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Abstract

:

Layered Double Hydroxides (LDHs) are a relevant class of inorganic lamellar nanomaterials that have attracted significant interest in life science-related applications, due to their highly controllable synthesis and high biocompatibility. Under a general point of view, this class of materials might have played an important role for the origin of life on planet Earth, given their ability to adsorb and concentrate life-relevant molecules in sea environments. It has been speculated that the organic–mineral interactions could have permitted to organize the adsorbed molecules, leading to an increase in their local concentration and finally to the emergence of life. Inspired by nature, material scientists, engineers and chemists have started to leverage the ability of LDHs to absorb and concentrate molecules and biomolecules within life-like compartments, allowing to realize highly-efficient bioinspired platforms, usable for bioanalysis, therapeutics, sensors and bioremediation. This review aims at summarizing the latest evolution of LDHs in this research field under an unprecedented perspective, finally providing possible challenges and directions for future research.
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1. Introduction


Layered double hydroxides (LDHs) are an important class of two-dimensional (2D) layered materials belonging to the group of hydrotalcite-like (HT) compounds [1,2,3,4]. They are constituted by stacks of positively charged hydroxyl layers of bivalent ions (e.g., Ca2+, Zn2+, Mg2+ and Ni2+) and trivalent metallic ions (e.g., Al3+, Fe3+, Cr3+ and In3+). The isomorphic substitution of some of the bivalent metal ions by the trivalent metal ions forms a positive residual charge on the metal-hydroxide framework, which is in turn balanced by exchangeable interlayer anions to maintain the global electroneutrality. The general formula of LDHs is [M1−x2+Mx3+(OH)2]x+·[Ax/n]n−·mH2O, where M2+ and M3+ are the divalent and trivalent metal ions, respectively; An− are inorganic or organic anions; m is the number of interlayer water; and x = M3+/(M2+ + M3+) is the layer charge density, or molar ratio [5]. It is worth pointing out that, in LDHs, the electric charge of the layers and of the interlayer ions is the opposite of that found in the vast majority of layered materials such as silicate clays (cationic clays), which feature negatively charged host layers and exchangeable cations in the interlayer spaces. Indeed, LDHs are also usually known as anionic clays [6]. Their unique physicochemical properties [7], i.e., biocompatibility, lamellar structure and compositional diversity, make them suitable for adsorption processes of a large variety of molecules, ranging from organic molecules to biomacromolecules. LDHs also play a prominent role in photocatalysis [8] and, more recently, in many life sciences related applications [9], especially for biosensors [10], drug delivery [11] and tissue bioengineering [12]. In the last years, the application of LDHs and their composites in biological, chemical and environmental processes have been extensively reviewed [13,14,15,16].



In particular, the role of LDHs as catalysts in relevant organic chemistry reactions, as photocatalytic centers, and their emerging application in cellular biology were extensively summarized in a previous review from our group [5]. Notably, the well-investigated chemistry- and biology-related applications of LDHs summarized in that review article highlight the conspicuous studies focused on the synthesis, characterization and applications of LDH-based systems. In fact, similar to ZnO-materials [17,18], LDHs can be synthesized under mild conditions [19] following the coprecipitation method, which consists in the addition of a basic substance to an aqueous solution containing the salts of two different metals, namely M2+ and M3+, leading to the precipitation of the metal hydroxides, with the subsequent formation of LDHs [20,21,22]. Such synthetic approach can be leveraged to produce LDH materials on demand, with the desired chemical composition, aggregation state and particle size [15]. The latter can be tuned ranging from nanoclusters [23] to micron scale [24]. Notably, highly porous and highly dispersed LDHs with high surface area allow the full potential of LDH-based compounds to be efficiently exploited in many applications, such as heterogeneous catalysis and catalyst supports. Single layer LDHs are also ideal building blocks for functional assembly. However, the LDHs synthesized by conventional coprecipitation methods tend to easily aggregate, due to electrostatic interactions, interlamellar hydrogen bonding networks and their hydrophilic nature [25], thus resulting in low surface area and large particle size. To overcome these issues, many research efforts have optimized down to single- or few-layer nanosheets. Delamination of LDHs into single layers in polar solvents, such as formamide, butanol and acrylate, is a well-known process, as extensively reviewed by Wang and O’Hare [26]. In this context, it is worth mentioning that carbonate (    CO  3  2 −    ) contamination during both synthesis and post-treatment processes complicates LDH delamination, to such an extent that the direct exfoliation of a     CO  3  2 −    -LDH is believed to be almost impossible [27]. The conventional approach to overcome this consists in the development of anion-exchange protocols to replace carbonate ions with other intercalating anions featuring weaker electrostatic interactions with the LDH structure [25,28]. Recently, a direct exfoliation method of     CO  3  2 −    -LDHs, which avoids anion-exchange reactions, using liquid phase delamination via ultrasonic tip has been demonstrated [29]. Ecofriendly delamination approaches constituted by washing/stirring the LDH dispersion in decarbonated water have also been reported [30,31,32]. Isolation and recovery of delaminated LDHs without aggregation is a big challenge hindering practical application and commercial exploitation. In the last years, with the aim to increase LDH dispersion and organophilicity and to fabricate stable delaminated LDH dry powders, O’Hare and coworkers developed post-treatment routes for LDHs using both aqueous miscible organic (AMO-LDHs) and aqueous immiscible (AIM-LDHs) organic solvents, yielding highly porous, highly dispersed LDH powders of exfoliated nanosheets [33,34]. Some experimental protocols also permit films of interconnected LDH nanoplatelets to be grown onto aluminum surfaces as hierarchically nanostructured coatings by soaking aluminum thick foils in an aqueous solution containing a soluble zinc salt [35,36,37,38,39]. In this case, the trivalent ions (Al3+) are provided by the sacrificial aluminum foil, whose role is both reactant and substrate, and ultimately allows the LDH film adhesion to be improved. LDH-based materials have triggered conspicuous studies in the field of organic chemistry, mainly due to their excellent ability as heterogeneous catalysts for the preparation of fine chemicals, intermediates and valuable molecules, benefiting from the simplicity of their preparation from cheap and non-harmful precursors, and the low toxicity of their possibly produced decomposition products [5]. The high reactivity of LDHs is related to their layered structure which features a high anion-exchange capability [40,41,42,43,44], and to their high basicity, due to either structural hydroxyl anions in hydrated material or O2−-Mn+ pairs in the case of water-free calcined material [45]. A crucial feature is also represented by the metal ratio. In fact, the incorporation of specific metals in the octahedral layer can produce LDH compounds with unexpected and novel properties, as well as modulate the existing chemical reactivity. It is worth mentioning literature where the arrangement of cations within the LDH lattice is discussed. As a matter of fact, the ordering of cations is believed to have crucial effects on many of the physicochemical properties of LDHs, affecting the charge density of the metal hydroxide sheets, and the overall bonding, mobility, orientation and reactivity of the chemical species in the interlayer space and on the surface [46,47,48,49]. In particular, the M2+-M3+ cation order is important for the catalytic activity of LDHs [50], and the different distribution of the M3+ cation in the M2+ matrix regulates interlayer anionic charge and, in turn, intercalation reactions [51].



The intriguing catalytic properties and the high compatibility with biological systems of LDHs continuously open new research directions. Among them, up-to-date research topics of interest both for fundamental research and applications come from the presumed role of LDHs in the evolution of natural systems and, in turn, from the realization of a novel class of LDH-based life-inspired devices. As a matter of fact, the path permitting a complete understanding of the role of LDHs within the origin of life is still unclear and needs more research. However, some studies point out their possible role in this exciting research field. In fact, cationic clays and LDHs [52,53] might have played an important role for the origin of life on planet Earth, having triggered the formation of life-relevant prebiotic settings through the evolution of molecular systems, leading to the formation of polymerized molecules and finally to the emergence of life [54]. In a pre-biological Earth model, the ion exchange properties arising from the positively charged sites in LDHs allowed the latter to concentrate amino acids, and to safely promote biopolymer formation, offering also protection from the effects of UV irradiation. A mechanism of prebiotic information storage and transfer in LDH matrices based on replication and conservation of M2+-M3+ cation arrangements was also proposed by Greenwell and Coveney [55]. In a sort of reverse evolutionary process, in the recent years, learning from nature, researchers have conceived the concepts of biomimetism and bioinspiration [56] in nanomaterials science to achieve unprecedented advanced functionalities based on designs that referred to structures in living creatures [57,58,59,60,61]. Under this exciting perspective, the most recent studies in the field of LDHs are striving to recapitulate life-like scenarios in the construction of hybrid LDH-based platforms, mimicking compositions or structures of natural species (e.g., biological macromolecules and microorganisms), with the aim to further improve their efficiency and their sustainability in the context of the natural environment [62,63]. Indeed, the low cost, biocompatibility and extraordinary adaptability of LDHs in many different purposes have allowed the effective application of bioinspired synthesis routes to LDH-based assembly of nanostructured materials and devices, which combine the eco-friendly nature of these materials and their versatility in the context of materials science. Another intriguing strategy to achieve bio-functionalization consists in associating biological species (e.g., amino acids, nucleosides, oligo nucleotides, DNA, proteins and enzymes) to LDH host matrices, as recently reviewed by Forano et al. [15] for LDH-biohybrids based on immobilization of bacteria and algae.



Motivated by the emerging role of bioinspired nanomaterials research, we felt the need to review the role of LDHs in this scenario, by investigating the fundamental science aspects and the possible emerging nanotechnology-related applications. At first, the present review provides an insight into the link between the role of LDHs in the origin of life, in particular focusing on their catalytic activities that promoted the formation of pre-biotic molecules and the possibility to fabricate artificial LDHs-based artificial compartments to mimic prebiotic platforms. These studies are speculative, mostly driven by the willingness to explore basic aspects of LDHs in their possible but still not completely clear role within the topic of origin of life. Secondly, this review updates and extends our previously review article [5], covering different aspects and, more in general, aiming at bridging fundamental science with new approaches that may support the design of LDH-based systems for the fabrication of life-like and life-inspired devices, especially in the fields of composites and coatings, sensors, life-inspired catalysis and bioremediation. To guide the reader, this review is divided into the following sections: the role of clays in the origin of life (Section 2), LDH interaction with biomolecules (Section 3), LDH-based compartments fabrication (Section 4), LDH-bioinspired devices assembly (Section 5) and finally the conclusions and perspectives (Section 6).




2. The Role of Clays in the Origin of Life


The origin of life (or abiogenesis) is among the most intriguing questions in science [64]. Although it is not possible to know all the details of this process, some scientific hypotheses attempt to explain the synthesis of the molecules which were necessary for the emergence of primitive forms of life in planet Earth 3.8 billion years ago [65] as deriving from a reducing atmosphere (Miller’s experiment [66]), meteorites impacts [67] or from metal sulfides in deep-sea hydrothermal vents, as explained in the famous article of Russel [68]. Recent studies from Das at al. [69] leveraged computational methods to shed light on the role of hydrogen cyanide (HCN) as a source of ribonucleic acid (RNA) and protein precursors. The authors also argued that just the interaction of HCN with water would have sufficed to trigger a series of reactions leading to the life-essential precursors (nucleic acids and proteins), as reported in Figure 1.



Once prebiotic molecules formed in water, cationic and anionic clays were also present on the surface of the Earth and could then interact with prebiotic molecules. In fact, whereas the probability that molecules could encounter in a 3D liquid environment is quite low, the solid mineral surfaces permitted to adsorbed molecules and permit them to interact and react [71]. According to some theories, radionuclide-induced defect sites in iron-rich minerals could have triggered the formation of prebiotic life [72]. Among all the possible hypothesis for the origin of life, one of the most relevant is that of hydrothermal vents [73], since they provided the possible evolutionary transition from geochemical to biochemical processes in absence of sun light. Hydrothermal vents are crevices in the seafloor from which geothermally heated water pours into ocean water. Among them, alkaline vents (such as the Lost City hydrothermal field) could have acted as ideal electrochemical flow reactors in the ocean during the Hadean period [74], in which the ocean waters were acidic since they were rich in CO2. More specifically, within these hydrothermal vents, a pH gradient was formed between inorganic micropores barriers containing catalytic Fe(Ni)S minerals and the acidic ocean water, resulting in proton gradients similar to the proton-motive force required for carbon fixation in bacteria and archaea. The alkaline hydrothermal field provided serpentinization reactions that produced methane and hydrogen. Such pH energy input, in addition to the catalysis provided by the Fe(Ni)S minerals, triggered the reduction of CO2 with H2 and the relative production of life-essential organic molecules, such as hydrocarbons, finally leading to the first primitive cellular systems. Within this scenario, the question that can arise is then if LDHs were present in the hydrothermal vents. To this regard, Cairns-Smith and Braterman speculated that inorganic Fe2+/Fe3+ LDHs (also defined green rust) [75] were at the sites of Archean oceanic hydrothermal vents, constituting one of the most-common components of early ocean sediments. The presence of this peculiar LDH can be ascribed to the lack of oxygen in the Archean atmosphere, permitting the presence of Fe2+ in aqueous environments and oxidation and precipitation as FeIIIOOH. As explained by Russell [76], the green rust might have played a fundamental role in the formation of prebiotic life. In particular, within the alkaline vent model, the green rust precipitated forming individual compartments that permitted the formation of ionic gradients and catalytic centers for endergonic reactions, aided by sulfides and trace elements acting as catalytic promoters that led to the formation of pre-biotic molecules.



In this context, as first speculated by Bernal [77], clays likely played an important role in promoting the molecular organization and the formation of polymerized biomolecules (nucleotides and amino acids), given their potentially large adsorption capacity, the ability to shield molecules against ultraviolet radiation, concentrate organic chemicals and catalyze chemical polymerization reactions. Following the seminal proposal by Cairns-Smith [78], who postulated a concept of “genetic takeover”, according to which carbon-based life may have gradually evolved from organic–inorganic complexes of clays with organic molecules, some remarkable experiments demonstrated that clay minerals played an active role in the abiotic origin of life. For instance, as elegantly demonstrated by Ferris [79], montmorillonite clays could have a role in the polymerization of short RNA oligomers (up to 50 mer). Similarly, the fluctuation of temperature and humidity could have triggered the amino acids polymerization in the presence of clay minerals [80]. Finally, clays could have increased the rate of formation of vesicles from fatty acid micelles, along with the possibility to encapsulate clay particles inside the vesicles in addition to RNA molecules adsorbed on the clay surfaces, as demonstrated by Szostak et al. using montmorillonite clay [81]. Once formed, such vesicles could grow by incorporating fatty acids and divide, thus mediating vesicle replication through cycles of growth and division. In this scenario, since the first hypotheses by Kuma et al. [52] and Arrhenius [53], there are not so many studies in this field that regard the role of LDHs, even if they are positively charged clays that can interact with negatively charged molecules. LDHs might have played a role in selecting DNA over RNA for genetic information, due to its ability in enhancing the Watson–Crick hydrogen-bonding when intercalated within the LDH interlayers, in comparison to RNA [55,82]. Grégoire et al. [83] also explored the possible role of LDHs in early Earth chemistry, leading to the formation of peptides. Very recently, Vasti et al. demonstrated that LDHs strongly interact with model lipid membranes [84]; these experiments could also highlight the role of LDHs in partitioning within the membranes of primitive cellular-like compartments. In a very recent hypothesis paper, Bernhardt [85] proposed that LDH clays might have promoted the synthesis of prebiotic precursors and also played other roles in the origin of life, such as in the formation of the first lipid bilayers.



The fundamental reaction that triggered aerobic life was the photosynthetic oxygen evolution, in which two water molecules produce four electrons and four protons used for the photosynthetic processes and molecular oxygen [86]. This reaction is catalyzed by a manganese-containing cofactor contained in photosystem II known as the oxygen-evolving complex. Mimicking natural systems, studies have demonstrated that LDHs can constitute ideal low-cost catalytic materials for the oxygen evolution [87], in which both the M2+ and M3+ take part to the redox reactions, as reported in Figure 2. Some relevant applications of LDHs as catalysts for oxygen evolution reaction (OER) are discussed in Section 5.3.




3. LDH Interaction with Biomolecules and Relevant Applications


3.1. Nucleic Acids


Nucleotides are the key molecules for the storage and transmission of genetic information [88]. The chemistry of their synthesis and polymerization is still a matter of debate [89]; however, based on the observation from Bernal [77], they could have had a role in concentrating and even acting as catalyst to form oligonucleotides. Moreover, they could have also been involved in protecting nucleotide against decomposition in presence of ionizing radiation [90]. Nucleic acids are composed of nitrogenous organic bases, pentose and phosphoric acids, are a typical polyanion within hydrogen-bonding groups, and can therefore enter inside the LDH interlayer, forming a nucleic acid/inorganic composite stabilized by electrostatic interactions. Inspired by the ability to protect and store nucleotides and oligomers, DNA-LDH hybrids have found remarkable applications in the field of gene delivery to cells. The reason for this was investigated by Li et al. [91], who employed dissipative particle dynamic simulations for elucidating the interaction with cellular membranes at different levels (i.e., total or partial penetration vs. anchorage—see Figure 3), as a function of the lateral size and layer number. These results shed light on the very important role of layer thickness—i.e., the lower is the thickness, the higher the probability that DNA-LDHs hybrids can be internalized, and hence serve as gene delivery tool.




3.2. Phospholipids


Cationic clays can effectively interact with living cells producing hybrid half inorganic viable structures, as demonstrated by Murase and Gonda [92] and Konnova et al. [93] in previous seminal studies on montmorillonite and hallosite clay nanotubes, respectively. Indeed, it was clarified that such clays can interact with phospholipids via electrostatic interactions [92], giving rise to apparently ordered phospholipids self-assembled layers, which can lead to “armored cells” if exposed to living cell membranes [93]. Notably, in the case of LDHs, the structural analysis from Itoh et al. [94] interestingly demonstrated, by means of spectroscopic and crystallographic characterizations, that stearate ions can form ordered bilayer structures within MgAl-LDH layers with a tilting angle of approximately 29° from the right angle of the layers (Figure 4).




3.3. Amino Acids


Amino acid intercalation inside LDHs is also a well-known topic [95]. An interesting application of LDHs-intercalated with amino acids is constituted by drug delivery, specifically because amino acid molecules provide the interaction sites to effectively improve drug-loading [96]. Apart from the interest in elucidating the structural features, the interaction between anionic clays and amino acids is very interesting and may offer an insight into the active role of LDHs in the polymerization of amino acids, in addition to the well-known characterization of the intercalation [95]. Differently from nucleotides, for which the prebiotic synthesis route is still speculative [89], there is a little more evidence of the possibility that amino acids were present in prebiotic systems. Accordingly, both cationic clays and LDHs might have facilitated the polymerization of amino acids, thanks to the possibility to absorb them via their negative C-termini. Interestingly, as argued by Paecht-Horowitz [97], the former can catalyze polymerization only when the amino acid is small enough to enter the interlayer space of the clay. As for the latter, the computational study from Erastova et al. [54] demonstrated the possibility that LDHs could be a functional system for amino acid adsorption and polymerization on the positively charged LDH surface. Intriguingly, all the amino acids they investigated (alanine, aspartate, histidine, leucine, lysine and tyrosine) showed an increase in adsorption upon dehydration, with the only exception of lysine. Dehydration, in turn, decreases the interlayer spacing, in accord with our experimental findings [37], favoring both the crowing of amino acids and the alignment of the N- and C-termini, and also permitting the formation of a peptide bond (see Figure 5). This reaction leads to the loss of charged group, which, in turn, allows for the introduction of a new amino acid to an adjacent site, where it then can react with the peptide’s C-terminus. The growing peptide chain remains tethered at the LDH surface via the C-terminus of the latest amino acid added. Differently to nucleic acids, amino acids do not form strong association on the LDH surface. Even more, the authors observe that, within the clay layers, peptide chains should be able to undergo hydrophobic collapse, an essential mechanism of protein folding, in perfect resemblance to the ribosome systems.




3.4. Carbohydrates and Cellulose


Carbohydrates are among the most abundant biomolecules in nature. They are formed by plants through photosynthesis and serve as energy sources, structural building blocks and biorecognition elements in organisms. They can exist as oligomers and polymers; the latter are formed by linking single monomeric units with glycosidic bonds. LDHs have been leveraged as systems to prepare biomimetic composites with carbohydrates molecules showing enhanced mechanical properties, mimicking the natural structure of nacre, a biological organic–inorganic composite material produced by some mollusks and formed by the ordered stacking of calcium carbonate and crosslinked protein, resulting in very good mechanical properties (high tensile strength, about 150 MPa). To this aim, it is worth mentioning some previous studies on LDH composites with carboxymethyl cellulose (CMC) [98] and cellulose nanofibrils [99], which exhibited improved mechanical properties. As reported in Figure 6a, the interaction of CMC with LDHs is purely electrostatic, being driven by the negative electrostatic charge of the CMC that permits its insertion into MgAl-LDH galleries. In addition, alginate was also used as composite with LDHs [100], following a bioinspired approach that mimicked the mechanical properties of nacre. In particular, NiAl-LDH is prepared by coprecipitation and is subsequently exfoliated mechanically; after that, it is mixed with an alginate solution permitting to obtain alginate-coated LDH, which is subsequently crosslinked with Ca2+ (see Figure 6b). Importantly, the ionic crosslinking of alginate by calcium ions along with the hydrogen bonds between NiAl-LDH and alginate, allows the nacre film to be mimicked, achieving a tensile strength as high as 194 MPa, in addition to transparency higher than 70% in the visible light range.





4. Life-like Clays Based Artificial Compartments


The fabrication of artificial compartments that mimic life-like properties is a topic of large interest and has been boosted by the development of new microfluidic platforms containing droplet-based and vesicle-based artificial cells [101,102], and by the employment of printing methodologies, as shown also by our group [103,104]. The systems can be realized at solid surfaces mimicking the processes of DNA condensation [105] or in membrane-enclosed liquid compartments [106,107]. Importantly, such artificial biosystems permit to recapitulate some of the features of primitive sub-micron sized protocells, such as effect of droplet size on the molecular behavior, molecular confinement, molecular crowding, and liquid–liquid phase separation. In the context of clay-based compartments, the studies are mainly based on the fabrication of 100–10 µm sized colloidosomes or Pickering emulsions [108], showing intriguing membrane permeability [109,110], and even some life-like behavior, such as enzyme-powered motility [111]. Regarding the fabrication of synthetic compartments, printing methods are gaining increasing importance [112,113], given their rapidity, low-cost and adaptability to biomolecular, organic and inorganic inks [114] or oil droplets [115], opening up the possibility to print artificial cell-like systems with higher degree of flexibility and possibility to assemble complex predesigned droplet networks. The development of compartments containing LDHs is still at its infancy. However, the possible application of LDH-based compartments would lead to the mimicking of nanocomposites, as for instance mimicking the structure and the mechanical properties of the high strength seashell nacre. A fundamental study by Zhang and Evans [116] explored the dynamic assembly of LDH platelet-rich droplets drying onto solid surfaces, taking into consideration the interplay of capillary flows, colloidal stability and pH on the final CoAl-LDH composite deposited on a silicone coated paper. They prepared pH 3 and 10 dispersions resulting in well-dispersed and flocculated CoAl-LDH platelet suspensions, respectively. The pH-dependent colloidal stability of CoAl-LDH dispersions in the pH range from 3 to 10 was discussed by the same authors in another report [117], showing that the suspension was most stable at pH 3, due to the protonation of the OH groups resulting in repulsion forces between LDH platelets, positively charged on both basal and edge surfaces. It is worth pointing out that both stronger acid and basic conditions (i.e., pH < 3 and pH > 10) lead to LDH structural dissolution [118,119]. In the case of deposition of droplets at pH 3 (where LDHs are well dispersed), a central hole was observed in the LDH deposit (see Figure 7a), along with a ring of higher thickness at 0.6 r from the center (where r is the radius of the droplet). The authors explained this structure by considering possible capillary effects between LDH platelets. A completely different situation occurred in the case the LDH platelets were deposited as flocculated at pH 10. In this case, the suspension produced a flatter structure due to the lack of capillary flows. As the authors state, these results could be applied to the understanding of droplet morphologies produced by inkjet printing [120], with the aim to optimize both the flow processes in a drying drop and the stacking interactions among LDHs, ultimately permitting to obtain ordered stacking and high uniformity in the LDH coverage. An elegant demonstration of LDH printing was given by Zhu et al. [121] who leveraged exfoliation processes of CoAl-LDH and NiAl-LDH nanosheets in formamide to obtain printable LDH formulations, leading to stable LDH-based solid films (see Figure 7b), in which the LDH stacking is able to mimic the structures of nacre, potentially leading to good mechanical properties. Notably, the authors also demonstrated the possibility to tune the optical and mechanical properties of the LDH films by tuning the anions that can be stacked into the galleries.




5. LDH-Bioinspired Devices


5.1. Applications in Composites and Coatings


Billions of years of evolution have produced optimized natural materials with outstanding properties resulting by the combination of organic and inorganic elements, which inspire scientists and engineers to design artificial materials. In recent years, the development of bioinspired composites has become an exciting direction for the fabrication of novel multifunctional materials, which exhibit a combination of outstanding mechanical, fire-shielding, optical and oxygen barrier properties. In this field, LDHs are receiving increasing attention since they offer numerous advantages over other inorganic layered materials, also in the field of nanocomposites [122,123]



Shu et al. [124] reported on a nacre-like film based on heparine/NiAl-LDH with a layered nano/microscale-hierarchical structure fabricated by the vacuum-filtration method (Figure 8a). The realized hybrid film showed a reduced elastic modulus (Er ≈ 23.4 GP) and a hardness (H ≈ 0.27 GPa) remarkably higher than those of other reported polymer/LDH composites. In addition to such outstanding mechanical characteristics, the LDH composite exhibited interesting UV-blocking, flame retardant, and heat-shielding properties. In a successive work, the same group [125] studied a hierarchical structure based on a CoAl-LDH/Poly(vinyl alcohol) film, prepared for the first time by bottom-up layer by layer assembly (Figure 8b). A combination of high tensile strength and elastic modulus is obtained through an appropriate CoAl-LDH aspect ratio, which well compares to those of nacre and lamellar bone.



Meng et al. [126] reported another example of brick-and-mortar structure to enhance the mechanical performance of a composite. They developed a PTFE/MLDH (modified ZnAl-LDH)/GF (glass fiber) composite inspired by layer–layer structure and prepared via the multi-layered dipping method, which consists of GF acting as a reinforcement, PTFE acting as matrix and MLDH acting as the layer–layer structure. The results show that the tensile strength and the strain value of PTFE/MLDH/GF composites, with MLDH content around 1.6 wt%, increased to 163.57 MPa and 8.33%, respectively. These values resulted better than those of pure PTFE/GF composites, showing a tensile strength of 112.72 MPa and a fracture strain of 4.99%.



Interestingly, the use of LDH-based compounds is not only limited to mechanical properties, as mentioned above. Liu et al. [127] demonstrated that the combination of two or more diverse materials in a unique composite is a winning strategy, realizing a durable superhydrophobic sponge for oil and organic collector with magnetic-responsive and fire retarding properties. To achieve this result, by means of a two-step process, they combined polydopamine (PDA), ZnAl-LDH, Fe3O4 nanoparticles and n-octadecyl mercaptan (OM), acting, respectively, as a “bio-glue”, a fire retardant agent, magnetic material and hydrophobic reagent. First, PDA-modified ZnAl-LDH and Fe3O4 were anchored on the skeleton of polyurethane (PU) sponge by self-polymerization. Next, OM containing thiol groups were covalently combined with PDA by means of Michael addition reaction. The resulting sponge (Figure 9a,b) exhibited remarkable hydrophobicity (water contact angle of 163°) and highly oleophilic (oil contact angle of 0°). As a result, it could absorb various kinds of oils and organics up to 53.6 times of its own weight, and the absorbed oils could be collected through a simple squeezing process (Figure 9c). In addition, the presence of magnetic material, Fe3O4, allows easy drive by an external magnetic bar, thus reducing any contaminations.



The composite materials are also considerably advantageous in the realization of coating films in a large number of fields, leading to an increase in performance and multifunctionality. For example, Wang et al. [128] fabricated superhydrophobic MgAl-LDH coatings on medium density fiberboards with flame retardancy, obtained by the deposition of polydimethylsiloxane (PDMS) and 1H, 1H, 2H, 2H perfluorodecyltrichlorosilane (FDTS)-modified LDH particles. The PDMS@FDTS-Mg/Al LDH coating exhibited superhydrophobicity with a water contact angle of 155° and self-cleaning property. The flame retardant character was evaluated by limiting oxygen index (LOI) and cone calorimeter test. LOI value of superhydrophobic MDFs increased by 60.4% as compared to that of the pristine MDFs, from 24.0 to 38.5. The peak heat release rate (PHRR) and total heat release (THR) of MDFs coated with PDMS@FDTS-Mg/Al LDH reduced by 24.7% and 11.2% as compared to MDFs alone. This result demonstrates that the presence of inorganic coating improved the flame retardancy of the MDFs. Wu et al. [129], inspired by the micro- and nanostructure of lotus leaves, or the Cassie state surface, developed a self-layered coating on magnesium alloy through a hydrothermal treatment, followed by radiofrequency (RF) magnetron sputtering of polytetrafluoroethylene (PTFE). A super-hydrophobic (water contact angle of 170°) and acid resistant surface is created on the alloy. Recently, Yu et al. [130] reported on the possibility to use an environment-friendly LDH-base coating as high oxygen barrier coating in flexible food packaging. The coating film is realized by the reconstruction of MgAl-LDH from MgAl-layered double oxide (LDO) in concentrated aqueous glycine solutions, resulting in a coating solution of LDH and poly(vinyl alcohol) (PVA). It is worth observing the key role of the aspect ratio of reconstructed LDH in the coating permeability performance. Indeed, the relative permeability (P/P0) of the LDH/PVA coated layer decreases as the aspect ratio of LDH nanosheets are increased, from 0.0065 with aspect ratio 87 ± 17 to 0.0038 at 336 ± 170. This is explained by the highest aspect ratio of LDH nanosheets, which leads to better alignment in the coated layer. Thus, through the fine control of aspect ratio, the coating film reached an oxygen transmission rate <0.005 mL·m−2·day−1 at a film thickness of 1175 ± 101 nm.




5.2. Nanogenerators and Physical Sensors


In the era of smart devices and bioinspired sensor networks, LDHs and related compounds have been demonstrated to play multiple roles, starting, for example, from green nanogenerators for realizing self-powered sensors. In this field, it is worth to mention the work by Cui et al. [131], and those by Sun et al. [132] and Tian et al. [133], who realized a water-driven triboelectric nanogenerator (WD-TENG) and a natural water evaporation (NWE) driven generator, respectively, to harvest energy from water, the most abundant substance on our planet. Briefly, in the first approach, the realization followed a bottom-up strategy, by directly growing a well oriented MgAl-LDH nanosheet network on a metal substrate (Figure 10a). To reduce the surface energy, a further surface modification was performed via crosslinking of fluorine contained silanes, which in turn changed the morphology of the LDH network into a flower-like shape (Figure 10b). The fabricated WD-TENG relied on triboelectric effect, collecting energy from water droplets through the functionalized LDH film as triboelectric layer. The working mechanism is based on a contact-electrification and electrostatic induction at the liquid–solid interface (Figure 10c,d). In the second approach, a NWE-driven generator (NWEG) was realized via a spray-deposition of NiAl-LDHs on a polyethylene terephthalate (PET) substrate [132] (Figure 10e). It operates by means of an NWE-driven gradient of water which flows across the naturally formed surface-charged nanochannels between the LDH flakes, which were evenly spaced on the PET surface, with an ordered layer-by-layer stacking on the substrate (average channel width less than 50 nm) (Figure 10f,g). The performance of the NWEG was reasonably supposed to be regulated by the surface charge density (dc), the hydrophilic character and the presence of nanochannels or pores in the NG active layer, which are easily tunable intrinsic properties in the case of LDHs. In a successive work [133] the same group reported on the relationship between dc and the NWEG performance by precisely tuning dc of NiAl-LDHs in the range of 2.52–4.59 e/nm2, by adjusting the molar ratio of Al3+ to Ni2+.



Another fundamental element in the fabrication of sensor systems is represented by the energy storage units. In a recent study, Xu et al. [134] reported on the realization of a coplanar asymmetric microscale hybrid device (MHD) supercapacitor based on MXene and CoAl-LDHs using a two-step screen-printing process. The LDH with its faradaic pseudo capacitance behavior was used as positive electrode material to enhance energy density and potential window. The resulting MHD exhibited very interesting electrical properties, such as outstanding cycling stability (92% retention of areal capacitance after 10,000 cycles), potential window extended to 1.45 V, and enhanced energy density (10.80 and 8.84 μWh cm−2 in 6 M KOH and with PVA-KOH, respectively). In a more recent work [135], a CoMn-LDH doped with polypyrrole (PPy) was used as positive electrode for asymmetric supercapacitor (ASC) with multilayer graphene as cathode, exhibiting strong electrochemical performance. This supercapacitor showed properties comparable to or better than those of similar devices recently reported, with good cycle performance (99.5% retention after 8000 cycles) and energy density as high as 29.6 Wh kg−1 at a power density of 0.5 kW kg−1.



The application of LDH in the field of bioinspired sensors was successfully demonstrated by Ren et al. [136], who developed a skin-inspired sensor based on a multifunctional nanocomposite hydrogel consisting of sodium alginate/sodium polyacrylate/layered rare-earth hydroxide (LRH) (SA/PAAS/LRH), fabricated through a 3D printing system (Figure 11a,b). The device showed a promising multifunctional behavior, such as humidity-dependent electromechanical properties, a sensitivity to mechanical deformation, thanks to a strain-dependent conductivity (Figure 11c), and tunable fluorescence (Figure 11d), while maintaining the characteristics of transparency and stretchability indispensable for the realization of a device for human motion detection. Such versatility makes it a good candidate for future soft wearable equipment. The use of LDH was also demonstrated to drastically improve the performance of composite materials for sensors. For example, Beigi et al. [137] reported on a modified ionic polymer metal composite (IPCM) humidity-sensor based on a nafion polymeric matrix doped with CoAl-LDH nanoparticles, with a significant improvement of sensitivity and responsivity due to the intrinsic hydrophilic characteristic of LDH.




5.3. Applications in Oxygen Evolution Reaction


The process of oxygen evolution reaction (OER), 4 OH− + energy → O2 + 2H2O + 4e−, is one of the most critical steps of electrochemical water splitting, which is widely recognized as a promising and sustainable method to convert the intermittent electrical energy from the nature into stable and storable energy (hydrogen) [138,139]. However, OER, which is a multistep 4e- process, is thermodynamically not favored and thus kinetically sluggish [140]. Indeed, an OER catalyst should be able to overcome both the activation energy barrier (Ea) and the standard free energy charge (ΔG0 = 1.23 eV). In recent years, substantial research efforts have been devoted to develop novel non-noble metal-based active OER catalysts based on efficient, low-cost and earth-abundant substitutes for conventionally used precious metal compounds [141]. Different strategies have been conceived to improve the catalyst performance, which may be categorized on three scale levels [142]: (i) at the atomic-scale (e.g., alteration of oxidation state, doping, coordination and composition of metal composites); (ii) at the nano-scale, including different material combinations templated on nanostructures (e.g., nanowires, nanosheets and nanotubes), to increase OER activity by means of high surface area and number of active sites; and (iii) at the meso-scale, i.e., the creation of a porous supporting architecture to enhance mass transport to electrolytes and structural stability. As intriguingly noted in recent studies [142,143,144] such optimization problem presents many analogies with the demand of photosynthesis in the evolutionary development of plant leaves, like the need of maximized surface area to capture as much light as possible, and sufficient space between neighbors to promote good gas exchange and surface reactions. In addition the 1D hollow tubular structures under the leaves facilitate the transport of nutrients and water to each leaf [142].



In the last decade, LDHs have been proven to be highly active, cost-effective and durable OER catalysts, exhibiting electrocatalytic activity and stability for OER, comparable to or higher than commercial precious metal-based catalysts [145,146,147]. In their reports, the scholars leveraged all the above-mentioned optimization routes to improve OER activity of LDHs. In particular, in 2014, Lu et al. developed OER electrodes based on a three-dimensional (3D) porous film of vertically aligned NiFe-LDH nanoplates loaded on a nickel foam. Excellent OER performance was demonstrated, with a small onset overpotential (~230 mV), large anodic current density (30 mA cm−2) and outstanding electrochemical durability, benefiting from the intrinsic high activity of the NiFe-LDH catalyst [148] and the unique 3D architecture, whose surface area was increased by the highly porous nickel foam. In the following, many research efforts were focused to improve the OER activity of LDHs (typically NiFe- and NiCo-LDHs), as increasing the number of active sites as well as increasing the activity of the individual active site. Song and Hu [149] and Liang et al. [150] demonstrated that liquid exfoliation of LDHs to single-layer nanosheets leads to greatly enhanced OER activity, due to an increase in the number of active edges sites and higher electronic conductivity, while preserving material composition. Next, Wang et al. [151] demonstrated that dry exfoliation of bulk CoFe LDHs into ultrathin LDH nanosheets through Ar plasma etching also resulted in the formation of multiple vacancies (including O, Co and Fe vacancies), thereby producing a dual effect to OER enhancement, due to the great number of exposed active sites in the 2D LDH nanosheets and their improved activity due to multiple vacancies. The dry-exfoliated CoFe-LDH performed very well in the OER with an overpotential of 266 mV to reach a current density of 10 mA cm−2 vs. 321 mV required for the untreated pristine CoFe-LDH. In a further report, the same group [152] dry-exfoliated bulk CoFe-LDHs in a N2 plasma into edge-rich ultrathin nanosheets featuring, again, multiple vacancies, as well as nitrogen doping, which facilitated absorption of OER intermediates by altering the electronic density of the adjacent Co or Fe atoms. The ultrathin N-doped CoFe LDH nanosheets loaded on Ni foam exhibited excellent OER performance, with an overpotential of 233 mV at a current density of 10 mA cm−2. However, despite such atomic- to nano-scale optimization strategies, the OER performance of LDHs was limited by their intrinsically poor electrical conductivity. Some reports have proposed combining LDHs with conducive materials, e.g. carbon nanotubes [153], graphene [154], graphene oxide [155] and, more recently, silver [156] and CuO nanowires [157]. As for the latter, inspired by the monocot leaf structure in nature, Chen and coworkers conceived an engaging biomimetic nanoleaf based on ultrathin NiCo-LDH nanosheets in situ grown on Cu nanowires, forming a NiCo-LDH lamina featuring large electrochemical surface area (ECSA) and numerous active edge sites for OER reaction (see Figure 12). The CuO nanowires served as veins to support the LDH lamina, while providing mechanical support as well as improving the LDH conductivity, further increasing the OER activity. An enhanced OER performance was then achieved, significantly improved with respect to that of conventional NiCo-LDHs, with a quite small overpotential of 262 mV at 10 mA cm−2, good stability and flexibility.




5.4. Peroxidase-Like Activity


The peroxidase enzymes are widespread in natural systems from bacteria to plants and humans, given their fundamental role in decomposing hydrogen peroxide (H2O2), which is a toxin produced as a byproduct of oxygen during aerobic respiration processes. These proteins contain a heme group in their active site that uses hydrogen peroxide as the electron acceptor to catalyze oxidative reactions. Such electron transfer ability between reducing substrate and H2O2 can be conveniently mimicked by many metal oxide nanoparticles—e.g., iron oxides, cerium oxides, metal sulfides and carbon nanodots. In this regard, many reports have focused on the realization of hybrid structures in which LDHs increase the surface/volume ratio and favor the dispersion of the nanoparticles, thereby allowing the peroxidase activity to be enhanced, as demonstrated by Yang et al. with CoAl-LDH/MFe2O4 (M = Ni, Zn, Co) [158] or CoFe-LDH/CeO2 hybrids [159], as well as core–shell Fe3O4/CoFe-LDH [160], finding applications in the field of analytical chemistry, especially for the determination of glucose, H2O2 and glucose and ascorbic acid, respectively. The mechanism of reaction is based on the electron transfer from the molecule 3,3′,5,5′-tetramethylbenzidine (TMB) to H2O2. In the presence of glucose oxidase enzyme, glucose is oxidized to gluconolactone and oxygen is reduced to H2O2. As a result, the higher is the glucose concentration, the higher is the concentration of H2O2 and, hence, the amount of oxidized TMB. Conversely, ascorbic acid is able to convert the oxidized form TMB to the reduced state. As a result, the obtained sensor is based on a colorimetric readout (see Figure 13a) and can be effectively employed in the field of low-cost glucose sensing.



Interestingly, LDH materials with intrinsic peroxidase activity were also engineered by simply introducing metal species featuring peroxidase-like activity mimicking the natural heme group. The first examples of such bioinspired systems were shown by Zhang et al. [161] who leveraged CoFe-LDH nanoplates to obtain a colorimetric sensor for H2O2 (based on the oxidation of TMB), reaching the optimal detection limit of 0.6 µM. Other similar examples are those from Su et al. [162], who leveraged NiCo-LDHs for acetylcholine detection (limit of detection equal to 1.62 µM), and from Zhan et al. [163], who investigated NiFe-LDHs as a sensor for H2O2, reaching the limit of detection of 4.4 ± 0.2 µM (see Figure 13b). Along with colorimetric detection, electrochemistry can also be applied to improve the detection limit of the sensor. In this regard, an example of an electrochemical sensor based on peroxidase mimicking LDHs worth mentioning was recently shown by Fazli et al. [164], who fabricated a PdAl-LDH/carboxymethyl cellulose (CMC) nanocomposite (CMC@Pd/Al-LDH) on a glassy carbon electrode to realize a sensor for H2O2 (limit of detection equal to 0.3 μM). Interestingly, this work shows how CMC is suitable for improving the sensitivity and the exposed active surface area, finally enabling a high number of available sites for electrochemical reactions. An intriguing application of peroxidase mimics for sensing acetylcholine (limit of detection equal to 1.7 μM) was reported by Wang et al. [165] who prepared NiAl-LDH/Carbon dot nanocomposites onto glassy carbon electrodes.




5.5. LDHs on Biotemplates for Bioremediation


The intrinsically high surface to volume ratio of LDHs, possibly enhanced by recently proposed ultrathin LDH synthesis routes [166,167,168], has been leveraged for many applications that require physical processes of absorption and interaction with molecules for bioremediation of contaminated sites, such heavy metals, toxic substances, pesticides or even favoring their photo-induced degradation [169]. An approach for further improving the efficiency of LDH-empowered devices for bioremediation is the realization of 3D biomimetic structures or the coupling with organic biotemplates (typically of plant origin) aiming at the realization of life-mimicking 3D high-surface hierarchical organization, miniaturization, eco-friendly characteristics and even specificity for the absorption of targeted molecular systems. For instance, typical examples of biotemplates are constituted by diatomaceous earth, leaves and cellulose fibers, which are prone to be easily functionalized by surface functionalization with LDHs.



A plethora of research efforts have been focused on the removal of oil, metal ions, pesticides and agrochemicals from contaminated water by using this combined approach. An interesting example comes from the research of Zhu et al. who showed a one-step synthesis of a biomimetic cactus-like hierarchical architecture for oil/water separation [170], based on a CoNi-LDH coated stainless steel mesh. The role of the 3D LDH morphology appears to be the key factor to induce an outstanding water locking capability into the cactus-like hierarchical structure. The trapped water is, in turn, able to form a stable water layer on the surface, ultimately forming a bioinspired barrier against oil penetration into the mesh, since the resulting surface would be superhydrophilic and underwater superoleophobic. The authors tested different types of oils (diesel oil, lubricating oil, silicon and n-hexane), finding excellent oil rejection ratio and high separation capability and outstanding recyclability over 20 cycles.



Abolghasemi and coworkers used the hierarchical structure of boehmite decorated with MgAl-LDH and porous carbon on a steel fiber for solid phase microextraction of fifteen different pesticides [171]. Interesting examples have also been provided for the removal of Congo red (CR), a dye which is widely employed in many textiles and biotechnological based industries. MgAl-LDH modified diatoms [172] and bioinspired magnetic ZnFe2O4 microspheres synthetized using pine pollen and covered with MgAl-LDH [173] have been used with this purpose. The presence of LDH significantly improved the absorption capacity of the composite material toward the dye, reaching values of about 300 mg/g in both cases. Whereas the 3D structure of the diatom triggered a multilayer CR dye adsorption, in the case of the magnetic ZnFe2O4 microspheres, the adsorption was better fitted following a Langmuir model. A very clever bioinspired approach for CR and Doxycycline (DC) removal and photodegradation under simulated sun light irradiation was proposed by Bing et al. [174], who combined photoactive bismute oxides, MgAl-LDH synthesized onto lotus pollen used as template, and calcination (C) treatments, for the fabrication of Bi2O3/Bi2WO6/MgAl-CLDH heterojunction hybrids with a 3D hierarchically porous structure. The adsorption of both CD and DC was very efficient, reaching 205.3 and 204.3 mg·g−1, respectively. Another relevant application of LDH triggered bioremediation comes from the examples in which toxic heavy metals ions can be absorbed on the LDH surfaces. To this aim, NiFe-LDHs [175] have been shown in combination with graphene oxide nanocomposite for the efficient removal of Pb(II) and Cd(II) ions from water, obtaining a maximum adsorption capacity of 986 and 971 mg·g−1, respectively, following a Langmuir model. A truly bioinspired system that efficiently removes Cu2+ ions is the one shown by Dou et al. [176]. The authors leveraged functionalization of MgAl-LDH surface by using the Kabachnik–Fields reaction. More specifically, the MgAl-LDHs were modified with polydopamine, which was further used as source of reactive amino groups used for functionalization with diethyl phosphite, terephthalaldehyde and thiourea, finally allowing the introduction of phosphate groups in the LDHs which are able to specifically adsorb Cu2+ ions, up to 105.44 mg·g−1. In another interesting report, Wang et al. [177] prepared a hybrid material that combined sulfide (derived from (NH4)2MoS4) intercalated NiFe-LDHs with alginate for the extraction of Pb2+ in aqueous environments. The authors combined the high surface/volume ratio of the bioinspired alginate hydrogel with the LDH sulfide specific interaction with Pb2+, leading to maximum adsorption capacity of about 18 mg·g−1.



An outstanding bioinspired example of phosphate removal from water was shown by Lai et al. [178] who prepared a highly porous composite combining graphene oxide/MgMn-LDH (GO/MgMn-LDH) onto Garcinia subelliptica leaves, that constituted a natural bio-template (see Figure 14). The authors grew MgMn-LDH in-situ on the leaf-templated GO (L-GO) to obtain L-GO/MgMn-LDH. Interestingly, after calcination at 300 °C (L-GO/MgMn-LDH-300), the flavonoids which derived from the leaves were able to intercalate into the LDHs, avoiding the collapse of its structure. In addition, these biomolecules provided an outstanding specificity towards the interaction with phosphate ions, which was quantified as 244.08 mg·g−1 at pH 3. The phosphate adsorption was very much dependent on the pH. Whereas optimal values were obtained at acidic pHs, the higher was the pH, the higher became the competition between OH- groups and phosphate in the interaction with the LDHs, finally reducing the efficiency in phosphate adsorption. Another clever example of biotemplated approach for the removal of antibiotic, i.e., doxycycline, from water was shown by the intriguing approach of Bing et al. [179] who realized 3D hierarchical tubular micromotors from kapok fibers which were functionalized with Br-intercalated MgAl-LDH/Mn3O4 hybrid. The manganese oxide permitted to catalyze H2O2 decomposition generating oxygen bubbles for self-propulsion. The Br− anions acted as initiator to form an imprinted polymer to specifically absorb doxycycline up to 224.23 mg·g−1.





6. Conclusions and Perspectives


The field of LDHs is rapidly evolving from the initial investigations dealing with the materials discovery for new applications in chemistry, materials science and biomedicine. In fact, leveraging their outstanding simplicity in the synthesis, low cost, reusability and biocompatibility, LDHs have already proved to be a key player for in the field of nanotechnology.



Given their extraordinarily combination of properties and biocompatibility, as well as their capability to catalyze reactions under prebiotic conditions, LDH clays might be a material chosen by the molecular evolution of living systems. However, the approach correlating the existence of LDHs with the origin of life is very bold, and the question whether there could be a relationship between LDH clays (including green rust) and prebiotic synthesis remains unclear, thus continues being a hypothesis that would need to be addressed in depth in future studies. In general, it is believed that clays have been key systems for the development of prebiotic conditions, given their ability in concentrating and protecting life-essential molecules, creating autonomous semipermeable compartments, as well as catalyzing polymerization reactions. In this context, the specific role of LDHs is still underestimated, but it is growing steadily, especially considering the relevant role of these materials in the context of prebiotic peptides synthesis. Motivated by this, the review analyzes the currently state of the art concerning the interactions of life-relevant molecules (DNA, phospholipids, amino acids and carbohydrates) with LDHs, focusing on the structural point of view, in particular analyzing the possible formation of ordered and crystalline systems and, if possible, providing some insights into relevant biological role. Then, after briefly describing the fabrication of LDHs-based life-mimicking compartments, the review focuses on the technologically relevant applications of life-like and life-inspired devices. More specifically, we focus our attention on important applications where bioinspired LDHs play an important role, i.e., composites and coatings, physical and chemical sensors, catalysis and bioremediation.



The low cost and the eco-friendly synthetic approaches for LDHs make them suitable materials for relevant applications, as the formulation of paints, flame retardants, phytosanitary and pharmaceutical products, given their key role as dispersing or encapsulation agents for anionic molecular systems. To our knowledge, Kyowa Chemical Industry was the first to produce synthetic LDHs, since 1966, among their vast product portfolio, obtaining a good market success, especially in the field of resin stabilizers, residual catalyst removal and chlorine absorbers. The path to bring to the market the innovations and approaches reviewed in the present work is clearly challenging, and still many efforts are requested of researchers to facilitate a more extended development at a larger industrial scale. As a matter of fact, today, many hybrid organic–inorganic nanomaterials are entering a variety of markets [180]. New materials must aim toward higher levels of sophistication, be recyclable and environmentally-friendly and consume less energy or enable energy harvesting. We hope that the bioinspired approach showed in this review could trigger further technological transfer from academia to the industry, highlighting how bio-friendly LDH products can tackle the need of sustainable chemistry approaches for product manufacturing.



This review does not pretend to cover all the possible literature actually available in the field; however, it can be considered as an effort to review the most recent and exciting advancements in the field of bioinspired applications of LDHs. We hope that it can trigger future LDH-based studies, both on the fundamental science and on the applications, with the ultimate aim to favor a further development of LDHs-based nanotechnology under a novel eco-friendly, bioinspired perspective.
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Figure 1. The synthesis of life relevant molecules (RNA, proteins) starting from inorganic materials and leading to the onset of chemical evolution. Figure reproduced from Ref. [70] https://pubs.acs.org/doi/10.1021/acscentsci.9b00832; Copyright (2019) American Chemical Society, further permissions related to the material excerpted should be directed to the ACS. 






Figure 1. The synthesis of life relevant molecules (RNA, proteins) starting from inorganic materials and leading to the onset of chemical evolution. Figure reproduced from Ref. [70] https://pubs.acs.org/doi/10.1021/acscentsci.9b00832; Copyright (2019) American Chemical Society, further permissions related to the material excerpted should be directed to the ACS.



[image: Crystals 10 00602 g001]







[image: Crystals 10 00602 g002 550] 





Figure 2. Simplified scheme for the oxygen evolution mechanism involving the formation of a peroxide (M–OOH) intermediate under acid (blue line) and alkaline (red line) reaction conditions. Reproduced from Ref. [87] under a Creative Commons Attribution 4.0 International License. 






Figure 2. Simplified scheme for the oxygen evolution mechanism involving the formation of a peroxide (M–OOH) intermediate under acid (blue line) and alkaline (red line) reaction conditions. Reproduced from Ref. [87] under a Creative Commons Attribution 4.0 International License.



[image: Crystals 10 00602 g002]







[image: Crystals 10 00602 g003 550] 





Figure 3. Interaction of DNA-LDH hybrids of different lateral layer sizes and thicknesses with model cellular membranes. Relation between the LDH lateral size and LDH layer number at two different time points: 6.4 μs (a); and 32 μs (b). (c) Effect of the size of the DNA-LDH hybrids on the internalization. Reproduced from Ref. [91]. Copyright (2020), with permission from Elsevier. 
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Figure 4. Scheme of stearate ions ordered layer assembly into LDH: (a) tilted bilayer, and (b) packing of stearate ions in the LDH framework. Reprinted with permission from Ref. [94] Copyright (2003) American Chemical Society. 
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Figure 5. Amino acids on LDHs. Ensembles of (a) amino acids; (b) short; and (c) long peptides intercalated into LDH interlayers via their C-terminal. (d) Proposed mechanism for peptide bond formation inside LDH interlayers. Reproduced from Ref. [54] under the terms of the Creative Commons CC BY license. 
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Figure 6. (a) Stabilization of the MgAl-LDH-CMC hybrid particle by electrostatic-driven interactions. Reprinted from Ref. [98]. Copyright (2014) with permission from Elsevier. (b) Production process of hybrid NiAl-LDH/Alginate-Ca2+ film. Reproduced from Ref. [100]—Published by The Royal Society of Chemistry. 






Figure 6. (a) Stabilization of the MgAl-LDH-CMC hybrid particle by electrostatic-driven interactions. Reprinted from Ref. [98]. Copyright (2014) with permission from Elsevier. (b) Production process of hybrid NiAl-LDH/Alginate-Ca2+ film. Reproduced from Ref. [100]—Published by The Royal Society of Chemistry.



[image: Crystals 10 00602 g006]







[image: Crystals 10 00602 g007 550] 





Figure 7. (a) Photographs of a drying drop of 2.0 vol% LDH dispersion at pH 3 as a function of drying time. Reprinted from Ref. [116]. Copyright (2013) with permission from Elsevier. (b) Schematic diagram of the preparation of LDH thin films and subsequent printing on substrates. Reproduced from Ref. [121] with permission from The Royal Society of Chemistry. 
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Figure 8. (a) Fabrication of the artificial nacre-like HEP/LDH film by three steps: (i) LDH delamination; (ii) assembly of exfoliated LDHs and HEP; and (iii) HEP-LDH hybrid building blocks are aligned by self-assembly induced by vacuum filtration. Reproduced with permission from Ref. [124]. Copyright year (2014) American Chemical Society. (b) Fabrication of artificial multilayered PVA/LDH hybrid films by: (i) modification of the surface of LDH platelets with slightly hydrophobic amine-terminated APTES; (ii) spin coating of a layer of PVA; (iii) gradual formation of Langmuir film at the air–water interface; and (iv) sequential repetition to fabricate multilayer films. Reproduced with permission from Ref. [125]. Copyright year (2014) American Chemical Society. 
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Figure 9. (a) SEM images of pristine PU sponge, (b) SEM images of PU-LDH-Fe3O4-PDA-OM sponge, (c) A series of photographs for the process of absorption and collection toluene (dyed with Sudan III) from the surface of water. Reprinted from Ref. [127] with permission from Elsevier. 
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Figure 10. LDH-based water driven nanogenerators. (a) Schematic illustration of the fabrication process for the LDH-based triboelectric layer of the WD-TENG, showing (from left to right) the bare aluminum foil substrate and the MgAl-LDH nanosheet network before and after surface modification. (b) Scanning electron microscope (SEM) images of the as grown (left) and surface modified (right) LDH film. (c) Schematic diagram of the modified LDH- (green) based WD-TENG collecting energy from water droplets. (d) Output voltage and current density of the WD-TENG under water droplets impacting. Reproduced from Ref. [131] with permission from Elsevier. (e) Photo (left) and schematic illustration (right) of the NiAl-LDH NWEG. (f) Top-view (top) and cross-sectional (bottom) SEM images of the NiAl-LDH film. (g) Schematic diagram of the working principle of the NWEG on a microscopic level. (h) (left) Evolution of the open circuit voltage (VOC, blue line) in response to the variation of the relative humidity (RH, red line) due to periodic opening and sealing of the container. (right) Response of VOC to periodic variations of RH between 96% and 28%. Reproduced from Ref. [132] with permission from Elsevier. 
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Figure 11. Skin-inspired multifunctional device. (a) Scheme of the preparation of SA/PAAS/LRH hydrogel. (b) Top and side photos of the printed hydrogel wafer with a grid structure. (c) Response to sensor strain. First row: Sensor attached on the forefinger of a human hand responding to bending angles from 0° to 90° (left); and sensor attached on the back of the hand responding when making a fist (right). Second row: Relative changes of the hydrogel films in sensing wrist bending (left); and elbow bending (right). (d) Fluorescent colors of various hydrogels, with different rare-earth ratios, under 254 nm in wavelength ultraviolet irradiation. Reprinted with permission from Ref. [136] Copyright (2020) American Chemical Society. 
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Figure 12. Biomimetic LDH nanoleaf for OER. (a) Schematic illustration of the biomimetic NiCo-LDH based nanoleaf, showing (top) a photograph of the monocot leaf and a sketch of the biomimetic nanoleaf, with indication of the OER process, and (bottom) the fabrication procedure, with in situ growth of NiCo-LDH on the CuO nanowires/Cu mesh substrate. (b) SEM images of the CuO nanowires on the Cu mesh (upper panel, scale bar 10 μm), and of the biomimetic nanoleaves (bottom) (scale bar 1 μm). (c) OER performance. First row: Linear sweep voltammetry (LSV) polarization curves (left); and corresponding Tafel plots (right). Second row: Capacitive current vs. scan rates (left); and Nyquist plots at an overpotential of 300 mV (0.1 Hz to 100 kHz) (right). Reprinted from Ref. [157] with permission from Elsevier. 
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Figure 13. LDH-based peroxidase mimics. (a) CoAl-LDH/Fe2O4 hybrid materials catalyze the oxidation of TMB in presence of H2O2, mimicking the peroxidase activity. Reprinted from Ref. [158] with permission from Elsevier. (b) Intrinsic peroxidase-like activity in NiFe-LDH can be leveraged to build up colorimetric sensors for H2O2 and glucose. Reprinted from Ref. [163] with permission from Elsevier. 
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Figure 14. Garcinia subelliptica leaves templates for GO/MgMn-LDH based removal of phosphate anions. (a) Scheme of the templated assembly. (b) Phosphate anion adsorption capacity of L-GO/MgMn-LDH-300 compared to that of the calcined LDH composite without leaf-template (GO/MgMn-LDH-300) (left) and anion selectivity of L-GO/MgMn-LDH-300 (right). Figure reprinted from Ref. [178] with permission from Elsevier. 
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