oriented constructs, the oriented ones were shown to induce the creation of a structure similar to the native cornea upon their remodeling in vivo (in a rabbit model) (Kim et al., 2019).

While most substrates investigated for corneal regeneration involve the use of animal-derived collagen, it is worth noting that recombinant human collagens have been explored as safer alternatives for the development of implantable cell-free tissue substitutes. Preliminary studies compared the in vivo performance of recombinant type I and type III collagen gels, stabilized via carbodiimide crosslinking, in an animal model (Lagali et al., 2008; Merrett et al., 2008). Type III collagen was used due to its ability to form smaller fibrils than type I in an attempt to enhance the fibril packing in the hydrogels. The studies showed that both gel substitutes had similar chemical and mechanical properties, although the ones based on recombinant type III collagen had superior optical clarity. Moreover, both substitutes were effectively integrated into the host corneas 12 months after surgery, maintaining transparency and ensuring regeneration of corneal cells, tear film, and nerve endings (Lagali et al., 2008; Merrett et al., 2008). Following clinical data then demonstrated that the implantation of recombinant type III collagen gels promoted, over 4 years of observation, the endogenous recruitment and regeneration of corneal tissue and nerves, without any rejection episode (Fagerholm et al., 2014). To the best of our knowledge, these findings are the first and only documenting the use of cell-free collagen-based scaffolds for corneal regeneration on humans.

However, despite being so far the most promising devices for a future clinical translation, recombinant collagen gels still need further improvements to optimize their regenerative performance and functional outcome. In particular, some critical features of the gels have emerged in the abovementioned studies, which appear related to their poor mimesis of the native tissue structure and/or properties. First of all, the gels do not have mechanical properties comparable to those of the human cornea (Fagerholm et al., 2014). Although being sufficiently robust for grafting, the gels need particular care for surgical manipulation and suturing, and sutures may result in local surface thinning or indentation of the implants, which compromise the achievable visual acuity (Fagerholm et al., 2014). Moreover, a detailed characterization of the structural and optical properties of the gels showed that these corneal substitutes have a substantially different architecture than the native tissue, as well as a high and undesired transmission of UV light (in addition to visible light), which is potentially damaging to the lens and the retina (Hayes et al., 2015). With regard to the structural properties, compared to the native corneal tissue, the hydrogels were found to show collagen fibers or filaments with smaller diameter and more sparsely distributed, with the absence of stacked lamellae and the absence of fiber interweaving in the anterior part (Hayes et al., 2015). Furthermore, no periodic D-banding was observed, which indicated the lack of native collagen fibrils in the synthetic hydrogels (Hayes et al., 2015). Future structural modifications of the gels, directed to optimize the extent of mimesis of the native tissue (e.g., by implementing more advanced manufacturing techniques for a higher control of the collagen patterning, or by optimizing the crosslinking for suitable strength), may show promise to enhance the therapeutic potential.



Bone

Bone is a complex, living, constantly changing tissue. With its peculiar architecture and composition, it performs an essential mechanical function besides playing a critical role in diverse metabolic processes mediated by calcium delivery as well as in hematopoiesis. Natural bone is a heterogeneous and anisotropic nanocomposite, the principal components of which are a mineral phase and an organic phase, hierarchically organized into several structural levels from the nanoscale to the macroscale. Thus, bone is principally composed of calcium phosphates (69–80 wt.%, mainly hydroxyapatite and β-tricalcium phosphate), collagens (17–20 wt.%, mainly types I, III, and V), and other minor components (5 wt.%; biglycan, fibronectin, osteonectin, osteopontin, thrombospondin, osteocalcin, alkaline phosphatase, and others) (Filippi et al., 2020; Lin et al., 2020). Type I collagen accounts for the 90% of the total collagen in bone tissue (Lin et al., 2020), and it covers an important role not only in the tissue mechanical supporting but also in biological processes fundamental for bone homeostasis (Lin et al., 2020). Indeed, the lack of type I collagen or mutation of collagen structure (i.e., osteogenesis imperfecta, osteoporosis, osteoarthritis) results in ECM property changes and, more specifically, in the significant reduction of mechanical properties and in the increase of the related fracture risk (Giannini et al., 2014; Lin et al., 2020). Types III and V collagens, present in smaller amounts, regulate the fiber diameter and fibrillogenesis of type I collagen (Garnero, 2015). At the nanoscale level, collagen fibrils assembled from type I collagen molecules (1.5 nm in diameter, 300 nm in length) are infiltered and surrounded by mineral nanocrystals (plate or needle-shaped, 1.5–4.0 nm in thickness) oriented along the axial direction of the fibril (Filippi et al., 2020). Scaling up from the nanostructural to the microstructural frame, collagen fibrils interact with other collagenous and non-collagenous proteins to assemble higher-ordered fibril bundles and fibers organized in 3–7-μm-wide planar sheets, called lamellae (Filippi et al., 2020; Lin et al., 2020). Concentric layers of lamellae of about 200–250 μm of diameter form cylindrical structures that run parallel to the bone long axis, named osteons or Haversian systems (Filippi et al., 2020).

Although bone is constantly remodeled in physiological conditions and presents a strong regenerative capacity, in case of extensive traumas, repairing processes are not able to fully regenerate the injured tissue and surgical interventions are needed. Actually, autograft is the gold standard for repairing defective tissue, but it may lead to donor tissue degeneration and dysfunction (Ma et al., 2021). However, the limited access to autologous bone, donor site morbidity, surgical complications, fitting irregular defect difficulties, as well as inconsistent repair limited its execution (Dewey et al., 2021). On the other side, allotransplantation can cause immune rejection (Ma et al., 2021). Thus, the high number of shortcomings of current treatments headed research for tissue engineering solutions.

Being one of the major bone components and one of the key factors for mineralization beginning and propagation, several collagen-based templates were proposed. Beyond processing, if the regeneration of other tissues is influenced by collagen structure, in the case of bone regeneration, different collagen forms direct osteoblast proliferation and differentiation. In particular, in contrast to soluble and fibrillar forms, denatured forms of type I collagen inhibit the proliferation of osteoblast-like cells and stimulate osteoblastic differentiation, a stage indicated by higher alkaline phosphatase activity and osteopondin expression (Tsai et al., 2010). However, a long-term study showed opposite results, with the delay of proliferation and mineralization mediated by the fibrillar form (Hanagata et al., 2006). The discrepancy between these two studies might be due to collagen sources, processing, and manufacturing but also by the different stages of osteoblastic maturation, a parameter that deeply affects the cell–material interaction.

The arrangement of collagen fibers in bone is much more complex than in other tissues, and it is very difficult to achieve ECM-like bottom-up temporal bone substitutes. To this, oriented collagen fiber scaffolds were not widely investigated for use in bone tissue engineering (Ma et al., 2021). Thus, the challenging goal is to develop scaffolds able to mimic the microenvironment of native bone in vivo and to: (i) provide a temporary mechanical support; (ii) have an appropriate porous architecture to promote bone cell migration and differentiation into the scaffold; (iii) encourage osteoinduction; (iv) and enhance osteointegration with the host tissue. Collagen-based freeze-dried scaffolds revealed to have a bone pro-regenerative effect. A huge number of studies investigated the possibility to control the pore size by tuning manufacturing processes in order to develop scaffolds with particular pore features, since osteogenic cells revealed to respond to pore size and orientation (Murphy et al., 1990; Abbasi et al., 2020). While small pore sizes (<100 μm) are associated with the formation of non-mineralized osteoid or fibrous tissue, larger pore sizes (from 100 to 800 μm) are more appropriate to support bone formation (Roosa et al., 2010; Cheng et al., 2016; Liu et al., 2018; Iviglia et al., 2019). Regarding the individuation of the best pore size, several studies reported different ranges but all higher than 100 μm. For Murphy et al. (1990), a pore size of 100–325 μm was optimal. Cheng et al. (2016) reported how a pore size of about 400 μm leads to greater formation of mature bone by promoting vascularization compared to 250 μm. The formation of blood vessels supplies sufficient oxygen and nutrients for osteoblastic activity, leading to the upregulation of osteopontin and collagen type I, and subsequently to a better regeneration level of the bone mass (Cheng et al., 2016).

However, reconstituted collagen physical strength is not high enough to withstand alone the regeneration of large bone defects. Although mechanical and physical properties of collagen can be modified by chemical crosslinking, the combination with stiffer materials allows to significantly improve mechanical properties and bone conductivity. Mineralized collagen scaffolds own better mechanical properties and osteoconductivity and exhibit higher levels of osteogenic gene expression than unmineralized ones (Liu et al., 2011). In this regard, extensive research has been conducted on the fabrication of both intrafibrillar and extrafibrillar mineralized collagen scaffolds from nanoscale to macroscale to promote bone repair, demonstrating solid advantages in intrafibrillar mineralized collagen fibrils (Weisgerber et al., 2015; Weiss-Bilka et al., 2019; Yu et al., 2020). Due to exceptional outcomes, currently, several collagen-mineral scaffolds are approved and commercially available, such as CollagraftTM (Collagen Corp., United States) (Leupold et al., 2006), OssiMendTM Bone Graft Matrix (Collagen Matrix Inc., United States) (Ferreira et al., 2021), and Healos (DePuy Spine, United States) (Carter et al., 2009; Kunakornsawat et al., 2013).

Although good efficacy levels, the lack of an adequate level of osteoinductivity and/or osteoconductivity led to the addition of other components such as metals, in particular iron, manganese (Yu et al., 2020), and strontium (Montalbano et al., 2020; Wei et al., 2021), or cytokines belonging to β-TGF superfamily, namely, bone morphogenetic proteins (BMPs) (Dawson et al., 2009; Lu et al., 2012; Oryan et al., 2014). Among metals, Fe/Mn-enriched collagen-hydroxyapatite scaffolds manifested enhanced adhesion and proliferation of osteoblasts, promoted bone sialoprotein, dentin matrix acidic phosphoprotein 1 expressions, alkaline phosphatase activity, and increased osteogenic-specific gene expression in in vitro osteogenic culture and much better in vivo bone-regenerating capability compared to scaffolds without Fe/Mn or Healos, a commercial collagen-hydroxyapatite-based scaffold (Yu et al., 2020). As a further example, InfuseTM Bone Graft (Medtronic Sofamor Danek Inc., United States) is a collagen sponge loaded with recombinant human BMP-2 for tibial fracture repair procedures and oral maxillofacial and dental regenerative bone grafting procedures (Dawson et al., 2009). Despite BMP-positive effects, their use is going to be limited due to their high costs, safety, and efficacy concerns, high doses needed, and osteolysis (Oryan et al., 2014).

Recently, 3D printing and the annex potential of computer-aided design and computer-aided manufacturing (CAD-CAM) technology in scaffold according to patient-specific bone defect were investigated (Bahraminasab, 2020). Several biomaterials were printed in blend with collagen such as hydroxyapatite (Keriquel et al., 2017), β tricalcium-phosphate (Bian et al., 2012), polycaprolactone (PCL) (Ciocca et al., 2014), poly(lactide-co-glycolide) (PLGA) (Dewey et al., 2021) in order to improve temporal substitutes’ mechanical strength (Bahraminasab, 2020). Although having promising outcomes, 3D technology is still far from transforming research know-how into clinical products. Printable material properties and the insertion of biomolecules and cells are still challenging in the manufacture of bone tissue scaffold. In the inkjet and extrusion-based bioprinting, the viscosity of the bioink, print speed, nozzle diameter, and dispensing pressure are important factors that affect the mechanical stability of a scaffold and the fate of cells that therefore still need to be standardized (Bahraminasab, 2020).

To date, significant challenges remain in terms of biomaterial strength optimization, osteogenic activity improvement, and ability to fit complex defect geometries. Moreover, mechanical stability and the ability to limit micromotion at the host–implant interface is still a crucial aspect to unravel since osseointegration and bone regeneration directly affect the healing outcome (Dewey et al., 2021).



Tendon

Tendon belongs to the musculoskeletal system and is principally characterized by highly hierarchically organized type I collagen fascicles (60–85% of tendon dry weight), parallel to the long axis of the tendon (Thorpe and Screen, 2016). Each hierarchical level, from microfibril to fascicles, provides the tissue with non-linear, viscoelastic, anisotropic mechanical properties necessary to afford the strength necessary to translate loads from muscle-to-bone and bone-to-bone (Puetzer et al., 2021). Tendon also contains a range of non-collagenous proteins, present in low amounts, which nevertheless have important functional roles. Proteoglycans (in particular decorin, but also lubricin, versican) represent the 1–5% of tendon dry weight and are the primary component of the matrix interspersing the collagenous units. By binding type I collagen at all organization levels, they cover a particular role in the tissue development and maturation (i.e., fibrillogenesis), and they also contribute to the mechanical properties of the mature tendon (i.e., sliding, lubrication) (Thorpe and Screen, 2016). With regard to glycoproteins, cartilage oligomeric matrix protein (COMP) and tenascin-C (TNC) are known to bind type I collagen, but their function is yet to be established. Lastly, elastic fibers are also found in varying amounts throughout the tendon matrix, with reported concentrations from 1 to 10% of tendon dry weight, with the role to give to the tissue high elasticity, fatigue resistance, and the ability to store and return energy (Thorpe and Screen, 2016). In tendons, fascicles of fibers are longitudinally and transversally oriented, guaranteeing the absorption of the tensile stress, strain limitation, and keeping tendon in the anatomic site during mechanical load. Furthermore, SAXS and WAXS techniques allow to observe additional mechanisms for strain control, i.e., the fibrils sliding and rearrangement that act as buffers against strain (Bianchi et al., 2016). Within tendon, tenocytes are organized in linear arrays aligned with and interspersed between collagen fibers as a 3D network of cells and their processes distributed throughout the tendon (Lavagnino et al., 2015). Cells are in direct contact with collagen bundles: the deformation of tendon ECM from applied loading (i.e., tension, compression, hydrostatic pressure, and fluid shear stress) is transduced to tendon cells. Thus, mechanical signals stimulate cell biochemical pathways and effect cellular processes, such as differentiation, proliferation, tissue development, as in details reported by James et al. (2008) and Lavagnino et al. (2015).

Tendon injuries due to inappropriate physical training, excessive repetitive stretch, or trauma often lead to collagen organization disruption, resulting in loss of function, pain, and decreased mobility (Puetzer et al., 2021). Because of low blood supply, low oxygen consumption, and low metabolism, the self-healing capacity of tendon is very poor (Zhang B. et al., 2018). While small tendon injuries spontaneously heal, larger defects undergo a repair-mediated process generating fibrocartilagenous scar tissue with inferior structural and biomechanical properties that led to the loss of motion and strength along with high rates of injury recurrence (Grier et al., 2017). Current treatments consist of autograft or allograft transplants, but limited availability, risk of immune response, high risk of reinjury, limited long-term function recovery, and donor site morbidity limited their execution (Puetzer et al., 2021; Yuan et al., 2021).

Actually, how to manage damaged tendon is still a great challenge in the clinic. However, tissue engineering offered promising alternatives. Collagen is the principal load-bearing component of tendon ECM and confers high mechanical strength to the tissue. Being theoretically capable of providing the structural properties required for load bearing in musculoskeletal tissues is thus the most employed biomaterial for tendon tissue engineering. As it happens with all other tissues, also in the case of the tendon regeneration, the architecture and the mechanical properties of a collagen-based construct profoundly influence tenocyte response.

The hierarchical organization of collagen fiber is crucial for the mechanical integrity and function of tendons. Therefore, the reproduction of aligned, mechanically strong collagen fibers constitutes an attractive step for the development of bottom-up scaffold able to mimic both the mechanical and biological tendon environment. Several attempts were made by exploiting various principles and techniques with the aim to artificially reproduce the structural organization of type I collagen in tendon. Early attempts were based on the exploitation of the natural phenomenon of the self-assembly, recreating in vitro the physiological conditions for the formation of micrometric fibers. To enhance and control this phenomenon, the use of electrochemical control to direct the pH of the collagen fiber assembly microenvironment was used to produce fibrous structures with particularly aligned pattern, microscopically comparable with native tendon tissue (Cheng et al., 2008). Electrostatically and magnetically aligned multilayer collagen membranes characterized by the presence of collagen fibers of 50–400 μm diameter and several inches length were produced by pouring successive layers of collagen gel in electrostatically charged plates and allowing each layer to partially dry before pouring on the next (Gigante et al., 2009). A hybrid attempt, firstly made by Kato et al. (1989) but followed by other researchers, consisted in the reproduction of collagen pseudo-native structure by extruding an insoluble collagen suspension into a neural buffer as a fiber (from 10 to 2,000 μm) and subsequently performing fibrillogenesis in vitro (Kato et al., 1989; Zeugolis et al., 2008a). In this regard, it was found that the nature of the collagen type chosen for the extrusion impacted on the final mechanical properties of extruded collagen fiber: compared to insoluble collagen, soluble collagen conferred improved mechanical properties and uniaxial alignment perhaps owing to improved assembly kinetic (Wang et al., 1994; Pins and Silver, 1995). Although these strategies allow to partially recreate the organized structure of tendon collagen, unfortunately, they are not scalable and are therefore limited to in vitro applications.

Alternatively, electrospinning was considered an attractive method to fabricate and handle submicron-diameter fibers (100–500 nm) with native D-banding (Matthews et al., 2002), potentially providing the topographical cues that mimic the architecture of native tendon comprising primarily of parallel collagen fibers, which are beneficial for tenogenic differentiation (Cardwell et al., 2014; Yunoki et al., 2015). However, electrospinning of collagen, besides using non-benign solvents (e.g., 1,1,1,3,3,3 hexafluoro-2-propanol, tricloroacetic acid, 2,2,2-trifluoroethanol) that may have a denaturing effect on the triple-helix structure and a deleterious effect on the biological environment, does not allow to reproduce sheets of aligned fibers with native-like mechanical resistance despite the application of different crosslinking methods (Bazrafshan and Stylios, 2019). Thus, the impossibility to replicate the mechanical strength of native collagen and thus to achieve adequate mechanical properties led to the exploration of collagen/synthetic composites. Thus, the enhanced mechanical properties of synthetic materials were coupled with the bioactivity of collagen (Sahoo et al., 2007; Xu et al., 2014; Salvatore et al., 2018; Sensini et al., 2018). A variety of representative synthetic materials, such as poly-L-lactic acid (PLLA), poly(lactide-co-caprolactone) (PLCL), polyurethane (PU), PCL, and PLGA, were successfully electrospun into aligned ultrafine fibers to engineer tendon tissues. The surface modification of aligned ultrafine fibers with bioactive molecules such as collagen allowed to partially overcome the synthetic material poor cellular responses and the lack of cell recognition motif by improving cell attachment, spreading, and proliferation (Sahoo et al., 2007; Xu et al., 2014; Sensini et al., 2018). Moreover, the incorporation of another tendon ECM component such as chondroitin sulfate in collagen-enriched synthetic fibers increased both biomechanical properties and cell response in terms of upregulation of type I collagen, decorin, and fibronectin gene expression, tenocyte alignment and bioactivity, peritendinous adhesion formation, and inflammatory response (Bhavsar et al., 2010; Kinneberg et al., 2010; Caliari and Harley, 2011; Caliari et al., 2012). It is therefore reasonable to assume that the presence of native tendon ECM principal components in electrospun aligned fibers, by recapitulating the biochemical and topographical features of the tendon tissue, could lead to enhanced tenogenic differentiation and in vivo tendon regeneration. In this regard, the expression of the tendon-associated gene scleraxis (SCX) and type I collagen gene (COL1) as well as protein tenomodulin was significantly increased (Yuan et al., 2021). Additionally, the expression of TGF-β2, TGFβR-II, and Smad3 indicated the ability to dictate tenogenic differentiation through the activation of the TGF-β signaling pathway (Yuan et al., 2021). Moreover, animal study in rat Achilles tendon repair model corroborated the promoting role of synthetic fiber enriched with type I collagen and chondroitin sulfate in regenerating a tendon-like tissue (Yuan et al., 2021).

All the production techniques for aligned micrometric fibers lead to the formation of such structures with a high degree of organization, very similar to the native one. However, the mechanical properties of these constructs are by no means comparable to those of the natural tissue. For this reason, rather than trying to recreate the nano-fibrous structure, scientific research directed toward the mimicry of the natural mechanical stimuli using collagen scaffolds with a high degree of postprocessing conservation of the biomaterial native structure. Grier et al. (2017) demonstrated that the structural properties (i.e., pore size and collagen fiber crosslinking density) of anisotropic freeze-dried scaffolds with an aligned ellipsoidal pore structure deeply affect tenocyte bioactivity, viability, and gene expression. Anisotropic scaffolds with high crosslinking densities and small pore sizes (about 50 μm) were more able to resist cell-mediated contraction forces, promote tenocyte metabolic activity, and increase the expression of tenogenic genes (i.e., SCX, TNC) (Grier et al., 2017). Also, Sandri et al. (2016) demonstrated the ability of a collagen-based 3D scaffold exhibiting a “core-shell” architecture to induce tendon regeneration in a rat tendon lesion model by the synergistic association of the requirements of strength and bioactivity through the coupling of two components differing in their morphological and mechanical properties: (i) the core component, made of enlaced non-porous collagen-based strips responsible for the mechanical; and (ii) the shell component, made of a highly porous hollow tube exhibiting an aligned and interconnected porous microstructure and suitable cell permeability, able to support and guide tendon cell infiltration and migration during the regenerative process and promote the scaffold integration and vascularization. Moreover, a study by Di Giancamillo et al. (2017) showed how, with the same processing treatment, the collagen extraction source greatly influences the cell response: a porous scaffold made of type I collagen extracted from animal tendon induced a better tenocyte response compared to that one generated by an analogous porous scaffold consisting of collagen extracted from animal skin. The cellular response clearly indicates how collagen extracted from a highly structurally organized tissue such as the tendon, although subjected to disruptive treatments during the extraction process, maintains a greater fiber diameter, length, and alignment than those of extracted from skin, which are thus able to more faithfully mimic the native tendon ECM.

Although the control of scaffold structural and flexural rigidity via crosslinking and porosity could provide an ideal framework to resolve structure–function maps by identifying the most compliant levels of anisotropy, stiffness, and nutrient biotransport for tenocyte-mediated scaffold remodeling and long-term phenotype maintenance, the mechanical properties of collagen gels or porous collagen temporal substitutes are vastly inferior to those of tendon. With the aim of improving the mechanical properties of collagen-based scaffolds and above all of providing cells the right mechanostimulation, external forces were applied. To this, physiologic loads required to maintain tendon homeostasis have been identified with both in vitro and in vivo models since mechanobiology of tendon cells is vital for the maintenance of tissue homeostasis and for the triggering of regenerative processes. Several studies reported how certain loading patterns induce cellular anabolic adaptation of tendon (Hannafin et al., 1995; Cousineau-Pelletier and Langelier, 2010; Magnusson et al., 2010; Galloway et al., 2013). However, overstimulation or hypostimulation led to tendinopathy (Arnoczky et al., 2007). Repetitive loading may lead to overstimulation of tendon cells and to the initiation of a catabolic degenerative response, collagen fibril damage, microdamage, or laxity (Lavagnino et al., 2006, 2014; Arnoczky et al., 2007). Hypostimulation of tendon cells resulting from altered cell–matrix interactions demonstrated to have similar outcomes, such as collagen disruption, hypocellularity, increased matrix metalloproteinase levels, and cell apoptosis (Arnoczky et al., 2007; Egerbacher et al., 2008; Magnusson et al., 2010). A recent work of Zhang B. et al. (2018) reported how a tendon replacement tissue based on a collagen sponge and mesenchymal stem cells by coupled mechano-chemical induction (cyclic stretch and TGF-β1) was effectively able to enhance Achilles tendon regeneration in a rat model.

Efforts to produce aligned hierarchical collagen fibers concentrated on the application of mechanical boundary conditions on collagen hydrogels to guide cells to produce aligned fibrils. In this attempt, a strong influence was covered by collagen concentration: as the concentration of collagen gels increases, cellular contraction of the gel decreases and mechanical properties increase (Puetzer et al., 2015, 2021). Cell-loaded low-density collagen hydrogels (1–5 mg/ml) allowed the production of organized collagen fibrils resembling embryonic tissue (<1 μm in diameter) (Henshaw et al., 2006; Herchenhan et al., 2013). However, the immature form of fibrils and the low density of the material are respectively responsible of inferior mechanical properties and significant contraction, resulting in a lack of therapeutic applications and early rupture (Puetzer et al., 2021). Cell-loaded high-density collagen hydrogel (10–20 mg/ml) instead allowed to develop native sized (30–40 μm diameter) collagen fibers (Puetzer and Bonassar, 2016; McCorry and Bonassar, 2017). Puetzer et al. (2021) was one of the first to reproduce fiber organization similar to bovine juvenile collagen with native fibril banding patterns, hierarchical fiber bundles 50–350 μm in diameter in 6 weeks, and improved tensile properties of about 1 MPa. Although these are some of the largest fibers developed to date in engineered tissues, the mechanical properties were lacking in comparison to native tissue, suggesting a need for further maturation (Puetzer et al., 2021).

Thus, the application of mechanical external forces in addition to the customized structure of the scaffolds allowed adding another piece to the complex development attempt of a multidisciplinary system capable of supporting the regeneration of native tendon tissue. However, the precise magnitude, frequency, and duration of stimulation required for normal tendon homeostasis remain unknown. In addition, despite numerous in vivo, in vitro, and ex vivo studies on tendon mechanical properties and the development of prediction models (Galloway et al., 2013; Fang and Lake, 2016; Herod et al., 2016; Thorpe and Screen, 2016; Thompson et al., 2017; Chen et al., 2018; Carniel and Fancello, 2019; Theodossiou and Schiele, 2019), the precise in vivo loading levels required to induce tendon repair are yet unspecified. In this regard, further understanding of the in vivo loading of tendons is vital to understand the mechanobiological stimuli required to induce anabolic or reduce catabolic activity (Lavagnino et al., 2015).



CONCLUSION

Type I collagen is largely used as biomaterial for the manufacture of cell-instructive devices for tissue engineering and regenerative medicine. Its versatile processing (ranging from the choice of the collagen source and the protein extraction to the fabrication of given devices and several post-fabrication treatments, including crosslinking and sterilization) allows the production of a wide range of scaffolds for tissue regeneration. Notably, the manufacturing affects not only the macroscopic physicochemical and mechanical properties of the final device but also the in vitro/in vivo cellular response due to changes of the collagen structure occurring at the submolecular, molecular, and supramolecular scales. This strong interplay among processing, structure, and cellular response can be conveniently exploited to optimize the scaffold biological activity and regenerative outcome. In particular, based on the most recent findings on the development of specific tissue substitutes (i.e., skin, cornea, bone, and tendon), the quality of induced regeneration appears to be enhanced when the scaffold exhibits a higher mimesis of the hierarchical organization of native collagen in the target tissue. In this respect, a fundamental role in scaffold optimization is currently played by advanced investigative techniques such as WAXS, SAXS, FT-IR, AFM, PFM, which allow to accurately study collagen structure and its modifications, so as to correlate the direct effects of processing parameters on the microstructure and nanostructure of collagen with macroscopic phenomena, such as the mechanical behavior and the cellular response.
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Silk Fibroin (SF) obtained from Bombyx mori is a very attractive biopolymer that can be useful for many technological applications, from optoelectronics and photonics to biomedicine. It can be processed from aqueous solutions to obtain many scaffolds. SF dissolution is possible only with the mediation of chaotropic salts that disrupt the secondary structure of the protein. As a consequence, recovered materials have disordered structures. In a previous paper, it was shown that, by modifying the standard Ajisawa’s method by using a lanthanide salt, CeCl3, as the chaotropic agent, it is possible to regenerate SF as a fibrous material with a very ordered structure, similar to that of the pristine fiber, and doped with Ce+3 ions. Since SF exhibits a moderate fluorescence which can be enhanced by the incorporation of organic molecules, ions and nanoparticles, the possibility of doping it with lanthanide ions could be an appealing approach for the development of new photonic systems. Here, a systematic investigation of the behavior of degummed SF in the presence of all lanthanide ions, Ln+3, is reported. It has been found that all lanthanide chlorides are chaotropic salts for solubilizing SF. Ln+3 ions at the beginning and the end of the series (La+3, Pr+3, Er+3, Tm+3, Yb+3, Lu+3) favor the reprecipitation of fibrous SF as already found for Ce+3. In most cases, the obtained fiber preserves the morphological and structural features of the pristine SF. With the exception of SF treated with La+3, Tm+3, and Lu+3, for all the fibers re-precipitated a concentration of Ln+3 between 0.2 and 0.4% at was measured, comparable to that measured for Ce+3-doped SF.

Keywords: silk fibroin, lanthanide doped fibroin, silk fibroin dissolution, silk fibroin recovery, biomaterials


INTRODUCTION

Silk fibroin (SF) is the major component of the Bombyx mori cocoons (70% ca) and readily available in nature. Its peculiar structural, mechanical and biological properties make it a very attractive biopolymer (Omenetto and Kaplan, 2010; Ling et al., 2018) which offers unlimited opportunities for functionalization, processing and biological modifications (Rockwood et al., 2011; Reddy, 2020). Due to its biocompatibility and biodegradability, SF is an excellent biomaterial for a wide range of biomedical applications, for example drug delivery, tissue engineering, including cartilage and bone, skin tissue, ligaments, cornea, tympanic membrane, and implantable devices such as artificial kidney, and vascular grafts wound dressings. (Lawrence et al., 2008; Kundu et al., 2013; Koh et al., 2015; Melke et al., 2016). It can be processed from aqueous solutions and converted into a variety of versatile systems (Qi et al., 2017; Huang et al., 2018; Guo et al., 2020), such as hydrogels sponges, foams, solid matrices, ultra-resistant, optically transparent and flexible films among others. Moreover, doping with various organic and inorganic dopants opens up the way to a wide variety of applications ranging from supported catalysts (Rizzo et al., 2020a) to environmentally sustainable devices for photonics, electronics, and optoelectronics (Tao et al., 2012; Zhu et al., 2016). In fact, SF exhibits a moderate fluorescence (it can be excited at 277 nm and emits light at 345 nm) (Georgakoudi et al., 2007) that has been ascribed to the aromatic moieties of Tryptophan and Tyrosine, commonly used, together with Phenylalanine, as fluorescent probes to study the structure of proteins. SF fluorescence can be enhanced by the incorporation of organic molecules, ions and nanoparticles within the fibers, and the possibility of doping with lanthanide (Ln) ions opens new possibilities for photonic systems (Lee et al., 2020).

The use of Ln-doped fibers in photonics is well-known, and several studies have reported that the presence of lanthanides can confer photochromic, luminescent and fluorescent properties as well as up-conversion ability to fibers. Examples could be Eu+3 or Dy+3 strontium aluminate luminescent fibers produced by a special spinning technology, with the substrate of polyester, nylon, or polypropylene resin (Guo et al., 2011), fluorescent Pr+3 and Dy+3-doped Chalcogenide fibers (Chahal et al., 2016), Er+3/Yb+3/Tm+3 tri-doped tellurite glass microsphere coupled by tapered fibers (Liu et al., 2020), fluorescent silks obtained from silkworms fed with rare-earth upconverting phosphors (Zheng et al., 2018). Moreover, Ln-doped fibers have been employed in the production of lasers (amplifiers rare-earth-doped silica and fluorozirconate fibers, particularly erbium-doped fibers) (Digonnet, 2001) and smart Dy+3 and Eu+3 doped stimuli-responsive textiles (Shen et al., 2021). In addition, Tryptophan and Tyrosine can act as sensitizers for lanthanide ions enhancing their emission (da Rocha et al., 2020). Therefore, combining the mechanical and optical properties of SF with those of lanthanides ions could be an interesting approach for the development of new photonic systems, particularly appealing due to the high biocompatibility and biodegradability of SF.

Few examples of SF films and powders doped with lanthanides have been reported so far and are limited to Eu+3 and Tb+3 (Pugina et al., 2019a,b; da Rocha et al., 2020). In a previous work (Rizzo et al., 2020b) we have described a simple method for doping fibrous SF with Ce+3. In particular, in the framework of a systematic study on the effects of changing the chaotropic salt in Ajisawa’s solvent (CaCl2 in H2O/EtOH in a molar ratio 1:8:2), used as standard protocol to solubilize SF (Ajisawa, 1998), we found that when replacing CaCl2 with the hydrated lanthanide salt CeCl3⋅7H2O while maintaining all the other conditions unchanged, not only SF was completely dissolved, but it reprecipitated in a fibrous form very quickly and spontaneously during the dialysis purification. The structural characterization of the resulting material demonstrated that the fibers obtained preserved most of the morphological and structural properties of the original degummed SF (Marsh et al., 1955; Guo et al., 2018), with a highly ordered molecular organization, and that they were doped with Ce+3 ions, in a concentration of about 0.3 wt%, distributed both within its amorphous regions and the β-crystalline domains.

This protocol represents the first method to obtain SF in a fibrous form after solubilization (the fibroin is normally re-obtained as aqueous solutions or gels). In addition, the SF obtained is doped with Ce+3 ions. In principle, this simple process could be extended to other lanthanide ions, possibly resulting in a more generally applicable protocol to produce new silk-based doped materials.

Here we report the results of a systematic investigation of the behavior of degummed SF solution in the presence of all lanthanide ions in the Periodic Table, from Lanthanum to Lutetium, in the form of chloride salts, with the only exclusion of Promethium, due to its radioactivity. The main goals of our paper are: (i) disclosing a new protocol to obtain doped fibroin in fibrous form after solubilization in the presence of Ln+3 ions and (ii) characterizing structural and morphological properties of the fibrous materials obtained.



MATERIALS AND METHODS

All hydrated lanthanide chlorides were purchased from NOVA ELEMENTS SAS (Palermo, Italy). All other reagents and solvents were purchased from Sigma Aldrich and were used without any further purification.


Preparation of SF Samples


Degummed SF

Degummed SF was obtained from Bombyx mori cocoons purchased from Tajima Shoji (Japan), following previously described procedures (Rockwood et al., 2011). To remove sericin, the cocoons were cut into fourths, shredded and boiled for 30 min in an aqueous solution of Na2CO3 0.02 M, then rinsed thoroughly with bidistilled water to remove the residual sericin and the excess of salt. The fibers were dried at ambient conditions for 24 h.



Dissolution of Degummed SF With Different Lanthanide Salts by modified Ajisawa’s Method

The standard Ajisawa’s method (Ajisawa, 1998) was applied to dissolve degummed SF, using hydrated lanthanide chlorides (LaCl3⋅7H2O, CeCl3⋅7H2O, PrCl3⋅7H2O, NdCl3⋅6H2O, SmCl3⋅6H2O, EuCl3⋅6H2O, GdCl3⋅6H2O, TbCl3⋅6H2O, DyCl3⋅6H2O, HoCl3⋅6H2O, ErCl3⋅6H2O, TmCl3⋅6H2O, YbCl3⋅6H2O, LuCl3⋅6H2O) as chaotropic agents instead of CaCl2. The same molar ratios of the standard Ajisawa’s protocol were used (0.528 g of CaCl2, corresponding to 4.76 mmol, 0.69g of H2O and 0.44g of EtOH, molar ratio CaCl2: H2O: EtOH 1:8:2). Hence, for all the lanthanide chlorides 0.125 g of degummed SF were added to a solution prepared by dissolving 4.76 mmol of the salt (see Supplementary Table 1) in 0.69g of H2O and 0.44g of EtOH. The mixtures were heated at 60°C for 4 h. The obtained solutions were dialyzed with bidistilled water, using a regenerated cellulose dialysis membrane (MWCO 12.400 g mol–1) to remove salt and ethanol. In the presence of La+3, Ce+3, Pr+3, Er+3, Tm+3, Yb+3, Lu+3, and partially for Dy+3, SF reprecipitated within the dialysis cassette after 4 h and the dialysis purification step was stopped after 12 h, changing water every 4 h. The Ln+3/SF fibers were rinsed and washed with bidistilled water several times and finally air dried at room temperature. The amount of SF recovered was determined by weighting methods.

For Nd+3, Sm+3, Eu+3, Gd+3, Tb+3, and partially for Dy+3, clear SF aqueous solutions were obtained after dialysis and hence stored a 4°C. From these solutions, drop-casted films were obtained for further investigations.

After dialysis of SF solutions obtained with Ho+3 a hydrogel was obtained.

Different concentrations of CeCl3 in the range 1.20–8.40 mmol gsolvent–1were tested, but SF was completely dissolved only when the same molar ratio of the Ajisawa’s protocol was used (Rizzo et al., 2020b). The same results were obtained for LaCl3.



Methods for Structural Characterization

The regenerated SF fibers recovered after treatment with La+3, Pr+3, Er+3, Tm+3, Yb+3, and Lu+3 were characterized by scanning electron microscopy (SEM), Wide-Angle X-ray Scattering (WAXS), birefringence, Attenuated Total Reflectance Fourier Transformed Infrared Spectroscopy (ATR-FTIR) and X-Ray Photoelectron Spectroscopy (XPS). Further, drop-casted films from SF solutions obtained by Nd+3, Sm+3, Eu+3, Gd+3, and Te+3 treatment were characterized by ATR-FTIR.


SEM Characterization

SEM analysis was carried out by a VP Field emission SEM EDS Zeiss Sigma 300 equipped with an in lens backscattered and secondary electron detectors. An accelerating voltage of 15 kV was used and the working distance was set to 6.5 mm. FE-SEM samples were placed onto stainless-steel sample holders with carbon tape. A carbon sputtering was performed onto samples before analyses in order to prevent electron charging due to the low sample conductivity, thus enhancing topography imaging. The EDS detector was an X-Max-Silicon Drift Detector (SDD)–Nano analysis–Oxford Instruments. The acquired images were analyzed with AZtec Software.



XPS Characterization

The surface chemical composition of regenerated SF loaded with lanthanide rare earths was investigated by X-ray Photoelectron Spectroscopy (XPS). Analyses were performed with a Scanning XPS Microprobe (PHI 5000 Versa Probe II, Physical Electronics), equipped with a monochromatic Al Kα X-ray source (1486.6 eV) operated at 15 kV with a spot of 100 μm and a power of 24.8 W. Survey (0–1,200 eV) and high-resolution spectra (C1s, O1s, N1s, Lu4f, Tm4d, Pr3d, Dy4d, Yb4d, Er4d, La3d) were recorded in FAT (Fixed Analyzer Transmission) mode at a pass energy of 117.40 and 29.35 eV, respectively. In the set conditions, the analyzer energy resolution (FWHM, full width at half-maximum height), measured on the silver Ag 3d5/2 photoemission line, was 0.7 eV for a pass energy of 29.35 eV. All spectra were acquired at a take-off angle of 45° with respect to the sample surface. Surface charging was compensated using a dual beam charge neutralization, with a flux of low energy electrons (∼1 eV) combined with very low energy positive Ar ions (10 eV). The hydrocarbon component of C1s spectrum was used as the internal standard for charging correction and it was fixed at 285.0 eV (Moulder et al., 1992). Scanning X-ray beam induced secondary electron images were acquired to finely select analysis areas. Furthermore, on each sample, three different spots were analyzed for statistical purposes. MultiPak (Physical Electronics) software was used to process acquired spectra.



WAXS Characterization

WAXS experiments were performed at the X-ray Micro Imaging Laboratory (XMI-LAB) of the Institute of Crystallography of CNR-Bari (Altamura et al., 2012; Sibillano et al., 2016; Siliqi et al., 2016). The laboratory is equipped with a Fr-E + SuperBright rotating copper anode microsource (λ = 0.154 nm, 2,475 W) coupled through a focusing multilayer optics Confocal Max-Flux to a SAXS/WAXS three pinholes camera equipped for X-ray scanning microscopy. An image plate (IP) detector (250 × 160 mm2, with 100 μm effective pixel size), with an off-line RAXIA reader, was used to collect WAXS data. The spot size at the sample position was around 200 μm. The detector was placed at around 10 cm from the samples, giving access to a range of scattering vector moduli (q = 4πsinϑ/λ) from 0.3 to around 3.5 Å–1, which corresponds to 1.8–25 Å d-spacing range.



Birefringence Characterization

A customized Olympus Inverted IX71 microscope equipped with a DSLR (digital single-lens reflex) camera (Canon Rebel EOS-SL1) and with a halogen lamp (Olympus, U-LH100L-3) as light source was used to perform optical microscopy. Bright-field transmission micrographs between crossed polarizers were collected using a 20× objective (Olympus, LUCPlanFL N, NA 0.45). For each Ln+3 treatment individual fibers were analyzed and the most representative micrograph was reported.



ATR-FTIR Characterization

ATR-FTIR spectra were acquired with a Perkin Elmer Spectrum Two Spectrophotometer equipped with a 2 × 2 mm Diamond crystal. Spectra were recorded in the range 4,000–400 cm–1 with a 2 cm–1 resolution, using 0.25 cm–1 acquisition interval and acquiring 32 scans for each sample.



RESULTS

According to Ajisawa’s standard method (Ajisawa, 1998), hydrated LnCl3 in H2O/EtOH (in a molar ratio 1:8:2), were used to dissolve degummed SF. The mixtures were heated at 60°C for 4 h. The resulting SF solutions were dialyzed against bidistilled water to remove the residual salt and ethanol. Regenerated fibers were rinsed several times with water and let air-dry. Solutions and hydrogel were stored at 4°C.

All lanthanides chlorides in H2O/EtOH were able to dissolve degummed SF (Figure 1). As already found for CeCl3⋅7H2O, when using hydrated LaCl3, PrCl3, ErCl3, TmCl3, YbCl3, and LuCl3 as chaotropic salts, a fibrous material reprecipitated within the dialysis cassette (Table 1). In all these cases the recovery of the fiber was almost quantitative. With DyCl3 the recovery of the fiber was only partial (48–51%) whilst with HoCl3 a hydrogel was obtained. Intermediate lanthanides of the series (NdCl3, SmCl3, EuCl3, GdCl3, and TbCl3) did not induce precipitation of a regenerated fibrous material leading to, at the end of the purification process, clear and stable solutions that could be used to obtain films and/or other scaffolds.
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FIGURE 1. Solutions of degummed SF dissolved in hydrated LnCl3/H2O/EtOH (1:8:2). The picture of SF dissolved in LiBr 9M in H2O and CaCl2/H2O/EtOH (1:8:2) (standard Ajisawa’s solvent) is also reported.



TABLE 1. Lanthanide salts used for SF dissolution/regeneration protocol. For comparison, calcium chloride standard salt is listed in the last row.

[image: Table 1]The structural and morphological properties of the solid fibers recovered after treatment with La+3, Pr+3, Er+3, Tm+3, Yb+3, and Lu+3 salts (hereafter indicated in the text as Ln+3/SF) in H2O/EtOH were analyzed. Further, drop-casted films from SF solutions obtained by Nd+3, Sm+3, Eu+3, Gd+3, and Te+3 solution treatment were characterized by ATR-FTIR. All these experiments showed that the material recovered is, in fact, SF.


Morphology of Ln+3/SF Fibers by SEM

The morphological features of the solid SF fibers recovered after treatment with lanthanides were studied by SEM.

The SEM images are reported in Figures 2C–J (larger images are shown in Supplementary Figure 1 of the Supporting Information) and can be compared with those obtained for degummed SF (Figure 2A; Shen et al., 1998; Rizzo et al., 2020b) and SF doped with Ce+3 (Figure 2B), already reported in our previous paper (Rizzo et al., 2020b). The cross-sectional views of the fibers are also reported.
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FIGURE 2. SEM images of the Analyzed samples at two scale bars in μm (indicated on each figure) with the cross-sectional views. (A) degummed SF; (B) Ce+3/SF; (C) Pr+3/SF; (D) Er+3/SF; (E) Tm+3/SF; (F) Yb+3/SF; (G) Lu+3/SF; (H) La+3/SF; (I) Dy+3/SF; (J) Ho+3/SF.


As reported in the literature (Shen et al., 1998; Rizzo et al., 2020b), the fibers of degummed SF (Figure 2A) are uniform, with a very smooth surface and they are organized in single brins with typical hemicylindrical cross-sections and an average diameter of 9.9 ± 0.5 μm. The SEM images of Pr+3/SF, Er+3/SF, Tm+3/SF, Yb+3/SF, and Lu+3/SF (Figures 2C–G) are comparable to those of Ce+3/SF: these materials have a fibrous microstructure and retains the fiber integrity of SF, but with reduced smoothness and straightness. The typical hemicylindrical shape of the fiber cross section is also retained, but, with the exception of Lu+3/SF, whose average diameter (11.2 ± 1.8 μm) is similar to that of degummed SF (9.9 ± 0.5 μm), all other lanthanide/fibers are characterized by larger cross-sections. The diameters of Ln+3/SF fibers, reported in Table 2, were calculated as the average of the dimensions of at least 30 fibers, measured directly on the SEM images recorded.


TABLE 2. Diameters (in μm) of degummed SF and Ln+3/SF fibers.

[image: Table 2]La+3/SF and Dy+3/SF samples (Figures 2H,I) are constituted by small and disordered fragments of SF fibers, with very coarse surfaces and irregular cross-sections.

In addition, SEM analysis of the air-dried hydrogel obtained after treatment of SF with Ho+3 (Figure 2J) clearly shows a highly disordered structure with no evidence of a fibrillar structure.



Inclusion of Ln+3 Ions Within SF by XPS

XPS investigation was performed to assess if the regenerated SF obtained after reprecipitation from LnCl3/H2O/EtOH solutions are contaminated by lanthanide ions. In fact, the low-resolution spectra of all regenerated fibers show photoelectron peaks originated from the lanthanide ions.

Table 3 reports the surface elemental content of Ln+3 ions for La+3/SF, Pr+3/SF, Dy+3/SF, Er+3/SF, Tm+3/SF, Yb+3/SF, and Lu+3/SF regenerated fibers. High resolution spectra of Ln+3 are shown in Figure 3. Ce+3 spectrum of Ce+3/SF is reported for comparison. The quantitative elemental composition of the fibers was also determined by high-resolution C1s, N1s, and Ln (La3d, Ce3d, Pr3d, Dy4d, Er4d, Tm4d, Yb4d, Lu4f) spectra (from peak areas, using tabulated sensitivity factors and spectrometer transmission function) as reported in the Supporting Information (Supplementary Table 2).


TABLE 3. XPS peak analyses of Ln+3/SF fibers.
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FIGURE 3. XPS spectra of Ln+3/SF regenerated fibers. Selected atomic orbital for metal investigation is indicated on each spectrum.


Ln+3 concentration ranges from less than 0.1 at%, which is the detection limit of the technique, to 0.4 at%.

These experimental data suggest that, besides Ce+3, only Pr+3, Dy+3, Er+3, and Yb+3 are detectable as contaminants of the SF. XPS spectra in Figure 3 do not allow to distinguish if the ions are included within the fiber during reprecipitation or are present only as impurities, probably coordinated to the fiber surfaces.

In order to get deeper insights into the chemical environment of lanthanide ions in the regenerated fibers, XPS spectra of DyCl3⋅6H2O and YbCl3⋅6H2O salts were acquired. In fact, as previously demonstrated for Ce+3/SF (Rizzo et al., 2020b), a shift toward lower binding energy (−1.3 eV) in the Ce3d spectrum of Ce+3/SF compared to the spectrum of CeCl3⋅7H2O suggested the existence of interactions between Ce+3 ions and the oxygen atoms of fibroin aminoacids within the fiber. The same comparison was performed herein for Dy+3 and Yb+3, which are those with higher concentration within the fibers and show well defined XPS spectra. For both the elements, no chemical shift was observed between the Ln+3 spectra as the salt and in the fibers. Therefore, differently from Ce+3, no evidence of a coordinating effect of the Ln+3 ions to SF was observed.



Solid State Structure of Ln+3/SF by WAXS

WAXS experiments were performed on the solid fibers regenerated after La+3, Dy+3, Er+3, Tm+3, Yb+3, Lu+3, and Pr+3 treatment. The 2D WAXS patterns (Figures 4B–F, 5B–D), once centered, calibrated and folded into 1D profiles, were compared with the WAXS patterns of the degummed SF and of B. mori cocoons (natural silk) (Figures 4A, 5A, respectively), (Shen et al., 1998; Guo et al., 2018; Rizzo et al., 2020b).
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FIGURE 4. 2D WAXS patterns of (A) degummed SF and regenerated fibers obtained after treatment with (B) Ce+3 (C) Tm+3; (D) Y+3; (E) Lu+3; (F) Pr+3, respectively, corresponding 1D (G) equatorial patterns and (H) meridional patterns. Vertical bars highlight the equatorial reflections at q1 = 0.66 ± 0.075 Å− 1 (d1 = 9.5 ± 1 Å), q2 = 1.5 ± 0.1 Å− 1 (d2 = 4.2 ± 0.3 Å), and q3 = 1.7 ± 0.1 Å− 1 (d3 = 3.7 ± 0.3 Å) and the meridional reflection at q4 = 1.8 ± 0.1 Å− 1 (d4 = 3.5 ± 0.2 Å) shifted at q4 = 1.3 ± 0.1 Å− 1 (d4 = 4.8 ± 0.2 Å) only for Ce+3. The equatorial and meridional peaks were indexed as follows: q1 the (010) reflection; q2 an overlap of the (020) and (210) reflections; q3 the (021) reflection; q4 the (002) reflection.
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FIGURE 5. 2D WAXS patterns of (A) natural silk cocoon and regenerated fibers obtained after treatment with (B) La+3; (C) Dy+3; (D) Er+3 respectively; (E) corresponding 1D WAXS patterns with vertical bars highlighting the reflections at q1 = 0.66 ± 0.075 Å−1 (d1 = 9.5 ± 1 Å), q2 = 1.5 ± 0.1 Å−1 (d2 = 4.2 ± 0.3 Å), and q3 = 1.7 ± 0.1 Å−1 (d3 = 3.7 ± 0.3 Å). These peaks were indexed as follows: q1 the (010) reflection; q2 an overlap of the (020) and (210) reflections; q3 the (021) reflection.


As previously reported (Rizzo et al., 2020b), within the same explored area of about 200 μm, degummed SF exhibits a typical cross β-diffraction signal (Figure 4A) whose intensity is anisotropically distributed along two main orthogonal directions labeled as meridional, along the fiber axis, and equatorial, perpendicular to the fiber axis (Guo et al., 2018). The 1D WAXS profile was integrated around both the equatorial and the meridional directions (black curves in Figures 4G,H, respectively). The 2D/1D data were indexed as the fiber diffraction pattern of the Bombyx mori silk II structure (Fossey et al., 1991; Guo et al., 2018), which has an orthorhombic structure with unit cell dimensions a = 9.68 ± 0.20 Å, b = 9.36 ± 0.18 Å, and c = 7.02 ± 0.14 Å. B. mori cocoons (natural silk) does not show a WAXS pattern with clear preferential orientation but rings with uniform intensity along the azimuth (Figure 5A). Its 1D WAXS profile was integrated along all the azimuth and is reported in Figure 5E (black curve).

SF regenerated after treatment with Ln+3 ions showed two typical structural behaviors:

(i) samples treated with Tm+3, Yb+3, Lu+3, and Pr+3 exhibit a 2D typical cross β-diffraction pattern (Figures 4C–F), similar to that of the degummed SF and Ce+3/SF, thus indicating a partial recovery of their fibrillar nature after reprecipitation.

(ii) Samples with the addition of La+3, Dy+3, and Er+3 show 2D WAXS patterns similar to that of the natural silk cocoon, i.e., without any preferential orientation (Figures 5B–D). The relevant 1D WAXS profiles are shown in Figure 5E (orange for La+3, cyan for Dy+3 and magenta for Er+3).

The d-spacings and corresponding q-values for all reflections are reported in Supplementary Table 2 of the Supporting Information. In details, the equatorial peaks at q1 = 0.66 ± 0.075 Å–1 (d1 = 9.5 ± 1 Å), q2 = 1.5 ± 0.1 Å–1 (d2 = 4.2 ± 0.3 Å), q3 = 1.7 ± 0.1 Å–1 (d3 = 3.7 ± 0.3 Å) were indexed as the (010), the overlap of the (020) and (210) reflections, and the (021) reflection, respectively. The latter forms an angle of about 30° with the equatorial direction (Supplementary Figures 2, 3 in the Supporting Information). The meridional peak at q4 = 1.8 ± 0.1Å–1 (d4 = 3.5 ± 0.2 Å) (Figure 5E), indexed as the (002) reflection, indicates the β-strands distance along the fiber axis, which yields to the c = 7.0 Å axial repetition and contains two peptide units. In our previous work (Rizzo et al., 2020b), the SF sample doped with Ce+3 ions showed a shift of the meridional (002) reflection from q4 = 1.8 Å–1 (d4 = 4.8 ± 0.2 Å) to q4 = 1.3 Å–1 (d4 = 4.8 ± 0.2 Å) (blue vertical bar in Figure 4H). This shift corresponded to an increase in the β-strands distance from 3.5 Å, in degummed SF, to 4.8 Å for Ce+3/SF and was ascribed to the incorporation of Ce+3 ions along the c-axis of the fiber. None of the Ln+3/SF samples show such a shift of the meridional peak position. Therefore, there is no sign of inclusion of La+3, Dy+3, Er+3, Tm+3, Yb+3, Lu+3, and Pr+3 ions within the crystalline domains of the fiber.

Finally, WAXS of the Pr+3/SF (Figure 4F) shows several additional sharp rings which are due to contamination.



Birefringence

The results of WAXS characterization are supported by birefringence measurements. For optically anisotropic fibers, birefringence can be a useful tool in structural characterization since it can give information on the orientation of crystalline regions. In fact, birefringence colors arise from the interaction of incident polarized light with the anisotropic crystalline domains of the fibers with a preferred axial orientation, i.e., β-sheet nanocrystal in SF aligned along the fiber axis (Founda and El-Tonsy, 1990; Viney et al., 1993). The effect of the lanthanides on the silk fiber birefringence can be monitored by brightfield transmission microscopy between crossed polarizers.

Birefringence results are in agreement with WAXS analyses. In fact, as shown in Figure 6, Ce+3/SF, Tm+3/SF, Yb+3/SF, Lu+3/SF, and Pr +3/SF retain the native birefringence of the degummed SF, although with different degrees. This is evidently due to a high degree of crystallinity, with β-sheet nanocrystals highly oriented along the fiber axis, as indicated by WAXS. On the contrary, Dy+3/SF, and La+3/SF show poor or no birefringence, thus suggesting that regenerated fibers lose or only partially preserve the native crystallinity of degummed SF, with a significative loss in the orientation of the β-sheet domains.
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FIGURE 6. Birefringence images of regenerated Ln+3/SF fibers (degummed SF, La+3/SF, Ce+3/SF, Pr+3/SF, Dy+3/SF, Er+3/SF, Tm+3/SF, Yb+3/SF, and Lu+3/SF).




FTIR-ATR

The secondary structure of Ln+3/SF fibers was further characterized by FTIR-ATR spectra. FT-IR spectroscopy enables to elucidate some structural features of proteins since the amide bands are diagnostics of the secondary structure. The amide I band, in the range 1,700–1,600 cm–1, mainly originates from the C = O stretching vibrations and minor contributions from the NH in-plane bending, the out of phase CN stretching vibration and the CCN deformations. The amide II band (1,600–1,500 cm–1) is the result of C-N stretching and N-H in-plane bending modes whilst the amide III region (1,330–1,230 cm–1) arises from N-H in-plane bending vibrations.

The complete spectra of both solid degummed SF and Ln+3/SF are reported in Figure 7. The expansions of the amide band region (1,750–900 cm–1) are shown in Figure 8.


[image: image]

FIGURE 7. Complete ATR-FTIR spectra of solid degummed SF (black curve) and regenerated solid Ln+3/SF (La+3/SF, Ce+3/SF, Pr+3/SF, Dy+3/SF, Er+3/SF, Tm+3/SF, Yb+3/SF, and Lu+3/SF).
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FIGURE 8. Expansion of the amide band region, between 1750 and 900 cm− 1, of the spectra in Figure 7. Solid degummed SF (black curve) and regenerated solid Ln+3/SF (La+3/SF, Ce+3/SF, Pr+3/SF, Dy+3/SF, Er+3/SF, Tm+3/SF, Yb+3/SF, and Lu+3/SF).


The ATR-FTIR spectrum of the degummed SF (black curve in Figures 7, 8) shows two strong characteristic absorptions in the amide region at 1,622 cm–1 (amide I) and 1,511 cm–1 (amide II), and a medium-low intensity band at 1,232 cm–1 (amide III), typical of the β-sheet structure, in agreement with the IR spectra reported in the literature (Hu et al., 2006, 2008). Moreover, a very low intensity peak at 1,697 cm–1 and broad shoulders centered at 1,668 cm–1, that can be assigned to the β-sheet structure and random coil and α-helix regions, respectively, are evident. ATR-FTIR indicated that the β-sheet content is predominant in degummed SF. The ATR-FTIR spectra of SF treated with La+3, Ce+3, Pr+3, Dy+3, Er+3, Tm+3, Yb+3, and Lu+3 do not show any significant difference compared to the spectrum of the degummed SF, thus suggesting that the treatment with Ln+3 ions does not induce any significant variation of the secondary structure of SF.

We acquired also ATR-FTIR spectra of drop-casted films obtained from solutions of SF with Nd+3, Sm+3, Eu+3, Gd+3, Tb+3, and Dy+3 (Figures 9, 10) after dialysis. The ATR-FTIR spectrum of the film obtained by drop-casting of SF solution recovered by the standard Ajisawa’s method (black line in Figures 9, 10), i.e., using CaCl2 as chaotropic salt, was acquired for comparison.
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FIGURE 9. ATR-FTIR spectra of degummed SF film (black curve) and films obtained by drop-casting of solutions of SF with Nd+3, Sm+3, Eu+3, Gd+3, Tb+3, and Dy+3 after purification by dialysis.



[image: image]

FIGURE 10. Expansion of the amide band region, between 1,800 and 400 cm− 1, of the ATR-FTIR spectra of degummed SF film (black curve) and films obtained by drop-casting of solutions of SF with Nd+3, Sm+3, Eu+3, Gd+3,Tb+3, and Dy+3 after purification by dialysis.


Typical absorption bands can be identified. In addition to the typical Amide A and B bands (that originate from a Fermi resonance between the first overtone of amide II band and the N-H stretching vibrations) at 3,276 and 3,055 cm–1, respectively, the asymmetric and symmetric C-H stretching frequencies at 2,920 and 2,847 cm–1 are evident. Amide I, Amide II and Amide III stretching frequencies bands are 1,644, 1,526, and 1,236 cm–1. All films obtained from SF solutions with Nd+3, Sm+3, Eu+3, Gd+3, Tb+3 did not show any appreciable difference in the position and intensity of the typical IR bands. Significant differences are observed only for Dy+3/SF, which exhibits an ATR-FTIR spectrum similar to that of the solid fiber with a shift of all the absorptions in the amide region toward lower wave numbers (Amide I 1,616 cm–1, Amide II 1,510 cm–1, and Amide III at 1,227 cm–1). This lowering of the Amide band is strongly indicative of an increase in the β-sheet content in the protein and in the crystallinity of the material.

Finally, the ATR-FTIR spectrum of the SF gel obtained by dissolution with Ho+3 is completely superimposable to the spectrum of SF hydrogel obtained by the Ajisawa’s protocol (Figures 11, 12), thus suggesting that Ho+3 ions are capable of dissolving SF, as observed for all the lanthanides, but they are not able to regenerate the fibers.
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FIGURE 11. ATR-FTIR spectra of Ho+3/SF hydrogel obtained by spontaneous gelation of the dialyzed solution of SF dissolved in HoCl3 according to the modified Ajisawa’s protocol.
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FIGURE 12. Expansion of the amide band region, between 1,800 and 400 cm− 1, of the ATR-FTIR spectra of regenerated Ho+3-SF hydrogel.




DISCUSSION

The screening analysis of the behavior of SF solubilized by substituting the chaotropic salt CaCl2 with hydrated lanthanides chlorides, LnCl3⋅nH2O, in the standard Ajisawa’s method led to some very interesting results. First of all, all LnCl3⋅nH2O are able to solubilize SF when used as chaotropic salts, but lanthanides at the beginning and at the end of the series of the Periodic Table (La+3, Ce+3, Pr+3, Dy+3, Er+3, Tm+3, Yb+3, and Lu+3) are able to induce the regeneration of the fiber during purification by dialysis. When using intermediate lanthanides (Nd+3, Pr+3, Sm+3, Eu+3, Gd+3, and Tb+3) aqueous solutions of SF are obtained, as in the standard Ajisawa’s method. Dy+3 and Ho+3 can be considered borderline cases: using Dy+3 only 45% of the fiber is recovered during dialysis and the remaining part is in the aqueous solution, Ho+3 induces the formation of a SF hydrogel.

The fibers reprecipitated from Pr+3, Er+3, Tm+3, Yb+3, and Lu+3 solutions in H2O/EtOH keep a morphology very similar to that of degummed SF and Ce+3/SF: their integrity is almost recovered, although with a reduced smoothness and straightness. The typical hemicylindrical shape of the cross-section of the fibers is also retained, with an increase in the average diameter, probably due to swelling effects. Fibers obtained after treatment with La+3 and Dy+3 are constituted by small and disordered fragments with very coarse surfaces and irregular cross sections.

WAXS experiments, confirmed by ATR-FTIR and birefringence, demonstrated that in all cases the samples belonging to the SF-fiber regenerating lanthanides group retain an ordered crystalline structure, but they show two different behaviors:

(i) the fibers obtained with Pr+3 (at the beginning of the lanthanide series, as Ce+3) and Tm+3, Yb+3, Lu+3 (at the end of the series) exhibit 2D WAXS patterns similar to degummed SF and Ce+3/SF, with a typical cross β-diffraction pattern, thus indicating that, during reprecipitation, the fibers partially recover a highly oriented structure, rich of stacked β-sheet nanocrystals;

(ii) the fibers obtained with La+3, Dy+3, and Er+3 show 2D WAXS patterns similar to natural silk cocoon, i.e., without any preferential orientation.

Anyway, WAXS experiments show no sign of inclusion of lanthanide ions within the crystalline domains of the fibers, contrary to what was found in the case of Ce+3/SF.

XPS characterization indicates that the fibers with La+3, Tm+3, and Lu+3 do not show any relevant contamination of lanthanide ions, whilst in all other fibers the Ln+3 concentration is between 0.2 and 0.4% at, but, except for Ce+3, Ln+3 ions are not coordinated to SF. This evidence could suggest that lanthanide ions could be present as impurities, likely on the fiber surface.

In summary, only when using CeCl3⋅7H2O as chaotropic salt in the Ajisawa’s method it is possible to obtain SF doped by Ce+3 in a significant amount. In all other cases, SF is regenerated, but it is not doped with Ln+3 ions and, in some cases, it has different structural properties. Regarding intermediate lanthanide ions, it is interesting to point out that only SF aqueous solutions can be obtained at the end of the Ajisawa’s process and the features of films prepared by solvent evaporation are very similar to the films obtained when using CaCl2.

As already stressed when discussing the results obtained in our previous work on Ce+3/SF (Rizzo et al., 2020b), this behavior is difficult to rationalize, firstly because silk solubilization and recovery are complex processes, driven by chemical and physical interactions that are not completely understood to date. It is known that SF solubilization is possible only in the presence of chaotropic salts that seemingly disrupt the hydrogen bonding network between the hydration shell of the protein and the bulk, so weakening the hydrophobic effects. However, the roles of different chaotropic salts and especially of solvent molecules have not been clarified yet.

In this context, it is necessary to consider that when using lanthanides as solubilizing agents, the situation is much more complicated due to the particular properties of lanthanides. Lanthanides series consist of 15 elements, from lanthanum (Z = 57) to lutetium (Z = 71), with high coordination numbers and characteristic oxidation state +3 (Zheng, 2012; Peters et al., 2020). It is well-known that the interactions between Ln+3 cations and ligands are mainly of electrostatic origin, since the formation of covalent bonds with donor atoms of ligand is virtually impossible. Due also to the absence of directionality of bonding electrons, the coordination number and the stereochemistry of Ln+3-complexes are dictated by the steric requirements of the ligands and not by electronic effects. In addition, the so-called “lanthanide contraction” (Peters et al., 2020), which is a unique characteristic of lanthanide metals, must be taken into account: Ln+3 ionic radium decreases with increasing atomic number, that is with increasing charge density. Lanthanide contraction further affects the capability of lanthanide ions to form stable complexes. Ln coordination numbers in the range 3–12 have been observed and with 7, 8, and 9 as the most common ones. Lanthanides ions with larger ionic radii can, in principle, have larger coordination numbers. On the other hand, the decrease of ionic radium with the consequent increase of charge density increases the tendency to form more stable complexes. In any case, due to their electrostatic nature, Ln+3-complexes are quite labile and the coordination sphere is not well-defined, since the coordination number is primarily affected by the size of the ligands, the number of donors of each ligand that can pack around the ion and, in the case of bulky ligands, by intermolecular interactions. Because of the small radius and the high nuclear charge, the Ln+3 ions are strong Lewis acids that coordinate with hard bases such as carboxylates and highly electronegative donors such as N or O (Zheng, 2012), that is to say that Ln+3 ions are good complexing agents for amino acids and peptide bonds in proteins.

In our previous paper (Rizzo et al., 2020b), comparing the behavior of SF in the presence of Ce+3 ions to the results reported in the literature on the influence of other metal ions on SF, it seemed reasonable to infer that an important role is played by Ce+3 charge and coordination number. The results obtained for the complete series of lanthanides are consistent with this hypothesis.

The behavior of SF when Ln+3 ions in the middle of the lanthanide series (Nd+3, Pr+3, Sm+3, Eu+3, Gd+3, and Tb+3) are used as chaotropic salts is similar to the behavior observed in the presence of Ca+2 ions (standard Ajisawa’s method). This can be explained as an effect of the ionic radius. In fact, as it can be seen in Table 1, the ionic radii of Ln+3 from Nd+3 to Tb+3, are within 1.08 and 1.01 Å, comparable to the ionic radius of Ca+2 (1.03 Å).

For lanthanides at the beginning and at the end of the series, the Ln+3 coordination number seems to play a key role, besides the ionic radius. During the purification step after solubilization, the removal of Ln+3 ions, as already found for Ce+3, seems to promote the self-assembly of the fiber in the transition from solution to solid state, with the fibers undergoing a structural transition from random coil to a highly ordered structure.

Ce+3 ion has ionic radius slightly larger than that of Ca+2, but also a larger charge and coordination number. Pr+3 has an ionic radius slightly lower than Ce+3, and presumably a lower coordination number. Hence, the fibers obtained at the end of the purification process are very similar to Ce+3/SF, although not doped by Pr+3 ions, that are more easily removed during the dialysis step, due to its lower coordination number.

Ln+3 ions at the end of the series, from Er+3 to Lu+3, have ionic radii that are significantly lower than Ce+3. Even if their density charges are larger than Ce+3, their coordination number is smaller, considering that the steric hindrance of the environment is the same. This could imply that these ions can easily induce the solubilization of SF with a mechanism very similar to the one hypothesized for Ce+3 ions, but can also been removed more easily than Ce+3 ions without remaining trapped within the fiber. The SF reprecipitated after dialysis is highly ordered, and richer of stacked β-sheet nano-crystals as the ionic radius decreases.



CONCLUSION

We have reported the results of a systematic investigation on the behavior of degummed SF when solubilized by replacing CaCl2 with LnCl3⋅nH2O in the standard Ajisawa’s reagent. This study builds on previous work using CeCl3⋅7H2O (Rizzo et al., 2020b) and extends to all the other lanthanides in the Periodic Table, given the potential that lanthanide doping of SF holds for the manufacturing of devices for photonics and electronics.

It would seem that Cerium constitutes a unique case for obtaining lanthanide doped SF. Indeed, using CeCl3 as chaotropic salt in water and ethanol, not only it is possible to regenerate SF in a fibrous form, but the fiber obtained is doped with Ce+3 ions and preserves the morphological and molecular structure of the pristine SF. Ce+3 ions should be coordinated to SF preferentially by interactions with the oxygen atoms of protein backbone and should be distributed within the highly ordered hydrophobic β-sheet regions of SF, as well as amorphous regions (Rizzo et al., 2020b). For all the other re-precipitated fibers (with the exception of La+3/SF, Tm+3/SF, and Lu+3/SF), a surface concentration of Ln+3 between 0.2 and 0.4% at was measured, comparable to that measured for Ce+3/SF. However, contrary to what was found in the case of Ce+3/SF, there is no evidence that the ions are coordinated with the fiber fibroin, nor is the presence of Ln+3 ions detectable within the ordered domains. This could suggest that Ln+3 ions could be distributed on the fiber surface, although it is not possible to exclude their inclusion within the amorphous regions.

However, the results obtained for the other lanthanides can be considered interesting for other reasons. Indeed, our work shows that all lanthanides in H2O/EtOH (8:1) are effective chaotropic salts for SF and that they constitute a valid alternative to CaCl2 in the Ajisawa’s method. Using hydrated LnCl3 we have obtained a new protocol which enables to regenerate SF in the form of fibrous material by direct reprecipitation during dialysis.

A further appealing feature of the protocol described is its environmental sustainability, given both the possibility of near-full recovery of the lanthanide salts from water and the absence of toxic solvents or hazardous reagents throughout the whole process (Rizzo et al., 2020b).

Further studies are in progress to investigate the optical properties and applications of the fibers regenerated in the presence of lanthanide solutions and also to optimize possible protocols for a controlled inclusion of lanthanide ions other than Cerium into the fibers.
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Current cutting-edge strategies in biomaterials science are focused on mimicking the design of natural systems which, over millions of years, have evolved to exhibit extraordinary properties. Based on this premise, one of the most challenging tasks is to imitate the natural extracellular matrix (ECM), due to its ubiquitous character and its crucial role in tissue integrity. The anisotropic fibrillar architecture of the ECM has been reported to have a significant influence on cell behaviour and function. A new paradigm that pivots around the idea of incorporating biomechanical and biomolecular cues into the design of biomaterials and systems for biomedical applications has emerged in recent years. Indeed, current trends in materials science address the development of innovative biomaterials that include the dynamics, biochemistry and structural features of the native ECM. In this context, one of the most actively studied biomaterials for tissue engineering and regenerative medicine applications are nanofiber-based scaffolds. Herein we provide a broad overview of the current status, challenges, manufacturing methods and applications of nanofibers based on elastin-based materials. Starting from an introduction to elastin as an inspiring fibrous protein, as well as to the natural and synthetic elastin-based biomaterials employed to meet the challenge of developing ECM-mimicking nanofibrous-based scaffolds, this review will follow with a description of the leading strategies currently employed in nanofibrous systems production, which in the case of elastin-based materials are mainly focused on supramolecular self-assembly mechanisms and the use of advanced manufacturing technologies. Thus, we will explore the tendency of elastin-based materials to form intrinsic fibers, and the self-assembly mechanisms involved. We will describe the function and self-assembly mechanisms of silk-like motifs, antimicrobial peptides and leucine zippers when incorporated into the backbone of the elastin-based biomaterial. Advanced polymer-processing technologies, such as electrospinning and additive manufacturing, as well as their specific features, will be presented and reviewed for the specific case of elastin-based nanofiber manufacture. Finally, we will present our perspectives and outlook on the current challenges facing the development of nanofibrous ECM-mimicking scaffolds based on elastin and elastin-like biomaterials, as well as future trends in nanofabrication and applications.
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INTRODUCTION

Current cutting-edge strategies in biomaterials science are focused on mimicking the design of natural systems which, over millions of years, have evolved to exhibit extraordinary properties (Zhao et al., 2013). Based on this premise, one of the most challenging tasks in the field of tissue engineering and regenerative medicine is the development of biomaterials and scaffolds that imitate the natural extracellular matrix (ECM), due to its ubiquitous character and its crucial role in tissue integrity.

The ECM consists of a complex mixture of interconnected molecules secreted by cells that arrange to provide a physical scaffolding for cells and tissues and promote physicochemical cues for normal tissue morphogenesis, differentiation, homeostasis and healing (Frantz et al., 2010; McKee et al., 2019). ECM-mimicking scaffolds should therefore be able to reproduce the reciprocal interaction between cells and the ECM, which involves certain bio-functionalities such as cell adhesion, protease sensitivity and cytokine release, amongst others. This complex interaction also involves physical and morphological features and is not restricted exclusively to biological signals.

The anisotropic fibrillar architecture of the ECM has been reported to have a significant influence on cell behavior and function. As a consequence of the intimate relationship between the cytoskeleton and the ECM, cells are able to sense and respond to the mechanical properties of the surrounding tissue by converting mechanical inputs into chemical signals (Galbraith and Sheetz, 1998; Geiger et al., 2001). Moreover, it is known that the fibrillar structure of the matrix components causes adhesion ligand clustering, which clearly alters cell adhesion and motility (Maheshwari et al., 2000).

From a structural point of view, the natural ECM comprises protein fibrils and fibers interwoven within a hydrated network of glycosaminoglycan chains, which endows it with a fibrillar and viscoelastic character. Fibrous proteins include collagens and elastin, with the former being the most abundant and main structural component of the interstitial ECM (Gordon and Hahn, 2010; McKee et al., 2019). Elastin associates with collagen and provides complementary function, mainly as elastic fibers. It consists of tropoelastin and microfibrils (Wise and Weiss, 2009) and is responsible for the reversible extensibility (recoil properties) of tissue. Elastin is particularly abundant in tissues and organs that require elasticity or undergo cycles of elongation and shrinkage, such as the lungs [3-7%, skin (2-3%), blood vessels (28-32%), and elastic ligaments (50%)] (Uitto, 1979). Moreover, it plays a key role in the functionality of these tissues due to its involvement in many cell-signaling processes (Almine et al., 2010, 2012). In this review, we will focus our attention on fibrous assemblies of elastin and elastin-based biomaterials.

A new paradigm that pivots around the idea of incorporating both biomechanical and biomolecular cues into the design of biomaterials and systems for biomedical applications has emerged in recent years. Indeed, current trends in materials science address the development of innovative biomaterials that include the dynamics, biochemistry and structural features of the native ECM (Acosta et al., 2020a). In this context, one of the most actively studied biomaterials for tissue engineering and regenerative medicine applications are nanofiber-based scaffolds. Several advanced strategies have emerged with the aim of copying the intricate fibrillar architecture of the ECM components and manufacturing biomaterials and matrices with a similar structure. These strategies are mainly based on our understanding of supramolecular self-assembly mechanisms to form nanofibers in situ and in the recent progress made in polymer-processing technologies. The way these nanofiber-based scaffolds are manufactured may change their nanostructure and, hence, their function and properties.

Nanofibers have unique properties that are mostly associated with a reduction in their diameter to the nanoscale, which translates into a significant increase in the surface-to-volume ratio and greatly affects the chemical and biological reactivity, as well as the electronic and mechanical properties, of the fibers (Ko and Wan, 2014). Given their high specific surface area and porosity, nanofiber-based scaffolds exhibit an extraordinary loading capacity for biological substances and active ingredients. Moreover, these nanofibers form an interconnected network of micropores that perfectly imitates the topographical features of the natural ECM and, as a consequence, comprise a suitable scaffold for cellular growth, proliferation and differentiation (Kenry and Lim, 2017). Consequently, rational design principles should be proposed to control fiber diameters and morphology, as well as pore size, to ensure that they are compatible with the cellular processes involved in migration through the ECM (Friedl, 2004).

Since the ECM is highly heterogeneous and there are important variations between different tissues, the nature of the biomaterials employed, the method for manufacturing the nanofiber-based scaffold, and its morphological features depend closely on the desired application. Thus, materials from natural sources are widely used because of their physicochemical and mechanical properties as well as their inherent biological recognition properties, which includes the presence of receptor-binding ligands and a sensitivity to cell-triggered proteolytic degradation. Nevertheless, natural materials have some important drawbacks, such as immunogenicity and pathogen transmission issues, and have a predetermined structure that limits the possibility of functionalizing them (Acosta et al., 2020a). Most of these limitations can be overcome using recombinant protein expression technologies, which allow the production of materials with strict control of their composition and physicochemical properties and, therefore, the production of tailored scaffolds with tuneable bioactivities. In this regard, genetically engineered biomaterials based on structural proteins have emerged as outstanding candidates for the production of ECM-inspired scaffolds. In this case, a wide variety of functional building blocks, including structural, self-assembling and bioactive domains, can be merged together using molecular biology techniques, thus opening up a wide range of possibilities in the production of protein-based ECM-inspired scaffolds (Acosta et al., 2020a).

Herein we provide a broad overview of the current status, challenges, manufacturing methods and applications of nanofibers based on elastin and elastin-like biomaterials. We will start with an introduction to elastin as an inspiring fibrous protein, as well as to the natural and synthetic elastin-based biomaterials employed to meet the challenge of developing ECM-mimicking nanofibrous-based scaffolds. This will be followed by a description of the leading strategies currently employed in nanofibrous systems production, which in the case of elastin-based materials are mainly focused on supramolecular self-assembly mechanisms and the use of advanced manufacturing technologies. Thus, we will explore the tendency of elastin-based materials to form intrinsic fibers, and the self-assembly mechanisms involved. Moreover, we will address other self-assembled motifs found in nature, such as coiled-coiled, β-sheets, and β-hairpin structures which, in combination with elastin domains, act as promoters in the formation of amyloid fibers. More specifically, we will describe the function and self-assembly mechanisms of silk-like motifs, antimicrobial peptides and leucine zippers when incorporated into the backbone of the elastin-based biomaterial. Advanced polymer-processing technologies, such as electrospinning and additive manufacturing, as well as their specific features, will be presented and reviewed for the specific case of elastin-based nanofiber manufacture. Finally, we will present our perspectives and outlook on the current challenges facing the development of nanofibrous ECM-mimicking scaffolds based on elastin and elastin-like biomaterials, as well as future trends in nanofabrication and applications.



ELASTIN-BASED BIOMATERIALS


Tropoelastin

Elastin is a fibrous and insoluble protein formed by crosslinking of its soluble precursor tropoelastin mediated by lysyl oxidase (LOX) enzymes (Brown-Augsburger et al., 1995). In nature, elastic fiber assembly starts with the production of tropoelastin in elastogenic cells. This tropoelastin is then transferred to the cell surface, where it clumps with glycosaminoglycans and accumulates as elastin aggregates. Therefore, since elastin is formed from tropoelastin, a detailed description of its properties is summarized below.

Tropoelastin is a 60-72 kDa protein comprising 750 to 800 amino acids (Brown-Augsburger et al., 1995). Its amino acid sequence is characterized by the alternation of hydrophobic and hydrophilic domains (Wise and Weiss, 2009). The former mainly comprise the non-polar amino acids glycine (G), proline (P), valine (V), and alanine (A). The hydrophilic domains are characterized by a high alanine (A) and lysine (K) content that promotes intra- and intermolecular crosslinking. Secreted tropoelastin normally have around 40 lysine residues, of which approximately 35 are modified by LOX-mediated crosslinking. The high degree of crosslinking confers an extraordinary stability on mature elastin and a very low turnover, which in turn can be considered to be why elastin lasts for the entire lifespan of the host (Hinek, 1997). Moreover, this crosslinking makes tropoelastin highly insoluble, thus preventing it from being manipulated and making it suitable for tissue engineering and other biomedical applications (Almine et al., 2010; Ozsvar et al., 2021).

The alternating hydrophobic and hydrophilic domains in the structure of tropoelastin confer elasticity and thermal responsiveness on the molecule (Wise and Weiss, 2009). Thus, below its transition temperature (Tt), tropoelastin remains as a monomer with an elongated conformation, whereas when the temperature rises above Tt, the hydrophobic domains of the molecule start to establish weak interactions, thus giving rise to spheroid aggregates with a diameter of around 1 to 2 μm, which subsequently coacervate to form aggregates of up to 6 μm. This process is reversible, such that when cooled below Tt, the system evolves to obtain monomers again. Nevertheless, if the temperature is maintained above Tt, the coacervates firstly undergo a maturation process, then collapse and crosslink with LOX to give rise to branched fibrillar structures (Mithieux et al., 2009). This is a complex non-reversible process that is governed by several factors, such as the number and position of the hydrophobic and hydrophilic domains, pH and ionic strength, amongst others (Kaibara et al., 1996; Vrhovski and Weiss, 1998; Wu et al., 1999; Bellingham et al., 2001; Pepe et al., 2008) (See Figure 1). As a consequence of the complexity of this process, the formation of tropoelastin fibers or hydrogels will require extreme reaction conditions (high pH) and/or the use of harmful chemical reagents, such as organic crosslinkers (Mithieux et al., 2009).
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FIGURE 1. Synopsis of the hierarchical structure of elastic fibers. The monomer of tropoelastin is composed of alternating GVP-rich hydrophobic domains and hydrophilic K-containing cross-linking domains. This monomer assembles into multimer that evolves into spherical aggregate structures. These spherules will form a microfibrillar scaffold to form an elastic fiber. Reproduced with permission from (doi.org/10.1002/mabi.201800250), copyright 2019.




Elastin-Like Recombinamers (ELRs)

One interesting group of elastin-based biomaterials are elastin-like polymers (ELPs) and, especially, their recombinant versions (ELRs). These are protein-like materials whose composition is based on the repetition of conserved motifs found in the hydrophobic domains of native tropoelastin (Foster et al., 1973). Both ELPs and ELRs refer to the same kind of polypeptide, with differences in the production process.

The chemical synthesis of ELPs is a very long process involving a high number of steps and chemical reactions as well as the use of diverse precursors and solvents. Although it has been successfully performed for short ELP chains (Urry and Williams, 1985; Urry, 1988), high polydispersity was reported to be an important drawback when this synthetic strategy was applied to the production of larger or more complex elastin-like chains (McPherson et al., 1992). Recombinant DNA technology (Figure 2), which is based on use of state-of-the-art techniques in molecular biology to obtain cell factories, allows the production of advanced, complex and monodisperse biomaterials with absolute control over their composition. This technology opens up the possibility of producing a large number of protein polymers exhibiting any property found in nature, as well as other functions that are not present in living beings but which could be of particular technological interest. This method was first described by Conticello and coworkers for the production of ELRs (McMillan et al., 1999), and nowadays it is well-known that this technology allows the production of monodisperse ELR chains with the desired amino acid sequence and physical properties (Urry et al., 1985; Martín et al., 2010).
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FIGURE 2. Schematic representation of the design of the sequence and production of an elastin- like recombinamer (ELR). Reproduced with permission from (doi.org/10.1016/j.addr.2018.03.003), copyright 2018.


The amino acid sequence of ELRs generally comprises repeats of the (VPGXG) pentapeptide, where X is any amino acid except proline. All functional ELRs present a reversible LCST (lower critical solution temperature) phase transition (Urry, 1993). This means that in aqueous medium, and below the transition temperature (Tt), the polymer chain remains soluble, whereas above this temperature the ELR chains fold hydrophobically into a β-turn (Tamburro et al., 1990; Urry, 1993) and undergo a conformational transition, thus leading to phase separation (Urry et al., 1985; Manno et al., 2001). It has been shown that the LCST of ELRs depends markedly on the amino acid sequence and that, as a consequence, the Tt of an ELR sequence based on (VPGXG)n can be controlled and fitted to the desired value (within a certain range) by varying the amino acid X at the fourth position (when X is a hydrophobic amino acid, the Tt decreases, and when it is hydrophilic the Tt increases) (Ribeiro et al., 2009). Although the pentapeptide (VPGXG) itself does not confer any biofunctionality on the ELR, recombinant technologies and modular design strategies allow the inclusion of functional epitopes, such as cell-adhesion domains (i.e., RGD) (Nicol et al., 1992; Urry et al., 1998), degradation sequences (i.e., protease-sensitive domains) (Alix, 2001; Girotti et al., 2004), sequences that promote the inclusion of temperature-related or biological triggers (Ulbrich et al., 1982; Miyata et al., 1999) and cross-linking motifs, in specific positions of the ELR backbone. This cross-linking can be of either a physical or a covalent nature, and the relevant mechanisms may involve ionic and hydrophobic interactions or the chemical reaction of complementary groups (Campoccia et al., 1998; Prestwich et al., 1998; Saha et al., 2020).

Such stimuli-responsive behavior, together with the proven biocompatibility (Urry et al., 1991) and ability to strictly control the molecular composition, and the fact that they can be functionalized, have positioned these ELRs as outstanding candidates for numerous biomedical applications (Rodriguez-Cabello et al., 2010, 2011), particularly as regards nanofiber-based scaffolds. As shown below, ELRs have been widely used to obtain nanofibers using both approaches that take advantage of their molecular self-assembly ability and advanced polymer-processing technologies.

Summarizing, ELRs are versatile materials that can be formulated with a huge variety of designs at aminoacidic level and that can tune their macromolecular appearance, physical behavior and mechanical properties depending on the molecular architecture, functional groups and the presence or absence of a concrete stimuli. Thus, ELRs can be formulated and processed in many different ways to obtain a diversity of structures such as nanoparticles, fibers, microfibers or hydrogels depending on the application field. These application fields comprise a large spectrum of areas in which the ELRs can be used, from protein or drug purification to complex systems for drug or gene-delivery or tissue regeneration through custom-designed scaffolds. González de Torre et al. (2014) obtained ELRs click hydrogels with an elastic moduli in the range 1–10 kPa, which are of widespread interest in tissue engineering application as many native tissues have moduli in this range (∼100 Pa for very soft tissues as fat or brain and ∼ 10.000 Pa for muscle). The ELR hydrogels can be engineered with a set of specific self-assembling domains that induce a sequential gelation mechanism and yield to extrudable bioinks with high printability and stability (Salinas-Fernández et al., 2020). The resulting 3D printing scaffolds, which preserve the structure long-term with high shape fidelity, are excellent candidates for the development of constructs, biological tissues or microorgans for different biomedical applications such as regenerative medicine and the validation of new drugs and therapies (Salinas-Fernández et al., 2020). ELRs have been widely used to obtain nanofibers using both approaches that take advantage of their molecular self-assembly ability and advanced polymer-processing technologies. As an example, ELR microfibrous scaffolds with a fiber width of 1.11 ± 0.45 μm and tensile strength of 0.59 ± 0.08 MPa have been obtained (González de Torre et al., 2018), which perfectly fits the values reported in the literature for fibers used as engineered ECM and, thus, are suitable candidates for tissue engineering or regenerative medicine applications.



SILK-ELASTIN-LIKE RECOMBINAMERS (SELRS) AND SILK-TROPOELASTIN BIOMATERIALS

Silk is an exceptional example of a fibrous protein found in nature (Ling et al., 2018). A variety of organisms, such as spiders and silkworms, produce an array of silk fibers that are used to build proteinaceous scaffolds for protective and hunting purposes. The most common silk sequences exceed 3000 amino acids and consist of the repetition of hydrophobic and hydrophilic blocks, thus conferring an intrinsic amphiphilicity on them. Representative models are the major ampullate spidroins (MaSp1 and MaSp2) of dragline spider silk (Gatesy et al., 2001; Motriuk-Smith et al., 2005) and the heavy chain of Bombyx mori (B. mori) silk fibroin (Xia et al., 2004). MaSp1 and MaSp2 proteins show a hydrophobic poly(GA) block, containing poly(A) domains, which are flanked by hydrophilic GGX (X = Y, L, Q) and GPGXX (X = Q, G, Y) repeats, respectively (Gaines and Marcotte, 2008). Whereas, the B. mori heavy chain comprises repeated GX (X = A, S, T, V) and GAGAGX (X = A, S, Y) domains interspersed by hydrophilic, aromatic and charged motifs (Zhou et al., 2001; Sehnal and Žurovec, 2004).

The combination of hydrophobic and hydrophilic blocks found in native silk proteins (Jin and Kaplan, 2003; Lu et al., 2012) results in the formation of micellar structures (Lin et al., 2017; Parent et al., 2018; Hu et al., 2020) which, by way of a coalescence process triggered by the pH change and shear stress suffered while exiting the spinning duct, evolve into aligned nanofibrils (Holland et al., 2012; Schwarze et al., 2013) comprising β-sheet secondary structures built by assembly of the recurrent poly(A), (GA), and (GAGAGS) regions (Hu et al., 2006; Lewis, 2006).

Recently, the role of the B. mori hexapeptide GAGAGS, which is the active motif involved in the formation of H-bonded β-sheet structures, has been investigated by Sun et al. in detail (Sun and Marelli, 2020). As reported by these authors, a multi-step self-assembly pathway is required to structure this disordered motif into β-sheeted nanofibrils. Self-assembly begins once the critical micelle concentration has been exceeded, which induces the formation of micelles that hide the hydrophobic chains from the aqueous phase and minimize the energy of the system. These structures then disassemble, leading to the formation of high energy transient conformations that are able to orderly arrange into secondary β-sheet structures. Morphogenic kinetics slows down at this stage, thus resulting in a progressive increase in the number of β-sheets and silk nanofibrils that branch out from the pre-formed fibers. As these events progress, larger, thicker and stiffer structures arise, thereby conferring remarkable mechanical properties on these silk-like fibers (Sun and Marelli, 2020).

Silk proteins reconstituted from native fibers offer a readily accessible stock with great potential for investigating advanced approaches. Reconstitution of the silk dope involves removal of the adhesive sericins found between the fibers, followed by treatment with lithium salts, which disrupts the H-bonded β-sheet structures, thus disassociating the proteins into individual entities (Heim et al., 2009). Despite the simplicity of this process, the regenerated silk fails to replicate the native properties of silk protein (Shao et al., 2003; Holland et al., 2007; Greving et al., 2010; Wang and Zhang, 2013). This has led to the development of optimized processing methods that are able to circumvent the limitations encountered (Zhou et al., 2018; Guo et al., 2020b; Rizzo et al., 2020).

Alternatively, the emergence of recombinant techniques has allowed the bioproduction and subsequent study of silk-like proteins in greater detail, further offering the possibility to develop hybrid proteinaceous designs containing alternative protein-based sequences, such as elastin (Cappello et al., 1990). This family of polypeptides, known as silk-elastin-like proteins (SELPs) or recombinamers (SELRs) (Fernández-Colino et al., 2014; Wang et al., 2014), encompasses the silk-like GAGAGS sequence found in the heavy chain of B. mori fibroin (Hu et al., 2020), and the consensus elastin-like pentapeptide VPGXG (Acosta et al., 2020a), which includes any amino acid in the fourth position except proline.

The presence of silk-like domains confers the engineered SELR with the ability to self-assemble into fibrillary structures via H-bonded nanocrystalline β-sheet structures (Sun and Marelli, 2020). As such, fibrillary morphogenesis, which is not a prevailing feature of the ELRs (Misbah et al., 2015) but has been successfully imitated by the use of electrospinning techniques (Humenik et al., 2018), can be genetically encoded into the SELR constructs, thus conferring the inherent ability to form fibers comprising bundles of fibrils (Tarakanova and Buehler, 2012). In addition, molecular modeling has demonstrated that the thermoresponsive behavior of the elastin-like sequences is preserved in the SELR and favors the silk β-sheet assembly process (Tarakanova et al., 2017). Increasing the temperature induces the phase transition of the elastin-like domains, which tighten and hydrophobically fold the polypeptide backbone, thereby reducing the distance between the proteinaceous chains while fostering the formation of intramolecular H-bonds. At a molecular level, this rearrangement results in a significant shrinkage of the structure, thus enhancing the mechanical properties of the SELR in its fibrillary state.

Macroscopic evaluation of early silk-elastin-like designs revealed fibrous sponge-like structures typical of silk fibroin (Cappello et al., 1990; Dinner et al., 2000). This observation led to research focussing on understanding the role of elastin and silk-like domains in this fibrillary self-assembly. As reported by Hwang et al., when included as the guest residues in the elastin counterpart, positively charged lysine groups influence the polypeptide arrangement over mica surfaces (Hwang et al., 2009). Depending in the ionic strength, either fibrillary or spherical assemblies aggregate over the substrate. Thus, a weak ionic strength favors an ion-pairing interaction between the positively charged SELR and the negatively charged mica surface, thus providing nucleating sites that lead to the nanofibers. In contrast, an increase in salt concentration hinders this event, thereby directing the self-assembly process toward globular structures instead. Mica substrates, in combination with atomic force microscopy (AFM), can be exploited both to trigger the nucleation and to guide the direction of growth of SELR nanofibers via a bottom-up approach (Chang et al., 2011). Contacting the surface with the AFM tip initiates the nucleation of nanofibers which, given the finely applied pressure, elongate perpendicular to the scanning direction at a fast rate. This morphogenic pathway relies on events occurring at a molecular level. As described, the tip acts by stretching the stabilized and kinetically trapped SELR strands in the β-sheet, thus helping them to acquire transient conformations (Dinner et al., 2000) and therefore surpassing the high energetic barrier required to trigger the nucleation of fibrils (Varongchayakul et al., 2013). The growth stage likely continues with the self-assembly of SELRs into β-sheet structures parallel to the mica surface and perpendicular to the fibril axis drawn by the AFM tip.

Golinska et al. (2013) explored use of the octapeptide GAGAGAGE silk-like domain (Krejchi et al., 1994) to build pH-responsive SELR designs. Upon neutralization of the glutamic acid residue (Martens et al., 2009), this sequence self-assembles into β-roll assemblies (Yoder and Jurnak, 1995) from which fibrillary structures arise (Topilina et al., 2006; Werten et al., 2008). As predicted by molecular dynamics simulations, the slight differences between β-roll and β-sheet structures results in less-crystalline assemblies, and therefore semi-flexible SELR fibrils (Schor et al., 2009). On the other hand, elastin-like domains confer thermoresponsiveness on the construct. Increasing the temperature increases the number of nuclei as well as the fibril growth rate, with the morphological features remaining unaltered. However, the fibrillary structures progressively aggregate with time, undergoing an irreversible coalescence accompanied by a decrease in fiber length. Both the octapeptide GAGAGAGE and the hexapeptide GAGAGS can self-assemble into β-roll structures upon flanking four consecutive silk-like domains with lysine-rich hydrophilic elastin-like blocks in a core-sheath fashion (Zeng et al., 2014a). As reported by these authors, the presence of four consecutive silk-like domains is key to obtaining the β-roll assembly and the formation of nanofibrillar structures. Constructs containing three or fewer silk-like hexapeptides evolve into globular aggregates, whereas assembly is promoted above this threshold, thus resulting in a higher number of shorter fibrils. Switching from positively (lysine-rich) to negatively charged (glutamic acid-rich) elastin-like domains further affect the self-assembly process, via electrostatic interactions, changing the morphogenic pathway to cylindrical aggregates. Hydrophobic interactions also play a key role in the evolution of the structures formed leading, above the Tt of the elastin blocks, to the stacking of β-rolls and lateral coalescence of nanofibers over time.

Tuning the ratio of silk-to-elastin blocks further regulates the SELR self-assembly, providing access, irreversibly and reversibly, to fibrillar and micellar structures, respectively (Xia et al., 2011). As evaluated by circular dichroism (CD), an increase in the silk ratio favors β-sheet self-assembly via H-bonds, thus increasing the irreversible character of the SELR structures formed with time. Similarly, UV spectrometry suggests that an increase in the elastin ratio leads to the reversible formation of aggregates in solution that strongly absorb at 300 nm. The morphology of the structures obtained, as characterized by AFM, confirmed self-assembly of the elastin and silk-like blocks to form micellar to fibrillary structures in the micrometer range. Replica exchange molecular dynamics (REMD) and coarse-grained simulations also allow the effect of the silk-to-elastin ratio on the SELR interactions and fiber assembly to be investigated and predicted on a molecular scale. As described in the literature (Roberts et al., 2018), a high elastin content favors the structural compaction and H-bonding interaction at temperatures above the Tt, thereby reducing the exposed area while decreasing the diameter of the SELR fibers, whereas a high silk content promotes the formation of β-sheet secondary structures that increase the fiber crystallinity and mechanical strength. Both proteinaceous blocks further act synergistically, thus improving the stability and strength of the assembled fibers.

Concentration is an extra parameter that governs the growth of SELR nanofibers. Thus, the micelle-like nanoparticles that arise during the early stages of self-assembly act by increasing the polypeptide density, thus prompting close approach of the silk-like domains, which subsequently self-assemble into nanofibers (Zeng et al., 2014b). Upon reaching this state, the soluble SELR begin to add, via diffusion pathways, to the formed structures, which evolve into different arrangements depending on the concentration. Thus, low SELR concentrations result in local gradients of polypeptide toward the tip of the fibers, whereas high concentrations result in the simultaneous and uniform formation of fibrils that branch out from the formed nanofibers, thus leading to interconnected networks over time. Concentration and the ratio of silk-to-elastin blocks can be exploited together to engineer template-induced fiber formation, that is, SELR constructs that are able to self-assemble into fibrils above a concentration threshold (Willems et al., 2019). Herein, the elastin-like content determines the disordered character of the proteinaceous backbone by limiting silk self-assembly and, thereby, the growth of fibrils at low concentrations. This can be counteracted by increasing the concentration and/or silk-like content, which favors the interaction and coalescence between aggregates, thereby opposing the amorphous character induced by the elastin-like domains and leading to long fibrils.

As described by González et al., the intrinsically disordered and ordered character of SELRs can be exploited to design tailorable proteinaceous platforms for manufacturing morphologically rich fibrillary assemblies that mimic naturally occurring structures present in the natural type. These assemblies, known as biomorphs (Nakouzi and Steinbock, 2016), arise as a result of the effect of the hydrophobic, silk H-bonding and electrostatic interactions on the morphogenic pathway during the SELR desolvation stage, thus modulating and, eventually, arresting the self-assembly and transforming the transient structures into colporate biomorphic spheres (Figure 3A). The intrinsic disorder of the elastin-like sequence is required to structurally accommodate the three non-covalent interactions, whereas the silk-like domains kinetically trap the rearrangement of the SELR chains into the complex biomorphs by forming ordered β-sheet structures (González-Obeso et al., 2020).
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FIGURE 3. (A) Representative SEM images of the self-assembled biomorphs generated by EI-silk-VKV SELR from 2 mg mL-1 aqueous solutions after 48 h at 37°C reproduced with permission from (doi.org/10.1002/smll.202005191), copyright 2020. (B) Representative macroscopic images of the self-assembled hydrogel generated by (EIS)2 SELR from 150 mg mL-1 aqueous solutions after 60 days at 37°C reproduced with permission from (doi.org/10.1021/bm501051t2014), copyright 2014. (C) Representative TEM images of the self-assembled fibers generated by (EIS)2-(I5R)6 SELR from 3 mg mL-1 aqueous solutions after 48 h at 37°C reproduced with permission from (doi.org/10.1021/acs.biomac.8b01211), copyright 2018. (D) Representative microscopic images of the self-assembled hydrogel generated by I20K2-RGD-K2S6I20 from 175 mg mL–1 aqueous solutions after 14 days post-seeding with human mesenchymal stem cells (hMSCs) at 37°C reproduced with permission from (doi.org/10.1002/smll.202001244), copyright 2020.”


SELRs have emerged as a versatile source for fibrillary scaffolds with potential applications in tissue engineering and the regenerative medicine field (Kapoor and Kundu, 2016; Aigner et al., 2018; Saric and Scheibel, 2019) as a result of their self-assembly properties and their biocompatible, biodegradable and highly tuneable character (Vepari and Kaplan, 2007; Guo et al., 2020a). For instance, injectable nanofibrillar hydrogels have been designed by combining silk and amphiphilic elastin-like blocks (Fernández-Colino et al., 2014). This configuration self-assembles, as a result of temperature, into micellar structures that evolve into nanofibrils with time. Each event is driven by a different block. Thus, the elastin-like repeats fold hydrophobically above the Tt, triggering the formation of micelles and, thereby, spatial approximation of the silk-like blocks. This reorganization facilitates assembly of the silk domains into β-sheets, thus accelerating the formation of SELR fibrils, which evolve into a fibrous hydrogel, as can be seen in Figure 3B.

The synergic interplay between the silk and elastin-like blocks can be further exploited to freeze intermediate self-assembled states in time. This process, termed as pre-annealing treatment, involves incubating the SELR construct at different times while maintaining the temperature above the Tt of the elastin-like block (Cipriani et al., 2018). Optimization of this process allows advanced hydrophobically folded and β-sheeted self-assembled states to be selected (Figure 3C), thus conferring direct control over the mechanical properties and gelation time toward fibrous injectable SELR hydrogels. This approach has been explored for cartilage repair by manufacturing scaffolds including cell adhesive RGD sequences that help regenerate the hyaline cartilage in an ex vivo osteochondral model. The synergic ability of the elastin-like phase transition and the silk β-sheet self-assembling domains to capture the transient states arising during the formation of fibrillary SELR hydrogels has been recently investigated (Ibáñez-Fonseca et al., 2020). As observed, the different kinetics for the self-assembly of silk and elastin-like domains affect the structure achieved in a time-dependent manner. Initially, the phase-transition of the elastin-like blocks forces the molecule to undergo a rapid and entropically driven transition to a folded state, thus pushing the system to a new energy minimum. The silk-like domains then interact by slow formation of H-bonded β-sheets, thus creating an enthalpic energy barrier that prevents complete phase separation of the SELR from water. This metastable state evolves into a porous hydrogel that becomes kinetically trapped over time and can be seeded with human mesenchymal stem cells (hMSCs) (Figure 3D).

Recombinant tropoelastin has also been explored together with silk fibroin for the production of fibrillary structures. A strong complementarity exists between these two proteinaceous materials as a result of their hydrophobic repeats and their opposite net charge, i.e., +38 for tropoelastin and -36 for silk fibroin (Hu et al., 2013). The resulting ion-pairing interactions prompt their spontaneous aggregation which, under the influence of hydrophobic forces, drives the formation of micellar structures from which crystalline β-sheets emerge. Mono- and tri-layered membrane-like structures for treating age-related macular degeneration have been designed using silk-tropoelastin blends (Shadforth et al., 2015). β-sheet structures arise upon 12h of annealing at 60°C, providing a strength and elasticity similar to that of native Bruch’s membrane. In addition, both fabricated versions exhibit a cytocompatible character, and can be used as a potential vehicle for co-delivering retinal pigment epithelial cells and tropoelastin into the subretinal space.



ELECTROSPINNING OF ELASTIN-BASED MATERIALS

As mentioned previously, fibers can be obtained from biomaterials using different techniques. One of the most widely applied methods is electrospinning. This is not a new technique as the first reports date back to the early 20th century, although the electrostatic attraction of a liquid had already been observed by various scientists long before that (Tucker et al., 2012). Electrospinning technology has improved drastically since those early days, and the interest in the use of this methodology to create fibers is still increasing, as can be deduced from the large number of scientific papers published in this field every year. Electrospinning can be used to produce polymer fibers with diameters ranging from a few nanometers to several micrometers as a result of the electrical forces produced between two electrodes (Reneker and Yarin, 2008). This technique has become increasingly popular as a huge variety of polymers can be electrospun and because it offers the possibility to obtain fibers in the sub-micrometer range that can be applied in a wide variety of fields, such as filtration, optical electronics, defense, biotechnology and tissue engineering, amongst others (Bhardwaj and Kundu, 2010). Electrospinning is governed by several factors that require fine tuning to obtain fibers with the desired dimensions and properties. Briefly, these factors are applied voltage, flow rate, types of collector, distance between tip and collector, and ambient parameters such temperature and humidity (Reneker and Yarin, 2008; Bhardwaj and Kundu, 2010; Xue et al., 2017, 2019). The paramount importance of these parameters, and how to tune them to obtain the desired properties for the fibers, is beyond the scope of this review. Moreover, other excellent reviews focusing on the importance of these electrospinning parameters can be found in the literature (Reneker and Yarin, 2008; Islam et al., 2019; Xue et al., 2019).

This review is focused on the production of nano- and microfibers from elastin-based materials, especially materials made from recombinant elastin and tropoelastin, both of which have been electrospun under different conditions to obtain a wide variety of fibers for use in several biomedical applications, as will be discussed below.



ELECTROSPUN TROPOELASTIN-BASED FIBERS

As is also the case for many other materials of biological origin, tropoelastin is suitable for electrospinning, typically after dissolution in a low boiling point solvent. Electrospun tropoelastin fibers can be obtained from nano to micron scale and need to be crosslinked after deposition. The resulting scaffolds must be crosslinked prior to use as platforms for tissue regeneration. The crosslinking agent is commonly glutaraldehyde (GA), which can be directly applied in solution or as fume from a 25% aqueous solution. Although hexamethylene diisocyanate (HMDI) has also been used to crosslink these electrospun scaffolds, it has to be carefully washed out to avoid undesirable cytotoxic effects (Nivison-Smith et al., 2010). After crosslinking, these scaffolds are extremely stable, maintaining their structural integrity for more than 180 days under physiological conditions (Almine et al., 2010). The fiber size, mechanical properties of the scaffolds, and their porosity can be precisely controlled by varying the aforementioned electrospinning parameters (Rnjak-Kovacina et al., 2011, 2012). In this way, highly elastic fibers with a Young’s modulus of 265 kPa on randomly aligned fibers, and 111 kPa on aligned ones, while maintaining an ultimate stress (116 kPa) and strain of about 1.5%, have been obtained (Nivison-Smith and Weiss, 2011). Electrospun elastin fibers exhibit a characteristic thin ribbon-like morphology, with diameters ranging from 0.9 to 5.5 μm for tropoelastin and 0.6 to 3.6 μm for α-elastin (Wise et al., 2009). Tropoelastin-based scaffolds exhibit good fibroblast colonization, producing their own extracellular matrix and even obtaining good vascularization in the surrounding tissues as a result of an optimal in vivo interaction with the adjacent native tissues (Rnjak et al., 2009; Rnjak-Kovacina et al., 2011). These electrospun tropoelastin-based scaffolds palliate one of the greatest problems that collagen, as a biomaterial, usually exhibits, namely contraction of the scaffold after cell colonization, which in some cases is over 50% of the original size of electrospun collagen scaffolds used in wound healing (Powell and Boyce, 2009) compared with 30% for electrospun tropoelastin scaffolds. These tropoelastin scaffolds have been shown to be cytocompatible with primary human elastic-tissue derived cells such as human fibroblasts (Fb), human umbilical vein endothelial cells (HUVECs) and human coronary artery smooth muscle cells (HCASMCs). Moreover, in the case of human adipose-derived stem cells (HADSCs), the use of electrospun tropoelastin scaffolds in the field of wound healing has been shown to increase the speed of wound closure as well as the epithelial thickness when compared with the untreated controls (Machula et al., 2014). Electrospun tropoelastin scaffolds have been used as a vehicle to deliver stem cells as they mimic the biological and mechanical features of the native extracellular matrix, and electrospun scaffolds loaded with adipose-derived stem cells help the wound-healing process in vivo due to their low immunogenicity (Machula et al., 2014).

Another important field in which electrospun tropoelastin scaffolds have been applied is the development of cardiovascular grafts. Thus, McKenna et al. developed a tubular vascular scaffold from tropoelastin with mechanical properties similar to those of native vessels, although the mechanical strength of these scaffolds made them unsuitable for implantation (McKenna et al., 2012). To overcome this problem, tropoelastin-based scaffolds can be co-electrospun with other natural or synthetic polymers (Heydarkhan-Hagvall et al., 2008; McClure et al., 2009, 2012; Zhang X. et al., 2009; Zhang et al., 2010; Rnjak-Kovacina et al., 2012) to create new hybrid materials with improved properties (Lee et al., 2007; Zhang et al., 2007; Han et al., 2011). Such hybrid materials have mainly been used to develop vascular substitutes by electrospinning composite solutions onto a rotating mandrel that acts a cylindrical collector in order to obtain tubular scaffolds. Collagen, PDO (polydioxanone), PLGA (poly(lactide-co-glycolide)), gelatin, PLLA (poly(L-lactide) acid), PLCL (poly(lactide-co-caprolactone)), and PCL (polycaprolactone), amongst others, are the polymers most commonly used in combination with tropoelastin to create these tubular structures (Li et al., 2005, 2006; Sell et al., 2006; Lee et al., 2007; McClure et al., 2010). These co-electrospun scaffolds are intended to mimic both the natural shape of the blood vessels and the internal structure, while maintaining the mechanical properties to withstand the pressure and pulsation of the blood stream (Boland et al., 2004). Approaches based on multilayered electrospun scaffolds have been explored to that end. For instance, a tri-layer scaffold based on collagen I and tropoelastin as biomaterials was investigated by Boland et al. This scaffold had an outer electrospun layer comprising tropoelastin and collagen in a proportion of 20:80 and an internal layer with a proportion of 70:30 (tropoelastin: collagen). Fibroblasts were seeded in the outer layer and smooth muscle cells and endothelial cells were seeded in the inner part of the construct. A layer of smooth muscle cells was added between these two layers to create the third layer of the scaffold. More tri-layered tubular electrospun scaffolds with different compositions and structures have been explored, for instance a synthetic vascular graft comprising an intima layer made exclusively of electrospun tropoelastin and PCL and an adventitia layer made of collagen and a PCL, with the media comprising a mixture of tropoelastin collagen and PCL, was created by McClure et al. (2010, 2012). Similarly, Wise et al. developed a bilayer tubular scaffold based on the sequential deposition of electrospun tropoelastin fibers followed by a mixture of tropoelastin and PCL (80:20) onto a rotating mandrel then crosslinked with glutaraldehyde vapor (Wise et al., 2011). Sequential deposition of electrospun layers of tropoelastin, gelatin and polyglyconate (Thomas et al., 2007), or even more complex mixtures such as tropoelastin, gelatin, poliglecaprone and PCL (Zhang X. et al., 2009), has been used to create these artificial vascular conduits. All these approaches show the extreme versatility of this technique and the almost infinite possibilities for creating mixtures of natural and synthetic polymers with tropoelastin in order to combine the outstanding biocompatibility of tropoelastin with the mechanical properties provided by the other polymers.

Although the vascular field is perhaps the principal target of electrospun tropoelastin-based composite scaffolds, other applications in tissue engineering have been explored. Briefly, Swindle-Reilly et al. created electrospun scaffolds from elastin and PCL with fiber diameters ranging from 400 nm to 1 mm for peripheral nerve regeneration. This scaffold promoted the adhesion and alignment growth of neurites in the direction of the aligned nanofibers (Swindle-Reilly et al., 2014). Similarly, the combination of collagen and elastin has been explored by Rnjak et al. to create electrospun scaffolds as artificial skin for wound healing. These scaffolds combine the best properties of both proteins, thus resulting in optimal scaffold handling and improving the elasticity with respect to collagen-only scaffolds while maintaining excellent cell attachment and proliferation with promising in vivo results (Rnjak et al., 2009; Rnjak-Kovacina et al., 2011, 2012).


Electrospun ELR-Based Fibers

Elastin-like recombinamers are suitable materials for processing using different spinning techniques to obtain nano- and microfibers. For instance, fibers with diameters of a few tens of micrometers have been obtained using ELRs functionalized with silk fibroin (Qiu et al., 2009; Zeng et al., 2014a) using a wet spinning technique. Specifically, a solution of ELR-silk in methanol/water was extruded to obtain coagulated fibers, which were then dried and crosslinked. The diameter of the fibers can be controlled by varying the spinneret size and drawing the fibers during collection. Moreover, fiber patterning can be achieved by using mechanical stimuli to induce nucleation in a specific direction (Chang et al., 2011; Johnson et al., 2012). Some ELRs have been used alone as biomaterials for electrospinning in order to create fibrous scaffolds for tissue-engineering applications (Benitez et al., 2013). For instance, Putzu et al. (2016) developed tubular scaffolds of pure ELRs by using a rotating mandrel as collector electrode. The aim of this work was to create engineered vascular grafts, particularly with an inner layer containing a peptide sequence that promotes specific adhesion of endothelial cells, such as REDV (Arg-Glu-Asp-Val). This tetrapeptide is specifically recognized by the integrin a4b1 found in endothelial cells. The outer part of the scaffold contains the general cell-adhesion sequence RGD (Arg-Gly-Asp) to induce the recruitment of structural cells, such as fibroblasts and muscle cells. These scaffolds had to be stabilized by chemical crosslinking in a 0.1% solution of genipin in acetone, then soaked in phosphate medium to eliminate any harmful residues (Putzu et al., 2016). The same group continued investigating in the same direction to eliminate the use of chemical crosslinkers in order to ensure the total cytocompatibility of the engineered vascular grafts. To that end, they electrospun ELRs containing the GAGAGS (Gly-Ala-Gly-Ala-Gly-Ser) sequence from silk. This sequence spontaneously self-assembles into b-sheets stabilized by hydrogen bonding, thereby stabilizing the whole electrospun fiber. This approach was employed to cover metal stents and catheter balloons for cardiovascular applications (Putzu et al., 2019). Also following this approach, Machado et al. electrospun fibers from two different silk-elastin like polymers (SELPs) to create three-dimensional scaffolds for tissue-engineering applications. The fibers obtained exhibited diameters much smaller than obtained previously (100 ± 12 nm) and the typical ribbon-like morphology of the ELR-based electrospun fibers, thus suggesting that the scaffolds obtained could be suitable for the aforementioned applications (Machado et al., 2013).

In 2018, Gonzalez de Torre et al. were able to create stable electrospun fibers that crosslinked during the flight of the jet from the needle to the collector by simultaneously electrospinning two complementary clickable ELRs. The scaffolds created in this way did not require any further crosslinking or stabilization step. The pure ELR-based fibers obtained exhibited a wrinkled morphology in both randomly oriented and aligned fibers (See Figures 4, 5). These ELR-based click fibers opened up the possibility to creating fibers from different ELRs bearing different bifunctionalities that can be selected depending on the final application. The scaffolds obtained offered a maximum strain of 247.5 ± 36.08% and a mean Young’s modulus of 1.73 ± 0.95 MPa while conserving the excellent cytocompatibility of the ELRs, as corroborated by in vitro experiments (González de Torre et al., 2018). Similarly, Fernandez-Colino et al. obtained stable ELR-based fibers with a mean diameter of 1.45 ± 0.32 μm from aqueous solutions (1:1 PBS/ethanol v/v). These fibers were collected on a rotating electrode, creating a small caliber tubular vascular graft.
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FIGURE 4. Morphology and dimensions of the first ELR-click fibers. SEM micrographs of ELR-click fibers at different magnifications. Scale bars: (A,B) 100 mm, (C) 10 mm. (D) Statistical distribution of the fiber widths was obtained using the DiameterJ plug-in of Fiji (ImageJ). Fitting to a Gaussian distribution (continuous line) gave a mean width of 1.11 ± 0.45 mm. Reproduced with permission from: (doi.org/10.1016/j.actbio.2018.03.027), copyright 2018.
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FIGURE 5. Phalloidin and DAPI staining (green (cytoplasm) and blue (nucleus)) of oriented HFF-1 cells on ELR-click fibers. All channels are merged in panels (A,B), whereas images (C,D) show the green and blue channels for cytoplasm and nucleus staining, respectively, for a better visualization of the extended morphology of the aligned HFF-1 cells. The inserts represent the orientation data for the cytoplasm and nucleus, respectively. Scale bars: 50 mm. Reproduced with permission from: (doi.org/10.1016/j.actbio.2018.03.027), copyright 2018.


Although recombinant tropoelastin and elastin have been blended with other natural and plastic polymers to obtain electrospun scaffolds, as described previously, ELRs have not been extensively processed together with other polymers to obtain electrospun scaffolds. However, they have been used to functionalize electrospun fibers from other synthetic polymers. Thus, Blit et al. (2012); Wong et al. (2013) modified the surface of electrospun polyurethanes with ELRs to increase the adherence of smooth muscle cells, finding a clear improvement in the cell covering of the substrate.

Table 1 has been included, in order to have a better perspective and a tentative comparation between electrospun fibers from elastin-based materials and other electrospun fibers from proteins used in the biomedical field. As can be seen, fibers from ELRs, SELPs and tropoelastin are in concordance with electrospun fibers from the other materials. Of course, in this table is only recorded a representative sample of all the works performed in this field.


TABLE 1. Properties and applications of different protein-based electrospun scaffolds.

[image: Table 1]In order to clarify the table the references for each biomaterials hasn’t been included and can be found here: Silk references (Cunniff et al., 1994; Zarkoob et al., 2004; Wang et al., 2006; Alessandrino et al., 2008); Collagen references (Li et al., 2005; Venugopal et al., 2005; Casper et al., 2007; Yang et al., 2008); Gelatin references (Huang et al., 2004; Zhang et al., 2005; Songchotikunpan et al., 2008; Zhang S. et al., 2009); ELRs references (Huang et al., 2000; Nagapudi et al., 2002; Tan and Lim, 2006; González de Torre et al., 2018); Tropoelastin references (Li et al., 2005; Mithieux et al., 2009; Nivison-Smith et al., 2010); and SELP references (Ner et al., 2009; Machado et al., 2013).



ZIPPER-ELR

Basic mammalian leucine zipper (B-ZIP) proteins, which have been reported to complex with sequence-specific double-stranded DNA (Vinson et al., 1989), are able to dimerize as a result of the interplay between the two amphipathic alpha-helices present in the leucine zipper structure, which create a stable interhelical salt bridge. The B-ZIP motif is contained in the N-terminal half of two clusters of basic amino acids, while the C-terminal contains an amphipathic amino acid sequence of variable length with a leucine every seven positions. This amphipathic sequence is termed the “leucine zipper” (Landschulz et al., 1988) and regulates the homo- and heterodimerization of B-ZIP proteins. Herein, in order to generate a repeating helical dimerization interface, the alpha-helix overtwists from 3.6 to 3.5 amino acids per turn, allowing the structure to repeat after 7 amino acids (a heptad repeat) or two alpha-helical turns. This coiled-coil structure is described in terms of the nomenclature of seven unique amino acid positions (a, b, c, d, e, f, and g) (Hodges et al., 1973), with the a and d residues typically being hydrophobic and being located in the “knobs and holes” pattern (predicted by Crick, 1953) along the dimerization interface of the alpha-helix. These amino acids interact with the complementary a′ and d′ amino acid positions of the opposite monomer (refers to the second alpha-helix in the dimer), thus providing the hydrophobic core essential for dimer stability (Thompson et al., 1993). In contrast, the g and e positions are typically charged amino acids (Cohen and Parry, 1990; Vinson et al., 1993) which, when forming attractive or repulsive interhelical electrostatic interactions between g and e′, referred to as i + 5 and i + 2 salt bridges (Marqusee and Baldwin, 1987; Cohen and Parry, 1990), can regulate both homo- and heterodimerization (see Figure 6). Furthermore, the Van der Waal interactions between g and e′ methylene groups and the underlying a and d residues contribute to stability. Human B-ZIP domains have been classified into 12 families depending on the amino acids present in the a, d, e, and g positions, which appear to be critical for leucine zipper dimerization specificity (oligomerization, dimerization stability, and dimerization specificity). These have given rise to 12 families of B-ZIP with different properties, those that favor homodimerization (PAR, CREB, Oasis, and ATF6), those that favor both homo- and heterodimerization (C/EBP, ATF4, ATF2, JUN, and the small MAFs) and those that favor heterodimerization (FOS, CNC, and large MAFs; Vinson et al., 2002).
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FIGURE 6. (A) Schematic representation of the zipper dimerization interface, where the 7 amino acids forming the alpha-helical turns are represented with letters. Herein a and d′ amino acids form the hydrophobic interactions, whereas e and g′ amino acids form the electrostatic interactions reproduced with permission from (doi: 10.1101/gad.7.6.1047), copyright 1993. (B) Schematic representation of the elastin-like phase transition, represented in purple, and the dimerization of leucine zipper domains, represented in blue, in the formation of a ELR hydrogel reproduced with permission from (doi: 10.1021/acs.biomac.5b01103), copyright 2015.


The inclusion of folded heptad repeats in the above-mentioned helical conformation can lead to the formation of fibrillary nanostructures (Herrmann and Aebi, 2004; Ryadnov et al., 2008). As described, oppositely charged sticky ends can prompt longitudinal propagation of the two-stranded α-helical coiled-coil zippers, thus yielding micrometric fibers (Pandya et al., 2000; Papapostolou et al., 2007). Specifically, the lateral association driving fibrillogenesis arises from the regularly spaced and complementary regions which, when interconnected by weak electrostatic forces, can extend and stabilize into filamentous assemblies. Indeed, the presence of salts as well as substitution of the sticky ends for blunt tails can disrupt this morphogenic pathway, thus resulting in coiled-coil assemblies that are unable to associate longitudinally. The tetrameric acidic and basic leucine-zipper dendrimers designed by the Ghosh group (Zhou et al., 2004) are one example of molecules that can form monodisperse and fibrillar micrometric structures from zipper sequences. Upon combination of both complexes, the hydrophobic and hydrophilic, i.e., pH-sensitive, regions self-assemble, driving the formation of helical secondary structures. This process continues with the lateral and longitudinal fusion of the repeating units, thus initiating fibrillogenesis and propagating the growth of fibers width- and lengthways, respectively. The Rodriguez-Cabello group has described the molecular assembly of elastin-like recombinamers with the hepatic leukemia factor HLF B-ZIP domains from the PAR family in self-assembling, temperature-triggered systems (Figure 6B; Fernández-Colino et al., 2015; Salinas-Fernández et al., 2020). Herein, the leucine zipper domains form amphipathic alpha-helical structures that interact hydrophobically, thereby promoting association into a coiled-coil supramolecular structure. This structure provides initial stability to the formation of fibrous hydrogels and to the development of a sequential three-stage gelation bioink that demonstrated the viability and proliferation of HFF-1 cells within the printed fibers.



AMP-ELRs

Natural and engineered antimicrobial peptides (AMPs) are generally short cationic peptides (10-50 amino acids). AMPs have attracted great interest in the treatment of bacterial infections, and their amphipathic nature also opens up the possibility of developing supramolecular nanostructures, such as fibers (Liu et al., 2013), nanoparticles (Goel et al., 2018), nanoribbons, or hydrogels (Veiga et al., 2012; Jiang et al., 2015; Baral et al., 2016; Nandi et al., 2017; Ye et al., 2019). For example, the AMPs GL13K and 1018 are able to self-assemble into stable secondary β-sheet structures (Haney et al., 2017; Ye et al., 2019), which can enable the organization of intrinsically disordered protein polymers (IDPPs) into hierarchical architectures. Acosta et al. described two hybrid recombinant AMP-ELRs using the AMPs GL13K and 1018 that allowed the development of small nanofibers based on a dual-assembly process. First, the interaction between AMP domains promotes the formation of nanofibers, which evolve into fibrillary aggregates in a synergic process driven by the thermoresponsive phase transition of the ELRs above the Tt (Acosta et al., 2020b) (See Figure 7). These authors also observed longer fibrils in the case of 1018 AMP-ELR, probably due to the higher tendency to create β-sheet conformations in solution at the same pH (Moussa et al., 2019). Furthermore, the tailorable functionality of these AMP-ELR nanofibers broadens their use for biomedical applications.
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FIGURE 7. Representative TEM micrographs of small nanofibers formed by hybrid AMP-ELRs (GL13K-SI and 1018 SI), compared with control ELR (SI), after incubation at 5°C. Reproduced with permission from (doi: 10.1021/acs.biomac.0c00865), copyright 2020.




OTHER ELR-BASED FIBERS

Incorporation of the laminin-1 sequence IKVAV into the ELR backbone has been explored to develop scaffolds capable of supporting neurotization (dos Santos et al., 2019). This sequence, which is responsible for promoting neuron cell attachment, migration and neurite outgrowth (Nomizu et al., 1995; Silva et al., 2004), confers fibrillary self-assembly properties on the elastin-based polypeptide chain, thus leading to irreversible association into fibrils. This self-assembly response and functionality, which is absent from the scrambled version including the VKAIV pentapeptide, was successfully exploited to manufacture polyethylene glycol crosslinked hydrogels that are able to support sensory neuron growth and promote neurite lengthening upon in vivo implantation in mice.

Finding inspiration in two hydrophobic motifs from tropoelastin (Wise et al., 2014), the Ohtsuki group designed an elastin-like pentapeptide with the ability to self-assemble into fibers (Le et al., 2017). The pentapeptide VGGVG spontaneously associates into secondary β-sheet structures, thus leading to the formation of beaded nanofibers. As electrostatic repulsion has been shown to negatively affect VGGVG fibrillogenesis, the inclusion of a positively charged tail, i.e., the KAAK tetramer, impaired the VGGVG self-assembly process, thus limiting the formation of β-sheets and slowing the kinetics toward thinner beaded nanofibers. Further addition of the cell-adhesive RGD domain conferred the intended bioactivity on the construct, although subsequent enhancement of the repulsive forces hindered the coalescence of nanoparticles on the forming nanofibers, thus decreasing the content of β-sheets. Subsequent studies revealed the dependence of self-assembly on the VGGVG content per molecule. As reported (Sugawara-Narutaki et al., 2019), an increase in the proportion of VGGVG favors the formation of β-sheet structures, thus leading to the morphogenic alignment and coalescence of nanoparticles into branched nanofibers, which laterally assemble to form bundles over time.

Alternative ELR designs, including the alanine-rich regions contained in the crosslinking domains of tropoelastin, i.e., (APGVGV)x and (KAA(A)K)n (Wise et al., 2014; Vrhovski and Weiss, 1998), have been described to undergo fibrillary morphogenesis (Djajamuliadi et al., 2020). Upon varying the temperature, this family of constructs undergoes a conformational transition from random coil to ordered secondary α-helix structures. This rearrangement, which was observed by solid-state nuclear magnetic resonance (SSNMR) spectroscopy in tandem with strategic isotopic labeling, correlates with the association of native elastin into fibers during elastogenesis (Muiznieks et al., 2003).

Oppositely charged ELRs have also been described to serve as building blocks for the manufacture of electrostatically driven fibrillary structures (Lee et al., 2001). Thus, fibrillogenesis occurs upon mixing a glutamic acid-rich with a lysine-rich ELR designed to contain an equal number and distribution of charged residues. Carbodiimide crosslinking of the assembled filamentous structures further leads to fibrous and transparent hydrogels that show a reversible anisotropic swelling behavior, becoming cloudy with increasing temperature.



CONCLUSION

In this review, several procedures to obtain fibers and fibrous scaffolds from elastin-based materials have been described, from self-assembly processes to electrospinning. ELRs offer the possibility to modulate or adjust their structure from the designing stage which means the possibility to create new ELRs with specific properties, focused, in this case, on the formation of nanofibers. This is a huge advantage because we can obtain polymers with unique properties, but this requires designing, produce and purify new polymers that could not be an easy task and a deep molecular knowledge of the ELRs to be designed.

Although electrospinning is not a cutting-edge technology to obtain fibers and finally fibrous scaffolds to better mimic the microarchitecture of the ECM to be used in tissue engineering, it is a very versatile technique that can be used with a huge range of materials and concretely with elastin-based materials. Of course, some weaknesses can be found in this way to obtain fibers, and concretely fibers form elastin-based materials, as for instance a precise control of the spatial disposition of the nano or microfibers obtained, or the fact that many parameters (temperature, humidity, voltage, distance, and others) can affect to the quality of the fibers, but once the process is optimized the reproducibility obtaining electrospun fibrous scaffolds is quite high. Moreover, the use of potentially harmful solvent has been already avoided as was described in the previous pages. It is true that perhaps the 3D printing technologies could in a future substitute the use of electrospun scaffolds but the fiber dimensions and versatility in the use of biomaterials that electrospinning already offers to material researchers are still far from the reach of 3D printing technology and the use of it, is still a beautiful promise, at least at these levels. Therefore, electrospinning is still a technique that will continue evolving and used for the obtention of fibrous scaffolds.
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1978)

Lanthanum LaClz-7H, O 1.061 Fibers
Cerium CeCl3-7H0 1.034 Fibers
Praseodymium PrCls-7H,O 1.013 Fibers
Neodymium NdCl3-6H,O 0.995 Solution
Samarium SmClz-6H,O 0.964 Solution
Europium EuCl3-6H,O 0.950 Solution
Gadolinium GdClz-6H20 0.938 Solution
Terbium TbClz-6Hx O 0.923 Solution
Dysprosium DyCl3z-6H, O 0.908 Solution/Fiber
Holmium HoCl3z-6H,O 0.894 Gel
Erbium ErCl3-6H,0O 0.881 Fibers
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Calcium CaCly 1.00 Solution
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Protein Diameter (nm) Tensile strength Young’s modulus Strain at break Applications
(MPa) (MPa) (%)

Silk 6.5-200 875-972 1113 17-18 GBM, VTE, TE

Collagen 100-6000 8-12 262 +18 - TE, GBM, WH, VTE

Gelatin 125-691 250 105 64 TE, WH

ELR 300-1500 0.59-43.3 1.73-1800 2.3-247.5 TE, GBM, WH

Tropoelastin 900-2700 13 289 — TE

SELP 92-1593 30.8 880 7.9 GBM, TE
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Structural level

Primary
Secondary and tertiary

Quaternary

Architecture

Length scale

2 A-1 nm
~10-100 nm

~1 pm

~1-10 mm

Collagen’s feature

Amino acid sequence
Molecular conformation
o PPIl helices—secondary
o Triple helix-tertiary

Packing of molecules
o Fibril structure — banding

Packing of fibrils
o Fiber structure
o Fiber arrangement or orientation

Biological activity

o Cell ligand identity

o Cell ligand exposure
e Enzymatic resistance and degradation mechanism
e Mechanical strength/mechanotransduction*
o Antigenicity
(for animal-derived collagen used as a biomaterial)
e Enzymatic resistance
e Mechanical strength/mechanotransduction*
e Activation of blood clotting
e Tissue mechanical properties
(e.g., stiffness)/mechanotransduction®
e Tissue functionality

*By means of mechanotransduction, cells can detect mechanical stimuli from their microenvironment and respond by performing biological processes.
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Processing step

Modulated structural
properties/parameters

Modulated biological properties/processes

References

Choice of the collagen
source

Collagen extraction

Aqueous processing of
raw material

Scaffold
shaping/fabrication

Scaffold crosslinking

Scaffold sterilization

Thermal stability
Enzymatic resistance
Mechanical properties
Triple helix content
Telopeptides

Fibril network
Banding

Triple helix content

Porous/fibrous assembly
Macroscopic size and shape
Mechanical properties
Thermal stability

Enzymatic resistance
Mechanical properties

Thermal stability
Enzymatic resistance
Mechanical properties

Antigenicity/immunogenicity

Cell response (via biochemical, mechanical, and
topographical cues)

Antigenicity/immunogenicity

Cell response (via biochemical, mechanical, and
topographical cues)

Blood clotting

Cell response (via biochemical and mechanical cues)

Cell response (via mechanical and topographical cues)
Remodeling

Vascularization

Cell response (via biochemical and mechanical cues)
Remodeling

Foreign body response

Vascularization

Cell response (via biochemical and mechanical cues)
Remodeling

Zeugolis et al., 2008b; Parenteau-Barelil et al.,
2011; Perez-Puyana et al., 2019; Sorushanova
etal., 2021

Delgado et al., 2017; Xu et al., 2017; Bak et al.,
2018; Terzi et al., 2020

Sylvester et al., 1989; Ding et al., 2014; Bohm
et al., 2017; Terzi et al., 2018; Stanton et al.,
2019

QO’Brien et al., 2005; Antoine et al., 2015;
Metavarayuth et al., 2016; Offeddu et al., 2016;
Pawelec et al., 2016

Chan et al., 2014; Aamodt and Grainger, 2016;
Bax et al., 2017; Maternini et al., 2019; Nair
etal., 2020a

Noah et al., 20083; Wiegand et al., 2009; Proffen
etal., 2015; Monaco et al., 2017

The choice of the collagen source is highlighted (italics), since it affects the subsequent processing steps, as well as the final scaffold properties. The generic term “cell
response” is used in this table to address the potential effects on multiple cell processes, such as proliferation, migration, and differentiation, with reference to the cell

type(s) needed for the regeneration of the target tissue/organ.
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Source Immunogenicity/  Risk of zoonosis  Religious  Availability/ Price** References
Antigenicity issues Supply
Recombinant Low No No Limited Very high Davison-Kotler et al., 2019; He et al., 2021
Bovine Low Yes Yes Very high Low Ellingsworth et al., 1986; Charriere et al., 1989; Michaeli
and MacPherson, 1990; Lynn et al., 2004; Zhang et al.,
2017, Avila Rodriguez et al., 2018
Porcine Low Yes Yes Very high Low Lynn et al., 2004; Silvipriya et al., 2015; Avila Rodriguez
etal, 2018
Ovine Low Yes No Limited™ Moderate Banerjee et al., 2012; Busra et al., 2019
Equine Low Yes Yes High Moderate Adelmann-Grill and Otto, 1987, Bianchini and Parma, 2001;
Steel and Twenhafel, 2010; Abdal-Hameed, 2014;
Silverstein et al., 2014, Gallo et al., 2020b
Poultry Variable Yes No High High Pantin-Jackwood et al., 2017; Grenlien et al., 2019
Fish Variable Yes No Very high High Sakaguchi et al., 2000; Kobayashi et al., 2016; Milovanovic
(but lower than and Hayes, 2018; Kourani et al., 2019; Salvatore et al.,
mammalian and 2020a
avian sources)
Jellyfish Low No No Limited* High Putra et al., 2014; Flaig et al., 2020

For the sources in italics, medical-grade collagen is commercially available, which ensures the safety and the quality of the protein in terms of traceability and batch-to-
batch consistency (for scaffold production, fish and poultry collagens have been so far used only in research settings). The limited supply highlighted with (*) indicates a
very low number of companies providing that collagen. As for the price (**), a commercially competitive cost of collagen for healthcare uses is in the range 5,000-50,000
USD/kg (Silva et al., 2014).
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Organization level Type | collagen state

Submolecular and Collagen molecule
supramolecular Collagen microfibril
Microstructure and Film Not-crosslinked

macrostructure

Electrospun mat

Porous membrane

Hydrogel

AFM, atomic force microscopy.

Physically crosslinked
Chemically crosslinked
Not crosslinked
Physically crosslinked
Chemically crosslinked
Not crosslinked
Physically crosslinked
Chemically crosslinked
Not crosslinked
Physically crosslinked
Chemically crosslinked

Young modulus

3-5 GPa

1-2 MPa

~5 MPa

2-5 MPa
30-300 MPa
0.2-1.0 MPa
3 kPa—5 MPa
~0.7 MPa
1-5 kPa
20-50 kPa
0.2-10.0 kPa
0.5-20.0 kPa
0.4-80.0 kPa

References

Lorenzo and Caffarena, 2005; Gautieri et al., 2011

Yadavalli et al., 2010; Gautieri et al., 2011

Grover et al., 2012a

Terzi et al., 2018

Grover et al., 2012a; Nair et al., 2020b

Drexler and Powell, 2011

Drexler and Powell, 2011; Lin et al., 2013; Elamparithi et al., 2016
Proffen et al., 2015

Davidenko et al., 2016a; Monaco et al., 2017

Salvatore et al., 2014; Zhang et al., 2014; Monaco et al., 2017
Raub et al., 2010; Mason et al., 2013

Achilli and Mantovani, 2010; Antoine et al., 2015

Raub et al., 2010; McBane et al., 2013; Yunoki et al., 2013;
Contessi Negrini et al., 2018
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Type Composition Molecular weight  Distribution
o chain (kDa)
201 (1) az() 95 Dermis, bone, tendon,
ligament, cornea
Il Baq(Il) 95 Cartilage, vitreous body
1l Baq (I 95 Skin, blood vessels,
intestine
\% Baq(V) 120-145 Bone, dermis, cornea,
201 (V) az (V) placenta
a1 (V) az(V) ag(V)
Xl a1 (XI) ap(XI) ag(XI) 110-145 Cartilage, intervertebral
disks
XXIV 3oy (XXIV) - Bone, comea
XXVII Baq (XXVII) - Cartilage
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Concentration Mean radius Wall thickness Polydispersity Fraction Length Width Thickness

(weight %) (nm) (nm) (am) (nm) (nm)
02 248 5.2 009 10
05 246 4.4 0.07 1.0
15 340 40 006 063 3,900 36.0 35
30 340 40 006 028 3,900 360 35

Columns 2-5 correspond to nanotubes and the remaining (6-8) for nanolfibrils. The number density fraction is a relative quantity with total nanotube and nanofibril fractions summing to
1. The error bars are in the last significant digit.
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HGs formed by peptides with alternating sequences

Alternation of apolar residues with both Alternation of apolar residues with either
positively and negatively charged residues positively or negatively charged residues

Ac-(AEAEAKAK)2-NH, [11
Ac-RADARADARADARADA-NHo 2]
Ac-RARADADARARADADA-NHo2]
Ac-(FKFE),-NHa; n = 2,3,413]
FEFEFKFK-OH [41
(FEFEFKFK)-OHI51
Ac-(VKVE)3-NH, 61
VKVKVEVK-OHI7]
VEVKVEVK-OHI7
VEVEVEVK-OHI7]
Ac-(IKIE)3-NH, 8]
Ac-RLDLRLALRLDLR-NH,9!
FFKLVFF-PEG2KL 101
FFKLVFF-PEG3K! 101
VEQLTEEQKNEFKAAFDIFVLGA-OHI1]

Alternation of apolar and uncharged
polar residues

PEGS8-(FY)3-NH,![ 191
H-(Nal-DOPA)3-NH,!201
Ac-Ko(SL)eKa-NH,[21]

PE(LE)sP-OHI12]
Ac-(IKIK)2-NHo[131
Ac-(FKFK)2-NH,[ 131
Ac-(F5FKF5FK)2-NH,[13]
Ac-(ChaKChaK)-NH, 131
Ac-(VK)5-NHo! 131
(VK)4V-NH, 121

(VK)sV-NHo 131

(VK)sV-NHo 121
(VR)gV-NH[141
(IK)gI-NHo[ 141
(LK)sL-NHo[141
Ac-(AAAK)3-NH, ! 15=171
Ac-(AAAK)4-NH, 15 =171
VKVKVKVKVP PPTKVKVKVKV-NH, [ 181
Gin-rich peptides

Ac-QQRQQQQQEQQ-NH, 231
Ac-QQRFQWQFEQQ-NH, 231
Ac-QQKFQFQFEQQ-NH,[241

Ac-Ko(QL)sKa-NH, 211
Ac-Ko(TL)gKo-NHo 211
GSFSIQYTYHV-OHI??]

HGs formed by blocks of polar/apolar
stretchs

Ac-LIVAGD-OH!?!
Ac-LIVAGDD-OH251
Ac-IVAGD-OHI?%!1
Ac-IVD-OHI251
Ac-ILVAGD-OHI?51
Ac-ILVAGS-OHI?%!
Pal-VW\VVAA-EEE-OHI261
Pal-VWAAAA-EEE-OH!26!
Pal-AAAVVV-EEE-OHL20]
Pal-VWVVAAAA-EEE-OHL20]
Pal-VWVAAA-EEE-OH26]
Pal-VWAA-EEE-OH!26!
Pal-VWVVAA-EEE-OHI261

Pal-VWAAAA-EEE-OH!26]

Pal-AAAVVV-EEE-OHL20]

Pal-GGGGGGG-ERGDS-OHL?7]

Pal-GGGGGGNMeG-ERGDS-OHI?71

Pal-GGGGGNMeGG-ERGDS-OHI?71

Pal-GGGGNMeGGG-ERGDS-OHI?71

Pal-GGGGGNMeGNMeG-ERGDS-OHI27]

Pal-V3Ka-NH, 1281

Lar-VaKp-NH, 281

Myr-V3Ko-NH, 28]

Myr-AA-OH[28]

GSSAAAAAAAASGPGGYGPENQG

PSGPGGYGPGGP!?!

[1] Zhang et al. (1993a,b), [2] Yokoi et al. (2005), [3] Swanekamp et al. (2014), [4]
Saiani et al. (2009), [5Wang et al. (2005), [6] Bowerman et al. (2011), [7] Roberts
et al. (2012), [8] Caplan et al. (2002): [9] Nagai et al. (2012), [10] Castelletto et al.
(2010), [11] De Leon-Rodriguez L. M. et al. (2016), [12] Rapaport et al. (2008),
[13] Bowerman et al. (2011), [14] Geisler and Schneider (2012), [15] Measey and
Schweitzer-Stenner (2006), [16] Measey et al. (2010), [17] Jang et al. (2009), [18]
Nagy-Smith et al. (2015), [19] Diaferia et al. (2018b), [20] Diaferia et al. (2020), [21]
Galler et al. (2010), [22] Frohm et al. (2015), [23] Davies et al. (2006): [24] Dawson
et al. (1994), [25] Mishra et al. (2011), [26] Pashuck (2010): [27] Paramonov et al.
(2006), [28] Wang et al. (2015), [29] Schacht and Scheibel (2011), [30] Singh et al.
(2015), [31] Yang et al. (2021), [32] Mahler et al. (2006), [33] Jayawarna et al. (2006),
[34] Tang et al. (2011), [35] Fichman et al. (2014a), [36]Rajbhandary and Nilsson
(2017), [37] Roth-Konforti et al. (2018).

HGs formed by conjugating single amino
acids or dipeptides
Fmoc-FL%0]
Fmoc-Y131]
Fmoc-FF-OH[%2.331
Fmoc-FG-OHI34]
Fmoc-DOPA-DOPAI®%]
Fmoc-F-Nphel361
Fmoc-Nphe-F361
Fmoc-Nphe-Nphe! 31
Nvoc-FFI371
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AA Molar ratio AA Molar ratio AA Molar ratio
dura Bovine | o 1 dura Bovinel o 1 dura Bovinel o 1

Asp 4.73% 4.26% Val 2.26% 1.61% Lys 1.87% 3.60%
Thr 1.79% 1.61% Met 0.11% 0.66% His 0.13% 0.28%
Ser 3.31% 3.60% lle 1.18% 0.85% Arg 5.21% 5.02%
Glu 7.58% 7.48% Leu 2.69% 2.08% Pro 11.24% 22.82%
Gly 34.06% 32.77% Tyr 0.27% 0.47% Hyp 9.37% 0.00%
Ala 12.45% 11.65% Phe 1.75% 1.23% Tp 0.00% 0.00%
Cys 0.00% 0.00%

AA, Amino Acid

Total 100.00%
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