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Abstract: Layered double hydroxides (LDHs) are an emergent class of biocompatible inorganic
lamellar nanomaterials that have attracted significant research interest owing to their high
surface-to-volume ratio, the capability to accumulate specific molecules, and the timely release
to targets. Their unique properties have been employed for applications in organic catalysis,
photocatalysis, sensors, drug delivery, and cell biology. Given the widespread contemporary interest
in these topics, time-to-time it urges to review the recent progresses. This review aims to summarize
the most recent cutting-edge reports appearing in the last years. It firstly focuses on the application
of LDHs as catalysts in relevant chemical reactions and as photocatalysts for organic molecule
degradation, water splitting reaction, CO2 conversion, and reduction. Subsequently, the emerging
role of these materials in biological applications is discussed, specifically focusing on their use as
biosensors, DNA, RNA, and drug delivery, finally elucidating their suitability as contrast agents and
for cellular differentiation. Concluding remarks and future prospects deal with future applications
of LDHs, encouraging researches in better understanding the fundamental mechanisms involved
in catalytic and photocatalytic processes, and the molecular pathways that are activated by the
interaction of LDHs with cells in terms of both uptake mechanisms and nanotoxicology effects.
Keywords: layered double hydroxides; cellular biology; catalysis; DNA; drug delivery; hydrotalcite;
osteogenesis; photocatalysis; RNA.

1. Introduction
Nanostructured materials or nanomaterials (NMs) represent an important area of research and
a technological sector with full expansion for many different applications. They have long been
considered of paramount importance due to their tunable physicochemical properties such as melting
point, wettability, electrical and thermal conductivity, catalytic activity, light absorption, and scattering,
which ultimately result in better performance compared to their bulk counterparts. In general, NMs
are described as materials with length of 1–100 nm in at least one dimension, and can be roughly
classified according to their:
i)
ii)
iii)
iv)

Composition (carbon-based, inorganic-based, organic-based, composite),
Dimension (0D, 1D, 2D, 3D),
Origin (natural, synthetic),
Synthesis method (top-down, bottom-up/self-assembly).
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Of particular importance is the classification according to their size [1]. 0D nanomaterials are
systems that are at nanoscale in all their x, y, z sizes. Remarkable examples include carbon nanodots [2]
and metallic nanoparticles (NPs) [3]. 1D nanomaterials have one dimension greater than nanoscale, e.g.,
length on the micron scale in one direction only (for instance carbon nanotubes [4], silicon nanowires [5],
or ZnO nanowires [6,7]). They have shown important applications as it both interconnects and has
key units with a nanoscale dimension in electronics and optoelectronics. On the other hand, 2D
nanomaterials have at least two dimensions on the micron scale: Examples include nanoplatelets and
nanoribbons with length or diameter on the micron scale and a nanoscale thickness. In particular,
the synthesis and the application of 2D nanomaterials have become a fundamental research area in
materials science, due to their many intriguing low-dimensional features that are different from the
bulk properties, making them more attractive for subsequent utilization as key building blocks of
nanodevices [8]. Besides the basic understanding of new physico-chemical phenomena, 2D NMs are also
particularly interesting for investigating and developing novel applications in sensors, photocatalysts,
nanocontainers, nanoreactors, and templates for 2D structures of other materials [9]. Three-dimensional
nanomaterials (3D) can be defined as materials whose characteristic x, y, z dimensions are well beyond
the nanoscale (i.e., >100 nm). These systems are typically not included in the category of nanostructured
materials, unless their internal structure is nanostructured. Typical examples of this class of materials
are the following: dispersions of nanoparticles, bundles of nanowires, as well as multi-nanolayers,
nanocrystalline, or nanoporous materials [10].
Among NMs, layered double hydroxides (LDHs) represent an emerging class of 2D layered
materials belonging to the group of hydrotalcite-like (HT) compounds, or anionic clays [11]. LDH
structure can be described based on the stacking of charged brucite-like layers consisting of a divalent
metal ion M2+ (e.g., Ca2+ , Zn2+ , Mg2+ , Ni2+ ), octahedrally coordinated to six OH− hydroxyl groups,
in which part of the divalent cations (M2+ ) are substituted by the trivalent ions M3+ (e.g., Al3+ Fe3+ ,
Cr3+ , In3+ ). Such replacement leads to the formation of positively charged layers, whose net charge is
compensated, to maintain the global electroneutrality, by the presence of exchangeable anions (An− ,
such as hydroxyl groups, nitrates, carbonates, and sulfates) in between the layers conjointly with water
molecules. The general formula of LDHs is the following: [M1–x 2+ Mx 3+ (OH)2 ]x+ ·[Ax/n ]n− ·mH2 O,
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. LDHs are characterized by a low dimensional opened structure that is suitable for
physico-chemical intercalation and adsorption processes with a large variety of molecules ranging
from organic molecules to biomacromolecules.
The conventional approach to the synthesis of LDHs is based on the coprecipitation method [12–14],
which can be briefly described as follows. The addition of a base to a water solution containing the salts
of two different metals, namely M2+ and M3+ , causes the precipitation of the metal hydroxides and the
formation of LDHs. The precipitates are collected, washed and then dried to be deposited on a solid
substrate, or dispersed in solution phase. In some applications it is necessary to produce homogenous
films onto solid substrates [15,16]. For this, two different research groups [17,18] demonstrated the
possibility of growing stable films of well-formed interconnected LDH nanoplatelets directly onto
aluminum surfaces, by immersing aluminum thick foils in a water solution of zinc nitrate or acetate.
Differently from the conventional growth method, a single salt is employed in the growth solution
providing the divalent metal (Zn2+ ), while the trivalent ion (Al3+ ) is provided by the sacrificial
aluminum foil, which behaves as both reactant and substrate, finally improving the adhesion as
well. In this regard, the growth of regular ZnAl LDH nanoplates [19] on Al-coated silicon substrates
was demonstrated, along with the influence of the reacting aluminum layer thickness on the final
morphology and composition of the LDH nanostructures. These kind of LDHs found application
as gas sensors [20], Li-ion battery electrodes [16], for enhanced oxygen evolution catalysis [21], and
surface enhanced fluorescence [22]. LDH systems are subjected to the so-called “memory effect”,
i.e., for suitably low calcination temperatures, the resulting phase can be restored to that of LDH by
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Figure 1. Schematic view of the M2+ M3+ LDH general structure, with Cl− , NO3 −‐ and CO3 2−
anions
Figure 1. Schematic view of the M2+M3+ LDH general structure, with Cl‐, NO
3 and CO32‐ anions
intercalated in the brucite-like structure. Other possible chemical species eventually present in the
intercalated in the brucite‐like structure. Other possible chemical species eventually present in the
interlamellar space are reported, i.e., hydroxyl groups and interlayer water molecules. The figure is
interlamellar space are reported, i.e., hydroxyl groups and interlayer water molecules. The figure is
reprinted from Ref. [24] under a Creative Commons Attribution Non-Commercial No Derivatives
reprinted from Ref. [24] under a Creative Commons Attribution Non‐Commercial No Derivatives
License (CC BY-NC-ND).
License (CC BY‐NC‐ND).

The aim of this review is to introduce the emerging role of LDH materials in chemistry and
The aim of this review is to introduce the emerging role of LDH materials in chemistry and
biology, providing the reader with a broad up-to-date view of the role of these materials in these
biology, providing the reader with a broad up‐to‐date view of the role of these materials in these
fields. Indeed, given the widespread contemporary interest in these issues, the topic is certainly hot,
fields. Indeed, given the widespread contemporary interest in these issues, the topic is certainly hot,
and from time-to-time, it is necessary to review the recent progresses. Differently to the previously
and from time‐to‐time, it is necessary to review the recent progresses. Differently to the previously
published reviews, the aim of the present work is to provide some fundamental references concerning
published reviews, the aim of the present work is to provide some fundamental references
earlier investigations and also providing recent researches that are establishing new trends. As to the
concerning earlier investigations and also providing recent researches that are establishing new
chemistry-related topics, the interest for LDHs is reviewed especially focusing on relevant organic
trends. As to the chemistry‐related topics, the interest for LDHs is reviewed especially focusing on
chemistry reactions and recent advances in photocatalysis, with the ultimate goal to elucidate the key
relevant organic chemistry reactions and recent advances in photocatalysis, with the ultimate goal to
role of LDHs that is rarely investigated in literature. As to the biology-related field, LDHs are reviewed
elucidate the key role of LDHs that is rarely investigated in literature. As to the biology‐related field,
focusing within the well-explored applications in electrochemical and optical biosensors, along with
LDHs are reviewed focusing within the well‐explored applications in electrochemical and optical
DNA delivery. In addition to these, the review summarizes novel and barely explored topics, namely
biosensors, along with DNA delivery. In addition to these, the review summarizes novel and barely
optical sensors, RNA delivery, cellular differentiation, and fundamental biological pathways relevant
explored topics, namely optical sensors, RNA delivery, cellular differentiation, and fundamental
to the LDHs uptake into cells. The critical and unprecedented overview provided by the present review
biological pathways relevant to the LDHs uptake into cells. The critical and unprecedented overview
is hopefully able to motivate new researchers interest in these emerging fields.
provided by the present review is hopefully able to motivate new researchers interest in these
Initially, we will discuss the immense potentiality of these 2D materials in organic chemistry,
emerging fields.
in particular focusing on their role as catalysts in highly relevant chemical reactions, namely the
Initially, we will discuss the immense potentiality of these 2D materials in organic chemistry, in
Baeyer–Villiger reaction, Knoevenagel reaction, Michael addition, and transesterification (Section 2).
particular focusing on their role as catalysts in highly relevant chemical reactions, namely the
We will then focus on the outstanding role as photocatalytic centers, discussing their applications to
Baeyer–Villiger reaction, Knoevenagel reaction, Michael addition, and transesterification (Section 2).
organic molecule degradation, water splitting reaction, CO2 conversion/reduction, and other examples
We will then focus on the outstanding role as photocatalytic
centers, discussing their applications to
(Section 3). Subsequently, we will analyze the intriguing role of these materials in biology, where their
organic molecule degradation, water splitting reaction, CO2 conversion/reduction, and other
biocompatibility and the suitability as powerful drug vectors have triggered an enormous research
examples (Section 3). Subsequently, we will analyze the intriguing role of these materials in biology,
interest in the last few years (more than 1000 papers published in 2018 regarding drug and DNA
where their biocompatibility and the suitability as powerful drug vectors have triggered an
delivery, according to data extracted from the Scopus database). In this regard, we will provide a focus
enormous research interest in the last few years (more than 1000 papers published in 2018 regarding
drug and DNA delivery, according to data extracted from the Scopus database). In this regard, we
will provide a focus on the research results of the last two years, regarding applications of LDHs as
biosensors (Section 4), especially focusing on the novel exciting applications as optical sensors. We
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on the research results of the last two years, regarding applications of LDHs as biosensors (Section 4),
especially focusing on the novel exciting applications as optical sensors. We will then analyze their
important role as nucleic acid delivery agents (Section 5), providing an unprecedented view on the
novel applications in siRNA therapy. Lastly, a specific view on LDHs as key materials in cellular
differentiation, drug delivery, and contrast agents will also be provided (Section 6).
2. LDH Applications in Organic Catalysis
This section will focus on the role of LDH-based materials in organic chemistry, mainly as catalyst
for the preparation of fine chemicals, intermediates, and valuable molecules. The interest for LDHs in
chemical synthesis is due to some common features they share with classic heterogeneous catalysts;
once a reaction has been catalyzed by LDHs, these layered materials can be easily removed from
the crude reaction mixture (e.g., by filtration) and recovered for next reaction cycles, with significant
simplification of the work-up procedure for the chemist. Among the plethora of available heterogeneous
catalysts, LHDs have some additional appealing features, such as the simplicity of their preparation
from cheap precursors, the involvement of non-harmful precursors, low toxicity of their possibly
produced decomposition products, and no need of expensive rare elements. For details on synthesis
routes, the reader is advised to go back to the previous Section, however some other aspects relevant
to LDH fabrication strategies will be briefly discussed here as well, in order to clarify why scientists
devote increasing attention towards specific LDH compounds.
Chemists’ interest over clays does not go so back in time: early in the 80s the works of Kruissink
and Reichle on methanation [25] and acetone oligomerization [26], respectively, pointed out that LDHs
could be employed as precursors for catalytic species, after thermal degradation. In those works, the
properties of the pristine LDHs were not addressed, but shortly after Martin and Pinnavaia revealed
how LDHs could be useful also in their pristine form [27]. From there on, the number of publications
on catalytic LDHs quickly grew. The aforementioned paper not only had a historical relevance, but it
allows us to discuss the different strategies that researchers have when dealing with LDHs as catalysts
(see Figure 2):
i)

ii)
iii)

iv)

LDH-materials as supporting surface. The insertion of new species adds a reactivity that pristine
LDHs do not possess at all. LDHs role lies in the chemical confinement, enhancement of catalyst
selectivity, but no active participation to the reaction steps,
LDH-materials as source of catalytically active species. LDHs are induced to transform in a new
material with the required catalytic properties,
LDH-materials as absorbers. The catalytic species are adsorbed in between the interlayer galleries,
and can be lately exchanged with the external environment. LDHs must be previously exposed
to an excess of the species to be adsorbed, which are lately released. It is evident that in this case,
LDHs act as a reservoir, or create a catalytic environment/condition, but the active role is due to
another atomic/molecular object,
LDH-materials as they are. The catalytic properties belong to the lattice as it is, and are not subject
to the inclusion of other species.

We are going to restrict our discussion on the latter case. Indeed, in the first case, LDH materials
derive their reactivity from the hosted species, and the LDH crystal lattice has a relatively marginal role,
boosting up the catalytic activity of the absorbed species but not participating directly. Several reviews
have already been published focusing over specific examples where carbon nanoforms [28,29], metal
nanoparticles [29,30], organic guests [31,32], and oxometalates [33,34] are used for the preparation of
interesting LDH-based hybrids. In the second group, LDHs typically undergo thermal stress, with a
consequent loss of structural features and transformation into mixed metal oxides (MMOs) [35,36].
Such a procedure is useful when the lattice is limiting the interaction between the metal centers and the
reactants, thus the catalytic behavior arises when the layered clay framework, that is the key feature of
a LDH-material, is lost. MMOs are used for a wide range of reactions, mostly in the gas phase [37–40],
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and various alkylation protocols, condensations and transesterifications [41]. The easiest way to reduce
LDHs into MMOs is calcination, but this procedure should not be considered as a protocol since it
points only to the loss of LDH structural features. Firstly, it could be a simple way to remove excess of
water, which is detrimental for several catalytic routes [42]. Secondly, operating a strict control over
calcination temperature, the so-prepared MMOs can regenerate LDHs after rehydration [43–46]. This is
the so-called “memory effect”, and published data reported that calcination temperature (Tc ) should be
below 500 ◦ C, as well as compatible with thermal stability of eventual other species introduced/grafted
on
LDHs
[47].
2019,
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effect”, and published data reported that calcination temperature (Tc) should be below 500 °C, as
well as compatible with thermal stability of eventual other species introduced/grafted on LDHs [47].
The reactivity intrinsically ascribed to LDHs is related to their layered structure formed by
cations, anions and structural water molecules, but there are other ruling parameters; the most
crucial ones are summarized here:

Crystals 2019, 9, 361

6 of 43

of the metal hydroxide sheets, and the overall bonding, mobility, orientation, and reactivity of the
chemical species in the interlayer spaces and on the surface [53–58]. It is therefore desirable to have
homogeneous distribution of cations without segregation of phases with specific composition, which
would result in varied reactivity, and in catalytic processes, generation of nonspecific products [59].
Similarly, the composition of the anionic species can be varied [60]. Some other clear advantages bring
researchers to consider LDHs as catalysts of choice instead of more traditional ones [57,58]. Besides
their activity and/or selectivity, in heterogeneous catalysis LDHs offers the opportunity of minor
production of waste and an easier removal of the catalytic species from the crude reaction mixture.
One example is given by the work of Lü et al., who fabricated LDH-based catalytic films over porous
alumina membrane [61]. Interestingly, the authors revealed superior activity of the catalytic film in the
aldol condensation of acetone, compared to the LDH-powders prepared under identical conditions.
The authors also pointed out that those LDH-crystallites grown over the alumina support retained
hexagonal plate-shape perpendicularly on the substrate, which favored the diffusion of the reactants
throughout the substrate, despite the more disordered organization of the LDH-powders.
In the next paragraphs, we will consider some organic reactions of interest, and we will try to give
an overview of the most relevant and recent contributions of LDH compounds in organic synthesis.
Our aim is to give to the general audience, not only to organic chemists, the feeling why so many
researchers focused on specific reaction pathways. We will report, as well, some examples regarding
industrially relevant molecules and/or precursors whose synthesis can be improved applying LDHs
chemistry. Our attention regards the following classes:
i)
ii)
iii)
iv)

Baeyer–Villiger reaction,
Knoevenagel reaction,
Michael addition,
Transesterification (biodiesel production).

We would like to recommend a review by Sels et al. [62], whose analysis embraced several classes
of reactions, although the reader should notice that no distinction was made among LDHs, MMOs
derived from LDHs, intercalated materials and else. With an insight into life sciences, it is worth to
point out that the synthesis of therapeutic molecules (i.e., drugs, active compounds) typically requires
a high number of transformation and purification steps. A straightforward strategy to improve the
sustainability of complex chemical synthesis is to consider how nature synthesizes biologically active
compounds using enzymatic catalysis. Unfortunately, enzymes that catalyze C-C and C -N bond
forming reactions employed in the synthesis of active pharmaceutical ingredients (such as Knoevenagel
condensation, Henry reaction, Michael addition, and Friedel-Crafts alkylation) are quite rare [63].
In this regard, chemists have looked into more robust and cost-effective catalytic systems that can be
adapted to a broad range of reaction conditions, in order to decrease the production costs of synthesis.
2.1. Baeyer–Villiger Reaction
The Baeyer–Villiger (BV) reaction (see Figure 3) is an oxidative pathway bringing to the formation
of esters and lactones by oxidation of carbonyl compounds with a peroxide derivative [64]. The reaction
takes the name of its two developers, Adolf von Baeyer (previously known for the synthesis of indigo)
and his student Victor Villiger, reporting the use of Caro’s acid (KHSO5 ) as a new oxidant for the
conversion of cyclic ketones to the corresponding lactones [65]. This versatile protocol was revised in
the last century of applications [66]; the interest towards this reaction increased when the work by Fried
et al. provided the first definitive evidence of lactone formation in living organisms according to the
Baeyer–Villiger pathway [67]. Moreover, the enzymatic B-V oxidation was also explored to facilitate
biotransformation of sterically demanding ketones [68]. These evidences opened the way to the search
of new oxidants, with major urge in the last 20 years due to the necessity of greener protocols [69,70].
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2.2. Knoevenagel Reaction
The Knoevenagel condensation (see Figure 4) is one of the most diffused tools in the hands of
organic chemists. Such versatile reaction can be briefly defined as the product of interaction between a
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performed a thermal pre-treatment (150 ◦ C per 1 h) claiming that the excellent reaction yields could be
due to the anhydrous catalyst that should be able to co-intercalate water molecules generated in the
Knoevenagel condensation, and withdraw the reaction equilibrium to the formation of the adduct.
Dimethylmalonate, having methylene groups of very low acid strength (pKa > 13) did not give the
benzaldehyde adduct, opening the room to chemoselective reactions. Shortly later, the results from
Li et al. confirmed the intuition that calcined materials could work in a more profitable way in the context
of Knoevenagel protocols [86]. In their study, carbonate-containing LDHs with different combinations
of Al3+ , In3+ , and Mg2+ cations were investigated in the condensation of ethyl cyanoacetate with
benzaldehyde. The structural characterization pointed out that other relevant parameters should be
taken in account, i.e., porosity, surface area, and basicity of the materials, which always exhibited higher
values in the case of the more performing calcined materials. Lei et al. moved little further, pointing at
the crystallinity of the material [87]. For their MgAl-OH LDHs obtained by calcination/rehydration of
MgAl-CO3 LDH-precursors with high crystallinity, a base-acid catalytic mechanism was proposed to
interpret the catalytic behavior. Activated MgAl LDHs synthesized by urea hydrolysis showed a much
higher activity in aldol and Knoevenagel reactions than the corresponding material synthesized by
the co-precipitation method, suggesting that the presence of acid-base hydroxyl pairs was required,
and that catalytic activity was maximized for highly crystalline structures with an ordered array of
surface hydroxyl groups. Other groups pursued different approaches towards the improvement of
catalytic performance, not related to structural features. Among them, one option was to maximize the
basicity of the material, by the introduction of new chemical motifs. In a recent example [88], MgAl
LDH-nanosheets were functionalized by grafting aminopropyltriethoxysilane (APTS) onto the clay
surface, introducing free amino groups. The prepared MgAl-NH2 LDH-nanosheets exhibited excellent
performance in the Knoevenagel condensation compared to the homogeneous catalyst APTS and the
heterogeneous catalysts with Al2 O3 and SiO2 . These results find reasonable justification in the high
surface area of the hybrid nanosheets, and synergistic effects among MgAl LDHs, the grafted -NH2
groups, and reaction substrates.
Some recent reports tried to conjugate the advantages of heterogeneous catalysis with greener
approaches. An example is grafting of LDHs with ionic liquids (ILs). Khan et al. opened the way
testing widely described MgAl LDHs (Mg:Al = 3:1), synthesized following published procedures and
avoiding pre-treatments, immersed in ILs [89]. Besides the advantageous efficiency of LDH-catalysts
and the presence of ILs as a safe and reusable media, they reported also significant alteration
in diastereoselectivity in the case of the nitroaldol reaction with nitroethane. In a recent report,
Li et al. grafted ILs with different length of their alkyl chains (IL-Cn with n = 4, 8, or 12) onto
MgAl-NO3 LDHs, revealing that the grafting approach helped to adjust the distribution of basic sites,
and also induced flexibility to the catalyst, allowing easy accessibility of the active centers by the
substrates [90]. Application of LDH-ILs-Cn for Knoevenagel condensation of various aldehydes with
ethyl cyanoacetate/malononitrile results in excellent yields, high selectivity, and efficacy in aqueous
solution at room temperature, and recyclability as well.
It is here worth mentioning a less conventional approach proposed by Zhou and coworkers, who
reported on LDHs developed for the catalysis of two different reactions, which happened in sequence in
their case, but that could be easily controlled by the presence/absence of specific chemicals [91]. In more
detail, they investigated NiGa LDHs, which could catalyze oxidation reactions and Knoevenagel
condensations; in the specific case, alcohols were oxidized to the corresponding carbonyl compound
(in the study, benzyl alcohol to benzaldehyde), which reacted in the next step with a partner molecule
(benzoylacetonitrile). The introduction of the second partner necessarily ruled the occurrence of the
second step, otherwise the simple oxidation would result at the end of the treatment. A good tolerance
for the catalyst to various substrates, and excellent recyclability were also reported.
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[100]. LDH compounds were also used as catalysts in green protocols for Aza‐Michael addition. In
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further insights into the reaction mechanism and the quantification of LDH basic sites [100]. LDH
compounds were also used as catalysts in green protocols for Aza-Michael addition. In this regard,
in the effort to determine the LDH-catalyst with the highest activity and selectivity, Kantam et al.
discussed the reaction between dibutylamine and methyl acrylate (Aza-Michael reaction, due to the
amino-group acting as nucleophile) comparing several LDH compounds obtained from calcination
and rehydration of different precursors, as well as pure metal oxides [101]. CuAl LDHs proved to be
the best candidates, with HT catalyst at room temperature in very good yields. The Cu-Al hydrotalcite
showed enhanced activity over the other tested solid catalysts, and it was reused for several cycles with
consistent activity and selectivity. One last interesting report concerns LDH-catalysts with anchored
L-proline [102]; the catalytic activity was comparable to what reported for other LDHs, but the novelty
lay in the asymmetric induction on the Michael addition products. Reaction between β-nitrostyrene
and acetone with an inversion in the asymmetric induction was observed when compared to the
reaction using pure L-proline catalysis, opening the way to the production of enantiomers using
catalysts where the chiral (and expensive) enantiomer is recycled for both the two reactions.
2.4. Transesterification (Biodiesel Production)
The transesterification reaction is one of the universal and well-known tool in the hands of organic
chemists. It consists in the exchange of the alkoxy-group of an ester with another one generated by an
alcohol; the reaction is reversible, and can be acid-base catalyzed [103]. Besides basic research, it has a
never ending number of industrial applications, such as in plastics and polymer technologies [104,105],
and biodiesel conversion of biomasses [106].
The importance of basic sites for the catalysis of transesterification induced the scientific community
to verify the suitability and performance of LDH-materials. Cantrell et al. reported a deeply detailed
investigation over a series of MgAl-CO3 LDHs [107]. All materials revealed to be effective catalysts
for the liquid phase transesterification of glyceryl tributyrate with methanol for biodiesel production.
The rate increased steadily with Mg content, with the Mg rich Mg2.93 Al catalyst an order of magnitude
more active than MgO (comparable results were lately reported by Xie et al. and Zeng et al., in two
separate studies using as starting biomass soybean and rape oils, respectively [108,109]). Pure Al2 O3
(completely inert) was investigated as well for a complete comparison. Their structural investigation
resulted in a correlation between reaction rates and intralayer electron density, which could be
associated to increased basicity. Some other interesting aspects were revealed by Liu et al. [110]. In their
investigation on poultry fat transesterification with methanol, they determined that rehydration of the
calcined catalyst before reaction using wet nitrogen decreased catalytic activity, and also, methanol
had to be contacted with the catalyst before the reaction took place, otherwise catalyst activity was
seriously impaired by strong adsorption of triglycerides on the active sites. Both increased temperature
and methanol-to-lipid molar ratio favorably affected the reaction rate. Navajas et al. confirmed these
observations about rehydration, and achieved outstanding sunflower oil conversions up to 96% c with
2% w/w of catalyst [111].
Kondawar et al. worked on glycerol transesterification preparing MgAl LDHs, pure or doped
with Ca and La [112] (see Figure 6). While the study also interested the simple metal oxides, and
CaO showed the highest activity, the formation of soluble calcium glycerate prevented its recovery
and recyclability. For this reason, the study justified Ca-doped LDHs as a good compromise between
performance and regenerability of the catalyst. Higher activity for Ca-based materials could be traced
in the higher basicity obtained for these entries.
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Figure 6. Mechanism of solid-base-catalyzed transesterification of glycerol. Adapted from Ref. [112].
Figure 6. Mechanism
of solid‐base‐catalyzed
Copyright
2017 American
Chemical Society. transesterification of glycerol. Adapted from Ref. [112].
Copyright 2017 American Chemical Society.
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climate and environmental crisis pushed the accelerator for a new reinterpretation of LDH
community [116,117]. Thereafter, the urge to find answers to the global climate and environmental
chemistry. One of the most active researchers in the field of sunlight‐driven water splitting, Michael
crisis pushed the accelerator for a new reinterpretation of LDH chemistry. One of the most active
Grätzel, advertised NiFe LDHs as efficient photoactive catalyst electrodes [118]. The volume of
researchers in the field of sunlight-driven water splitting, Michael Grätzel, advertised NiFe LDHs as
publications released in the time window 2016‐2019 on photocatalytically active LDHs grew to >150
efficient photoactive catalyst electrodes [118]. The volume of publications released in the time window
items. A second reason led us to the creation of a separate section in the present review: although
2016-2019 on photocatalytically active LDHs grew to >150 items. A second reason led us to the creation
several detailed reviews are available in the recent literature, for example the report from Mohapatra
of a separate section in the present review: although several detailed reviews are available in the
and Parida [119], the number of new available papers calls for a new up‐to‐date overview.
recent literature, for example the report from Mohapatra and Parida [119], the number of new available
This section will address three fields of applications, which are hot topics in the recent
papers calls for a new up-to-date overview.
literature:
This section will address three fields of applications, which are hot topics in the recent literature:
i) organic molecules degradation,
ii)
splitting
reaction,
i) water
organic
molecules
degradation,
iii)
CO
2 conversion/reduction,
ii) water splitting reaction,
iv) other examples, which do not belong to the previously mentioned ones.
iii) CO2 conversion/reduction,
iv) Organic
other examples,
do not belong to the previously mentioned ones.
3.1.
Molecules which
Degradation
Dye molecules
areDegradation
intimately connected with history of humankind, from the prehistoric age to
3.1. Organic
Molecules
the industrial civilization. Nowadays, although countless applications of dyes, their ubiquitous
Dye molecules are intimately connected with history of humankind, from the prehistoric age
presence calls for deeper investigations over their implications in environment pollution [120,121].
to the industrial civilization. Nowadays, although countless applications of dyes, their ubiquitous
Many reports closely connect dyes to insurgency of allergic phenomena [122]. It sounds like a
presence calls for deeper investigations over their implications in environment pollution [120,121].
paradox, the search for colorants with magnificent properties, for example persistence, ended up in
Many reports closely connect dyes to insurgency of allergic phenomena [122]. It sounds like a paradox,
molecules that are difficult to be degraded. The reason why is that chemists pursued different
the search for colorants with magnificent properties, for example persistence, ended up in molecules
approaches for solving this urgent issue [123–125].
that are difficult to be degraded. The reason why is that chemists pursued different approaches for
In the last decade LDHs found increasing application in this variegated field, starting from the
solving this urgent issue [123–125].
first report, again from the team of Vansant [126], with increasing attention gained after the
In the last decade LDHs found increasing application in this variegated field, starting from the
publication by Parida and Mohapatra [127], dealing with efficient and cheap ZnFe‐CO3 LDHs.
first report, again from the team of Vansant [126], with increasing attention gained after the publication
Herein, attention is given to specific LDH compositions focusing on the most recent literature. Zn
by Parida and Mohapatra [127], dealing with efficient and cheap ZnFe-CO3 LDHs. Herein, attention is
and Al are recurrent elements in the photocatalytic HT clays formulation
[128–135]. Many works
given to specific LDH compositions focusing on the most recent literature. Zn and Al are recurrent
report that pristine LDHs can be very efficient without any further treatment, such as calcination,
elements in the photocatalytic HT clays formulation [128–135]. Many works report that pristine
providing decoloration percentage of 90% for solutions of methylene blue (MB) after 1 h irradiation
LDHs can be very efficient without any further treatment, such as calcination, providing decoloration
time (better than that of commercial ZnO nanoparticles) [128]. In order to improve the
percentage of 90% for solutions of methylene blue (MB) after 1 h irradiation time (better than that
photodegradation performance, additives can be included in the LDH‐lattice; cerium doping
of commercial ZnO nanoparticles) [128]. In order to improve the photodegradation performance,
appeared an interesting option to be considered, as it provided an efficiency 1.5 times higher than
additives can be included in the LDH-lattice; cerium doping appeared an interesting option to be
pure ZnAl LDH [131] (see Figure 7).
considered, as it provided an efficiency 1.5 times higher than pure ZnAl LDH [131] (see Figure 7).

Figure 7. Proposed photocatalytic mechanism for the cerium presence in ZnAl LDH materials and its
Figure 7. Proposed photocatalytic mechanism for the cerium presence in ZnAl LDH materials and its
role as charge separator. Adapted from Reference [131]. Copyright 2016 Elsevier.
role as charge separator. Adapted from Reference [131]. Copyright 2016 Elsevier.
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A proposed operation mechanism considers Ce4+ cations able to: i) Collect e− photogenerated
by the LDH lattice; ii) convert to *Ce3+ ; and iii) transfer the excitation energy (and electron) to an
O2 adsorbed molecule. The so-generated O2 − radicals can react with water molecules and generate
H2 O2 ; UV light will break the peroxide and generate highly reactive OH radicals, which are deputed to
decompose the organic pollutant (e.g., phenol). In a similar way, lanthanum provided beneficial effect
in MB photodegradation operated by doped ZnCr LDHs [130]. However, the integration of TiO2 in
LDHs [134] looks more appealing, since it has the relevant advantage to be a well-known photosensitizer
with an extremely low price on the market, making its choice more affordable and convenient for large
scale production/application. Another interesting manipulation is the anionic exchange and decoration
with Ag2 CO3 , which provided higher selectivity over anionic dyes, as revealed in comparative tests
between MB and Red X-3B [129].
In order to find alternative materials where synergic effects could be helpful, Mohamed et al.
reported a study over polypyrrole nanofibers coated with ZnFe LDHs [135]. The novel hybrid material
was tested for the photocatalytic removal of Safranin dye, or Basic Red 2, a biological stain. The
adsorption capability was reported to be about 22% higher than the naked nanofibers, and 31% higher
than the pristine ZnFe LDHs. The photocatalytic removal was improved by 42% and 54% higher than
the nanofibers and the starting LDHs, respectively.
As a general remark, to be kept in mind throughout the following sections, almost all the specific
photocatalytic reactions that we decided to mention in the present work deal with Zn(II)-based LDHs.
While the presence of Zn(II) is constant in the reported examples, where Zn seems to be a component
of fundamental importance, some works focus their attention over different elemental species. One
example is reported by Timár et al. [136]; in their work, the photocatalytic degradation of MB was
reported using Mn2 Cr LDHs as photocatalysts. The performance of such LDHs was comparable with
commercially available Degussa P25 TiO2 , and remained unaltered over five consecutive runs. Further
analyses over materials derived from calcination of the pristine LDHs showed inferior activity; changes
in the performance could be traced in the gradual collapse of the layered structure, until no activity
could be observed for the photocatalytically inactive double oxide.
3.2. Water Splitting Reaction
LDHs have emerged as highly active photocatalysts for water splitting reaction due to some
appealing features. The large surface area and semiconductor characteristics captured the attention
of several groups. Some limitations stimulated researchers to exploit modifications of LDH-based
photocatalysts. Among them, Fu et al. reported on the doping procedure of ZnCr LDHs with
terbium cations, demonstrating an improved photocatalytic performance [137]. Photoluminescence
and photoelectrochemistry measurements on the ZnCrTb LDH samples revealed a more efficient
charge carrier separation and higher injection efficiency, compared to the pristine non-doped ZnCr
LDHs. Optimal performances were observed for a specific doping level (0.5%), with a 2-fold increase
in photocatalytic O2 production efficiency. Oxygen generation through photocatalytic water splitting
under visible light irradiation was studied by Gomes Silva et al., who investigated a series of ZnTi,
ZnCe, and ZnCr LDHs at different Zn-to-metal atomic ratio (from 4:2 to 4:0.25) [138]. ZnCr LDHs
proved once again to be the best matching case, with an atomic ratio of 4:2. The authors focused on the
apparent quantum yields for oxygen generation, with values well comparable with previous results by
Fu et al. It is worthwhile to point out that these quantum yields (60.9% and 12.2% at 410 nm and 570 nm,
respectively) were among the highest values ever determined with visible light for solid materials
in the absence of a light harvesting dye. Interestingly, in a field of rapid growth, it is appreciable
that different research groups arrived to the confirmation of similar findings, further supporting and
consolidating the trend in photocatalytic exploitation of LDHs.
Lee and coworkers followed a different approach to the improvement of photocatalytic
performances, with specific focus over the other half-reaction, bringing the evolution of H2 [139].
In their case, the material consisted of a combination of graphitic carbon nitride (g-C3 N4 ), which acted
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observed enhanced visible light absorptivity and suppression of electron−hole recombination.
In two different reports [140,141], photoanodes were successfully prepared by the integration
In two different reports [140,141], photoanodes were successfully prepared by the integration of
of bismuth vanadate BiVO4 with Co-based LDHs (see Figure 8). The design presented by Vo and
bismuth vanadate BiVO4 with Co‐based LDHs (see Figure 8). The design presented by Vo and
collaborators was more complex, bringing to the preparation of a CoMnZn trimetallic anionic clay,
collaborators was more complex, bringing to the preparation of a CoMnZn trimetallic anionic clay,
but several details are herein discussed. The evidences suggested synergistic effect of the three-metal
but several details are herein discussed. The evidences suggested synergistic effect of the three‐metal
composition
towards the enhanced photoelectrochemical performance. Surface modification of
composition towards the enhanced photoelectrochemical performance. Surface modification of
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the migration
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and transport
of holes, thus
retarding
recombination
vanadate
to LDH,
facilitating
fast separation
and transport
of holes,
thustheretarding
the
of photogenerated
charges.
recombination of photogenerated charges.

Figure
Schematicrepresentation
representation of
of charge
charge carrier
carrier dynamics
BVO
(a)(a)
and
Figure
8. 8.Schematic
dynamicsininwater
wateroxidation
oxidationonon
BVO
and
BVO/CMZ‐LDH
photoelectrodes.Adapted
Adapted from
from Reference
Reference [141].
BVO/CMZ-LDH
(b)(b)
photoelectrodes.
[141].Copyright
Copyright2019
2019Elsevier.
Elsevier.

3.3.3.3.
COCO
Reduction
2 Conversion/
Reduction
2 Conversion/
Photocatalytic
conversion
Photocatalytic
conversionofofCO
CO
intoalcohols
alcoholsisisaachemical
chemicalpathway
pathwaywidely
widely pursued
pursued in order
order to
2 2into
to
answer
two
relevant
issues.
From
one
side,
to
find
application
to
an
inert
molecule
which
the
answer two relevant issues. From one side, to find application to an inert molecule which is is
the
last
last
of carbon
oxidative
a dangerous
greenhouse
as well.
the other
is
step
ofstep
carbon
oxidative
chain,chain,
and a and
dangerous
greenhouse
gas asgas
well.
FromFrom
the other
side,side,
it is it
a way
a way toliquid
produce
fuels in an environmentally
compatible
in demanding
a less energy
to produce
fuelsliquid
in an environmentally
compatible manner
and manner
in a less and
energy
way.
demanding
way.
Several
different
approaches
and
materials
were
tested
[142–144],
and
LDHs
Several different approaches and materials were tested [142–144], and LDHs resulted to be an intriguing
resulted
ancase.
intriguing
also in
this case. Some
interesting
achievements
concerned
MgAl
option
also to
inbe
this
Some option
interesting
achievements
concerned
MgAl
LDHs, which
are the simplest,
LDHs,
which
are
the
simplest,
most
common,
and
deeply
studied
HT
compounds.
Their
high
CO2 at
most common, and deeply studied HT compounds. Their high CO2 adsorption performance, even
adsorption
performance,
evenreported
at room[145].
temperature,
already
reported
[145]. Among
lateston
room
temperature,
was already
Among was
the latest
reports,
Flores-Flores
et al. the
focused
reports, Flores‐Flores et al. focused on the development of a microwave‐assisted protocol for
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claimed, MW-irradiation was necessary to produce samples with high crystallinity, which had a strong
samples with high crystallinity, which had a strong impact over methanol production rate. During
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Figure 10. Catalytic oxidation of dibenzothiophene (DBT) on LaZnAl3 -MoO4 LDH-catalyst. Adapted
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distorted structure in the LDH NSs, which is supposed to enhance N2 chemisorption and to promote
NH3 formation.
4. LDH Applications in Biosensors
LDHs have been largely employed as efficient biosensors, owing to their excellent biocatalytic
properties and to the possibility of producing hybrid materials with enzymes. Starting from the
first example of urea biosensors based on the immobilization of urease into oppositely charged
clays [159], most of the research in the field of LDH-based biosensors was devoted to the
fabrication of oxidoreductase enzyme/LDH amperometric biosensors, where typically employed
enzymes were transketolase, acetylcholinesterase, horseradish peroxidase, and glucose oxidase [160].
The researchers also showed the possibility to prepare hybrid LDHs containing redox active
molecules as enzyme immobilization matrices, such as anthraquinone sulfonate, ferrocene, and
2,2’-azinobis 3-ethylbenzothiazoline-6-sulphonate.
In general, the class of enzyme-based biosensors is featured with high costs and low stability, being
their response potentially affected by factors such as temperature, pH, and ionic strength [161,162].
For these reasons, recent research efforts were focused on the fabrication of enzyme-free biosensors
mostly based on the functionalization of electrodes with functional nanomaterials, benefiting from low
costs, rapid response, high sensitivity [163], and from the possibility to enhancing electrode activity
providing much more accessible exposed active sites as well as to provide convenient ion/electron
transport channels for electrochemical detection of analyte molecules. In this scenario, LDHs have been
explored as convenient materials for the fabrication of enzyme-less glucose biosensors. As a remarkable
example, Cui et al. [164] reported on the fabrication of a bifunctional non-enzymatic flexible glucose
microsensor based on CoFe LDHs by directly growing a CoFe layered double hydroxide nanosheet
array (LDH-NSA) on a Ni wire. The LDH system showed high sensitivity and high selectivity in
electrochemical and colorimetric detection of glucose, with linear ranges from 10 to 1000 mM and from
1 to 20 mM, and detection limits of 0.27 µM and 0.51 µM, respectively. The electrocatalytic glucose
oxidation mechanism of CoFe LDH was tentatively explained by the authors, as follows:
LDH-Co(II) + OH− → LDH(OH− )Co(III) + e−
LDH(OH− )Co(III) + glucose → LDH-Co(II) + gluconolactone
As further examples, Ai et al. modified glassy carbon electrodes with a NiAl LDH composite
with chitosan, obtaining a good linear range (0.01–10 mM) for glucose detection [165]. Li et al.
employed NiAl LDHs onto titanium electrodes, obtaining a detection limit of 5 µM and a linear
range up to 10.0 mM [166]. More recently, the preparation of a glassy carbon electrode modified
with a composite material based on gold nanoparticles decorated with NiAl LDHs and single-walled
carbon nanotubes permitted to obtain a wide linear range from 10 µM to 6.1 mM [167]. The authors
ascribed the good detection performances to the combined effects of enhanced electrical conductivity
deriving from 3D network formed by carbon nanotubes, good accessibility to active reaction sites
from NiAl LDH and more electron transfer passages provided by Au nanoparticles. Besides glucose,
non-enzymatic LDHs-based sensors have also found applications in the detection of drugs, such as
Terazosin hydrochloride, an Alpha-adrenergic Blocking Agent, by means of MgAl LDHs [168], or for
the detection of nitrite ions from solution by NiFe LDHs fabricated onto carbon cloth substrates [169].
As another pivotal example, Asif et al. demonstrated the easy fabrication of hybrid LDH
nanosheets with layers of reduced graphene oxide for electrochemical simultaneous determination
of dopamine, uric acid and ascorbic acid [170]. They produced such 2D composite material by
following a coprecipitation route in which the ZnNiAl LDH and GO precursors were added dropwise
to a formamide solution with continuous stirring. In another synthesis procedure, they directly mixed
ZnNiAl LDH and GO supernatant solutions and added hydrazine in order to obtain reduced GO.
The latter synthesis approach allowed to self-assemble a periodic superlattice compound by integrating
positively charged semiconductive sheets of a ZnNiAl LDH and negatively charged layers of reduced
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graphene oxide. By operating at typical working potentials of −0.10 V, +0.13 V, and +0.27 V vs.
saturated calomel electrode, the obtained lower detection limits for ascorbic acid, dopamine, and uric
acid were 13.5 nM, 0.1 nM, and 0.9 nM, respectively. The authors also showed the possibility to track
the dopamine released from human neuronal functioning neuroblastoma cell line SH-SY-5Y after being
stimulated by highly K+ buffer.
Along with electrochemical sensors, many efforts focused on the preparation of LDH-based
sensors with fluorescence readout. Recently, Liu et al. demonstrated a fluorometric displacement
assay for measuring the concentration of adenosine triphosphate (ATP) using layered cobalt(II) double
hydroxide nanosheets [171]. In particular, they used a dye-labeled oligonucleotide adsorbed on the
LDHs. The adsorption led to the complete and fast quenching of the green fluorescence of the label.
In presence of ATP in the solution phase, the DNA oligonucleotide was rapidly detached from the
LDH because of the stronger affinity of ATP for LDH, finally leading to the restoration of the green
fluorescence signal. This remarkable effect was used by the authors to produce an assay showing a linear
response in the 0.5–100 µM ATP concentration range and a 0.23 µM lower detection limit, allowing for
the determination of ATP in spiked serum samples. In a similar approach, Abdolmohammad-Zadeh et
al. showed a fluorescent sensor based on nanostructured MgAl LDH intercalated with salicylic acid
(SA) for sensing the ferric ions in solution [172]. The calibration graph was linear in the concentration
range of 0.07–100 µmol/L, along with a detection limit of 26 nmol/L. The authors demonstrated the
intercalation of salicylic acid into the layers of the host Mg-Al LDH matrix by showing an increased
interlayer spacing as measured by XRD analysis. The fluorescence intensity of salicylic acid was
increased by its intercalation into LDHs, given the effect of confinement, which reduced the interaction
between salicylic acid and the solvent. In presence of Fe3+ ions, the fluorescence signal of MgAl LDHs
intercalated with SA decreased with increasing of Fe3+ ions concentration because of the formation of
a stable complex with salicylic acid.
Among optical based techniques, chemiluminescence is also a powerful approach for biomolecular
detection given its high sensitivity and low cost in comparison to fluorescence [173]. Many reports
have shown the possibility to employ LDHs for the realization of chemiluminescent glucose sensors.
For instance, Wang et al. demonstrated that MgAl LDHs can be supporting materials for immobilizing
luminol reagent, by triggering luminol chemiluminescence in a moderately acid pH (5.8). In the presence
of horseradish peroxidase, the luminol-LDH hybrid was able to produce chemiluminescence signal to
glucose in the range of 0.005–1.0 mM, along with a detection limit for glucose equal to 0.1 µM [174].
In another paper, Pourfaraj et al. demonstrated that CoNi LDHs exhibit catalytic activities towards
the luminol-H2 O2 reaction. Under optimum conditions, the chemiluminescence intensity was linear
in the range 0.1–12µM of H2 O2 concentrations along with a detection limit (S/N=3) of 0.05 µM [175].
More recently, Pan et al. demonstrated the possibility to use the LDH–luminol–H2 O2 system-based
chemiluminescence platform for sensing carminic acid, a colorant used in food additives [176]. The
detection principle consists of two steps: First, LDH adsorbs carminic acid onto the surface, then
the carminic acid quenches the chemiluminescence of the LDH–luminol–H2 O2 system by resonance
energy transfer, reduction of reactive oxygen species, and occupation of the brucite-like layers. The
authors demonstrate the possibility to obtain a linear response to the analyte in the concentration range
from 0.5 to 10 µM, along with a limit of detection equal to 0.03 µM.
Telomeric DNA could also be a target analyte as recently shown by Haarone et al. [177], who
produced a MgAl LDHs intercalated with DAPI (40 ,6-diamidino-2-phenylindole), which is a fluorescent
molecule that strongly binds to adenine–thymine rich regions in DNA sequences. DAPI could assemble
into the LDH nanosheets by blending with single strand DNA via the co-assembly method (see
Figure 11). The DAPI containing LDH was able to detect long single strand DNA/telomere sequences
simply by changing the single strand DNA sequence. The authors demonstrated a dynamic range
within the 3–20 µg/mL range along with a detection limit of 20 µg/mL.
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Figure 11. Scheme of the assembly of ssDNA blending into DAPI/LDH ultrathin nanosheets. Figure
readapted from Ref. [177], with permission from Elsevier.
Figure 11. Scheme of the assembly of ssDNA blending into DAPI/LDH ultrathin nanosheets. Figure
Finally, LDHs
be applied
for guanine
detection by means of silver nanoclusters (AgNCs)
readapted
from could
Ref. [177],
with permission
from Elsevier.

stabilized by nuclear fast red (NFR) sodium salt on Mg2 Al LDH nanosheets [178]. Due to the
Finally, effects
LDHs in
could
be applied
fornanosheets,
guanine detection
by means
of silver
nanoclusters
(AgNCs)
confinement
2D layered
LDH
the fluorescence
intensity
and
photostability
of the
Al LDH nanosheets
[178].
Due to the
stabilized by nuclear
fast redwere
(NFR)
sodium salt
on Mg
AgNCs-NFR/LDH
compound
significantly
improved
if2compared
with those of
the AgNCs-NFR
confinement
effects
in 2D layered
theAgNCs-NFR/LDHs
fluorescence intensity
photostability
of
based solution.
By introducing
Cu2+LDH
ions nanosheets,
as a modulator,
wereand
successfully
applied
the
AgNCs‐NFR/LDH
were significantly
improved
if compared
with
those oflimit
the
for determining
guaninecompound
in the concentration
range of 10
µM–100 µM,
along with
a detection
2+ ions as a modulator, AgNCs‐NFR/LDHs were
AgNCs‐NFR
based
solution.
By introducing
Cufor
equal to 1.85 µM.
Recently,
dopamine
biosensors
real time detection of dopamine (detection limit
successfully
applied
for determining
the concentration
range ofcell
10 line
μM–100
μM,
down to 2 nM)
from live
cells (human guanine
neuronalinfunctioning
neuroblastoma
SH-SY
5Y)along
were
with
a detection
limitofequal
to 1.85materials
μM. Recently,
dopamine
biosensors
for real
time detection
of
realized
in the form
composite
produced
by exfoliated
charged
nanosheets
of LDHs
dopamine
(detection
limit
down
to
2
nM)
from
live
cells
(human
neuronal
functioning
and graphene [179]. Similarly, carbon nanotubes loaded onto a CuMn LDH nanohybrid allowed
neuroblastoma
cell line
SH‐SY 5Y) were
realized
in2 the
form
ofA375
composite
materials limit
produced
for a high-sensitivity
electrochemical
detection
of H
S from
live
cells (detection
equalby
to
exfoliated
charged nanosheets of LDHs and graphene [179]. Similarly, carbon nanotubes loaded
0.3 nM) [180].
onto a CuMn LDH nanohybrid allowed for a high‐sensitivity electrochemical detection of H2S from
5. LDHs
in limit
Nucleic
Acids
(DNA,
RNA) Delivery
live
A375Applications
cells (detection
equal
to 0.3
nM) [180].
Besides sensing molecules and nucleic acids in biological samples, LDHs can find important
5.
LDHs Applications
in Nucleic
(DNA,toRNA)
Delivery
applications
in life sciences
givenAcids
their ability
deliver
biomolecules to biological systems. LDHs
are efficient
delivery
systems,
high drug-loading
density,
high
Besides drug
sensing
molecules
andpossess
nucleic good
acidsbiocompatibility,
in biological samples,
LDHs can find
important
drug-transportation
efficiency,
low
toxicity
to
target
cells,
or
organs,
offering
excellent
protection
to
applications in life sciences given their ability to deliver biomolecules to biological systems. LDHs
loaded
molecules
from undesired
enzymatic
degradation
[160,181]. high
DNAdrug‐loading
is the carrier of
the genetic
are
efficient
drug delivery
systems,
possess good
biocompatibility,
density,
high
information in livingefficiency,
cells. Thelow
structure
of to
DNA
consists
in organs,
two single
strands
of DNA,
which can
drug‐transportation
toxicity
target
cells, or
offering
excellent
protection
to
bind
together
by
hydrogen
bonding
between
complementary
pairing
bases
(adenine
to
thymine
and
loaded molecules from undesired enzymatic degradation [160,181]. DNA is the carrier of the genetic
guanine to cytosine),
the well-known
DNA double
helix
structure.
delivery
to cells
information
in livingthus
cells.forming
The structure
of DNA consists
in two
single
strandsDNA
of DNA,
which
can
represents
onebyofhydrogen
the most bonding
investigated
applications
for the biological
sciences.
In this
regard,and
the
bind
together
between
complementary
pairing bases
(adenine
to thymine
successful
DNA
delivery
to
cells
strictly
requires
that
the
foreign
DNA
material
must
remain
stable
guanine to cytosine), thus forming the well‐known DNA double helix structure. DNA delivery to
cells represents one of the most investigated applications for the biological sciences. In this regard,
the successful DNA delivery to cells strictly requires that the foreign DNA material must remain

Crystals 2019, 9, 361
2019, 9, x FOR PEER

21 of 43
21 of 43

stable within
the
host
cell by into
fusing
into its genome
or retaining
thetoability
to integrate
intracellularly
within
the host
cell
by fusing
its genome
or retaining
the ability
integrate
intracellularly
replicate.
replicate.
Thisforeign
requires
foreign
DNA
to be delivered
by avector,
suitable
vector,
has the capability
to
This requires
DNA
to be
delivered
by a suitable
which
haswhich
the capability
to enter the
enter
the
host
cell
and
accurately
deliver
the
DNA
molecule
to
the
cell’s
genome,
being
the
vectors
host cell and accurately deliver the DNA molecule to the cell’s genome, being the vectors employed
employed
for genesorted
delivery
into recombinant
viruses
and synthetic
vectors. to
Similar
DNA,
for gene delivery
intosorted
recombinant
viruses and
synthetic
vectors. Similar
DNA,toRNA
is
RNA
is self‐assembled
asofa nucleotides,
chain of nucleotides,
withdifference
the only difference
uracil
is used
instead
self-assembled
as a chain
with the only
that uracil that
is used
instead
of thymine.
of
thymine.
RNA
has many
important
rolesorganisms,
in biological
organisms,
such
conveying
the genetic
RNA
has many
important
roles
in biological
such
as conveying
theasgenetic
information
and
information
and synthesis.
directing protein
synthesis.
the molecules
last ten years,
RNA processed
molecules via
were
directing protein
In the last
ten years,InRNA
were being
thebeing
RNA
processed
the RNA
interference
(RNAi) in
pathway,
consists in
the
expression of
interferencevia
(RNAi)
pathway,
which consists
silencingwhich
the expression
of silencing
genes with
complementary
genes
with
complementary
nucleotide
sequences
by
degrading
the
mRNA
after
transcription
from
nucleotide sequences by degrading the mRNA after transcription from DNA, ultimately preventing
DNA,
ultimately
In this RNA
regard,
small interfering
RNA
(or silencing
RNA,
translation.
In thispreventing
regard, thetranslation.
small interfering
(orthe
silencing
RNA, siRNA)
therapy
is hampered
siRNA)
therapy
is
hampered
by
the
barriers
for
siRNA
bioavailability
to
enter
into
cells
cytoplasm
by the barriers for siRNA bioavailability to enter into cells cytoplasm and exert their gene silencing
and
exertIntheir
silencing
In this
scenario, LDHs
demonstrated
an DNA
ideal
activity.
this gene
scenario,
LDHsactivity.
have been
demonstrated
as an have
ideal been
synthetic
vector for as
both
synthetic
for both
RNA molecules,
due to amechanism,
well‐elucidated
adsorption
mechanism,
and RNAvector
molecules,
dueDNA
to a and
well-elucidated
adsorption
taking
into account
that the
taking
into
account
that
the
phosphate
backbone
of
the
DNA
polymer
coordinates
with
the
metal
phosphate backbone of the DNA polymer coordinates with the metal cations of the LDH lattice via
the
cations
of the LDH
lattice[182,183].
via the ligand‐exchange process [182,183].
ligand-exchange
process
The
The formation
formation of
of LDH‐DNA
LDH-DNA hybrids
hybrids for
for DNA
DNA delivery
delivery can
can be
be obtained
obtained either
either through
through the
the
incorporation
of
small
DNA
molecules
and
antisense
oligonucleotides
into
the
LDH
by a
incorporation of small DNA molecules and antisense oligonucleotides into the LDH matrixmatrix
by a simple
simple
ion‐exchange
or bygeneral
a morecoprecipitation
general coprecipitation
route involving
in situ
ion-exchange
reactionreaction
[184], or[184],
by a more
route involving
the in situ the
formation
formation
of
LDH
layers
of
various
ionic
compositions
around
intercalated
DNA
[185].
In
particular,
of LDH layers of various ionic compositions around intercalated DNA [185]. In particular, the feasibility
the
feasibility
of the latter
approach wasby
demonstrated
by [185]
Desigaux
et al. [185] that
of the
latter approach
was demonstrated
Desigaux et al.
that demonstrated
thedemonstrated
intercalation
the
intercalation
of
DNA
into
the
LDH
matrix
by
the
net
increase
of
the
interlayer
distance,
from
of DNA into the LDH matrix by the net increase of the interlayer distance, from ∼0.77 nm for
all
∼0.77
nm
for
all
nitrate
parent
LDHs
to
∼2.11
nm,
∼1.80
nm,
and
∼1.96
nm
for
DNA
molecules
nitrate parent LDHs to ∼2.11 nm, ∼1.80 nm, and ∼1.96 nm for DNA molecules complexed with
complexed
Mg2Mg
Al,2Mg
and Mg2Ga,
(see Figure
12). Choy
et al.
were
the first
Mg2 Al, Mg2with
Fe, and
Ga,2Fe,
respectively
(seerespectively
Figure 12). Choy
et al. were
the first
that
showed
the
that
showed
the
possibility
to
intercalate
c‐myc
antisense
oligonucleotide
(As‐myc)
into
MgAl
LDH
possibility to intercalate c-myc antisense oligonucleotide (As-myc) into MgAl LDH nanoparticles by
nanoparticles
by[186].
anion exchange [186].
anion exchange

◦ of LDH/DNA Hybrids.
Figure 12.
12. Powder
PowderX‐ray
X-raydiffraction
diffraction
patterns
range
2◦ –70
Figure
patterns
in in
thethe
2θ 2θ
range
2°–70°
of LDH/DNA
Hybrids. (a)
(a) 2Mg
andMg
Mg
(spectrumb).
b). (b)
(b)Mg
Mg2Fe/NO
(spectrum a) and
2 Al/NO
3 (spectrum
2 Al/DNA(spectrum
2 Fe/NO
Mg
Al/NO
3 (spectrum
a) a)
and
2Al/DNA
3 3(spectrum a) and
Mg22Fe/DNA
Fe/DNA (spectrum
(spectrum b).
b). Reprinted
Reprinted with
with permission
permission from
from Ref.
Ref. [185].
Copyright (2006)
(2006) American
[185]. Copyright
American
Mg
Chemical Society.
Chemical Society.

The results from cellular internalization experiments demonstrated a strong inhibition of the
The results from cellular internalization experiments demonstrated a strong inhibition of the
proliferation of HL-60 cancer cells exposed to As-myc–LDH hybrids, reaching 65% growth inhibition
proliferation of HL‐60 cancer cells exposed to As‐myc–LDH hybrids, reaching 65% growth
compared with untreated cells. In a more recent report, ZnAl LDH nanoparticles were loaded with
inhibition compared with untreated cells. In a more recent report, ZnAl LDH nanoparticles were
the plasmid pCEP4 to permit the expression of the Cdk9 gene in C2C12 myoblasts cells, as confirmed
loaded with the plasmid pCEP4 to permit the expression of the Cdk9 gene in C2C12 myoblasts cells,
by PCR and Western blotting results [187]. They were also loaded with valproate and methyldopa
as confirmed by PCR and Western blotting results [187]. They were also loaded with valproate and
drugs, allowing for sustained pH-triggered drug delivery. With the aim to combine dissipative
methyldopa drugs, allowing for sustained pH‐triggered drug delivery. With the aim to combine
molecular-dynamics simulations and experimental work, Li et al. [188] demonstrated that delaminated
dissipative molecular‐dynamics simulations and experimental work, Li et al. [188] demonstrated
LDH-DNA bioconjugates can penetrate the membrane walls of plant cells (BY-2 cells). The authors
that delaminated LDH‐DNA bioconjugates can penetrate the membrane walls of plant cells (BY‐2
cells). The authors delaminated the LDH nanoparticles by intercalating lactate into the layers of LDH
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delaminated the LDH nanoparticles by intercalating lactate into the layers of LDH nanoparticles. They
also demonstrated that only the DNA-LDH-DNA sandwich complex was efficiently taken by the
cells, whereas LDH-DNA-LDH sandwich complex and the DNA-LDH complex were not compatible
for intracellular delivery, mainly due to the fact that the hydrophobic sequences of DNA provided
a driving force for penetration. For example, the DNA-LDH-DNA sandwich complex was gradually
internalized into the membrane to minimize exposure of the DNA hydrophobic sequences in the
hydrophilic solvent.
Along with the above reported methods, DNA oligonucleotides can be also immobilized
by silanization of LDHs in aqueous suspension as demonstrated by Ádok-Sipiczki et al. [189].
In particular, the 3-aminopropyltriethoxysilane (APTES) was employed as linker. APTES covalently
attached to the MgAl LDHs. In turn, the amino group of the APTES linker reacted with the
activated 5’ carboxylic functional group of the nucleic acid strand, for the activation of which
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride salt (EDC) and N-hydroxysuccinimide
(NHS) were used. The EDC reacts with the carboxylic group of the nucleic acid to form the O-acylisourea
mixed anhydride. The addition of a selected nucleophile such as NHS, which reacts faster than the
competing acyl transfer, generates an intermediate compound being active enough to couple with
the amino group, finally also preventing any possible side reactions. The authors conclude that the
covalent linkage of the nucleic acids confers to this model nanoparticulate system promising properties
and potential for applications as therapeutic agents, since the DNA could be taken into the cells
allowing for intracellular delivery.
In a similar way to DNA, also RNA complexed with LDHs nanoparticles can be delivered to cells,
being the application of siRNA the main driving force for developing this type of molecular delivery.
For instance, Wong et al. [190] reported the delivery of siRNA to primary neuron cells resulting in
the silencing of gene expression. This possibility has important applications for potential diseases
such as the treatment of neurodegenerative conditions (e.g., Huntington’s disease). Interestingly,
authors found that it was possible to produce Mg2 Al LDHs for simultaneously deliver anticancer drug
5-fluorouracil (5-FU) and Cell Death siRNA for effective cancer treatment, by loading the siRNA on the
surface of LDH nanoparticles and the 5-FU into interlayer spacing [191]. Compared to treatment with
only CD-siRNA or 5-FU, the combination of the two different molecular systems led to an enhanced
cytotoxicity to three cancer cell lines, i.e. MCF-7, U2OS, and HCT-116. This interesting synergic
effect was ascribed to a coordinated mitochondrial damage process. In another interesting approach,
Park et al. [192] showed the possibility to obtain an efficient in vivo and in vitro delivery system for
Survivin siRNA assembled with either passive MgAl LDHs, with a particle size of 100 nm, or active
LDHs conjugated with a cancer overexpressing receptor targeting ligand, folic acid (LDHFA). These
routes allowed targeting the tumor by either EPR-based clathrin-mediated or folate receptor-mediated
endocytosis. The authors also showed the ability to induce potent gene silencing at mRNA and protein
levels in vitro, and achieved a 3.0-fold higher suppression of tumor volume than LDH/Survivin in an
in vivo tumor mouse model. Another interesting example of RNA intercalation in LDHs was provided
by Acharya et al. for potential application in neurodegenerative diseases [193]. They employed short
hairpin RNA (shRNA) intercalated in MgAl LDH nanoparticles at the mass ratio of (1:75), leading
to the formation of shRNA-plasmid-LDH nanoconjugates, with an average size of 40–60 nm, which
were efficiently transfected into mammalian neuroblastoma cells (SH-SY5Y), observing a maximum
internalization of ∼26% at 24 h. This, in turn, led to a significant downregulation of the protein alpha
TNF, demonstrating the efficient functionality of the delivered shRNA.
In the case of CaAl LDH nanoparticles, the pH at which these nanomaterials are prepared can
affect the efficiency of RNA uptake [194] (see Figure 13). Rahaman et al. showed that the involvement
of carbonate ion as impurity was critical during the preparation of CaAl LDHs (see Figure 13). The
authors prepared CaAl LDHs at two different pHs, i.e., pH 8.5 vs. pH 12.5, finding that at the higher
pH, more carbonate ions were intercalated into the CaAl LDH structure, leading to lower intercalated
RNA, as demonstrated by FTIR and XRD characterizations. In particular, after intercalation of shRNA
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LDH nanoparticles. In this regard, Wu et al. [197] demonstrated that an optimal LDH/gene mass ratio
functional siRNA using LDH nanoparticles. In this regard, Wu et al. [197] demonstrated that an
was around 20:1 in terms of cellular uptake amount of gene segments, whereas the ratio was around
optimal LDH/gene mass ratio was around 20:1 in terms of cellular uptake amount of gene segments,
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6. LDHs Applications in Cell Biology: From Cellular Differentiation to Cancer Therapy
In general, 2D clay materials have been demonstrated as biocompatible [198,199], suitable systems
for synthetic biology [200]. By employing micron sized colloidal objects these compounds have
been effectively used for in vitro reconstituting cellular motility [201]. In the specific case of LDHs,
these clays are starting to be more and more investigated as to their direct interaction with living
cells [202,203].
In particular, the toxicity of LDHs to cells has been thoroughly investigated [204]. As expected
from other types of clays, their toxicity potential is dose and time dependent with particle sizes, their
shapes and surface charge being determinant features for cellular uptakes. The reticular endothelial
system is able to sequestrate LDHs systems, especially those with sizes greater than 50 nm. Notably,
LDHs with sizes between 50 and 200 nm show concentration dependent uptake, whereas sizes 350 nm
and above are not concentration dependent [205]. LDHs enter cells through endocytotic pathway;
however the hexagonal shaped LDH crystallite was found to be distributed within the nucleus of
the cells [205]. These results suggested the promising drug delivery potential of LDH at the cellular
level without damaging cell structure. In the biofluids, LDHs produce some tissue and cell friendlily
by-products (H2 O, Mg2+ , Al3+ , Zn2+ ) under physiological conditions [206]. In turn, this effect can
mitigate the acidification tendencies in endosomes and lysosome of cells after the nanocomposite
uptake, ultimately leading to a sustained and pH dependent drug release that is also beneficial for
reducing drug toxicity [204].
6.1. Cellular Differentiation
In a very recent work, LDHs have been reported as a promising material for bioengineering
application, showing that LDH nanomaterials modulate cell adhesion, proliferation, and migration
and demonstrating their suitability in the biomaterial field and in the specific context of tissue
bioengineering [207]. In the following, LDH interaction with cells will be investigated focusing on
the biocompatibility, the latest applications in cellular differentiation, and the applications in cancer
therapy. A specific investigation regarding the LDH biocompatibility was recently carried out by Cunha
et al. [208]. In their research, adult female Wistar rats were subjected to the intramuscular implantation of
two types of LDHs of magnesium/ aluminum (Mg2 Al-Cl) and zinc/ aluminum (Zn2 Al-Cl). Interestingly,
the LDHs did not lead to any sign of inflammatory reactions; on the contrary, they promoted collagen
adsorption. More specifically, Mg2 Al-Cl promoted multiple collagen invaginations (mostly collagen
type-I), whereas Zn2 Al-Cl induced collagen type–III. Li et al. reported on the fabrication of layered
double hydroxide/poly-dopamine composite coating with surface heparinization onto Mg alloys
for application in endothelialization and hemocompatibility [209]. The LDHs were directly grown
onto the Mg sample by reported hydrothermal methods [210] in which Mg alloy plates are placed in
◦
a Teflon liner which contain an aluminum nitrate solution at 120 C for 12 h. The MgAl LDH was then
coated with poly-dopamine and heparin. The resulting composite material was tested for its corrosion
resistance and the ability to enhance, with respect to the bare Mg surface, the adherence, proliferation
and migration rate of the human umbilical vein endothelial cells and inhibited the platelets adhesion.
The interaction between cells and nanomaterials can be employed for tuning differentiation
switches of stem cells, according to precise biomechanical or biochemical triggers [211,212]. LDHs
were demonstrated as biocompatible materials by Ramanathan et al. [213]. In their experiments, they
prepared Poly(3-Hydroxybutyric acid)-Poly (N-vinylpyrrolidone) fibers loaded with MgAl LDHs
and coated over the hydroxyapatite pellets for the realization of bone grafts; the resulting systems
showed good compatibility towards MG63 human osteosarcoma 3AB-OS cancer stem cell lines.
LDH nanocomposites with arginylglycylaspartic acid and kartogenin were incorporated into a gel
together with tonsil-derived mesenchymal stem cells [214]. Interestingly, the cells were observed to
aggregate in the nanocomposite system. By analysis of mRNA content, chondrogenic biomarkers
of type II collagen and transcription factor SOX 9 significantly increased, ultimately facilitating
a chondrogenic differentiation.
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6.2. Contrast Agents
6.2. Contrast Agents
Manganese-based LDHs have been demonstrated as powerful magnetic contrast agents with
Manganese‐based LDHs have been demonstrated as powerful magnetic contrast agents with
outstanding pH response and high relaxivity. Indeed, Li et al. [217] reported that, in comparison
outstanding pH
response and high relaxivity. Indeed, Li et al. [217] reported that, in comparison
with free Mn2+ ions, the Mn-based LDH systems (prepared from isomorphic substitution from Mg3 Al
from isomorphic substitution from
with free Mn2+ ions, the Mn‐based LDH systems (prepared
LDHs) showed a higher longitudinal relaxivity (9.48 mm−1 s−1 at pH 5.0, and 6.82 mm−1 s−1 at pH
Mg3Al LDHs) showed
a higher longitudinal relaxivity (9.48 mm−1 s−1 at pH 5.0, and 6.82 mm−1 s−1 at
7.0 vs. 1.16 mm−1 s−1 at pH 7.4 of free Mn2+ ions). Intriguingly, they ascribed these results to the
−1
−1
pH 7.0 vs. 1.16 mm s at pH 7.4 of free Mn2+ ions). Intriguingly, they ascribed these results to the
unique microstructural coordination environment surrounding Mn atoms in the Mn LDH framework,
unique microstructural coordination environment surrounding Mn atoms in the Mn LDH
as demonstrated by EXAFS measurements. They also observed that the variation of Mn···(OH2 )x
framework, as demonstrated by EXAFS measurements. They also observed that the variation of
coordination in Mn-LDHs in acidic buffer (pH 5.0) led to the excellent T1-weighted magnetic resonance
Mn∙∙∙(OH2)x coordination in Mn‐LDHs in acidic buffer (pH 5.0) led to the excellent T1‐weighted
imaging performance. Afterwards, they proved the intracellular uptake of the Mn-LDHs on the B16F10
magnetic resonance imaging performance. Afterwards, they proved the intracellular uptake of the
cancer cells and the outstanding potentiality as in vivo tumor imaging systems (see Figure 15).
Mn‐LDHs on the B16F10 cancer cells and the outstanding potentiality as in vivo tumor imaging
systems (see Figure 15).
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on the pH value and the nature of the drug. LDH internalization into cells is mainly carried out by
and the nature of the drug. LDH internalization into cells is mainly carried out by clathrin-mediated
clathrin‐mediated endocytosis [223], in which the material to be internalized is surrounded by an
endocytosis [223], in which the material to be internalized is surrounded by an area of cell membrane,
area of cell membrane, which buds off inside the cell to form a vesicle containing the ingested
which buds off inside the cell to form a vesicle containing the ingested material. However, following
material. However, following the reports from Bao et al. [224] for LDH nanosheets‐mediated
the reports from Bao et al. [224] for LDH nanosheets-mediated molecular delivery to plant cells, the
molecular delivery to plant cells, the typical inhibitors of endocytosis and low temperature
typical inhibitors of endocytosis and low temperature incubation did not prevent LDH internalization,
incubation did not prevent LDH internalization, meaning that the penetration of the plasma
meaning
thatcan
thealso
penetration
the plasma membrane
occur
membrane
occur viaofnon‐endocytic
pathways can
(seealso
Figure
16).via non-endocytic pathways (see
Figure 16).
Many reports have demonstrated the immense potentiality of these materials in drug loading
and sustained release. For instance, model antioxidant drugs such as carnosine and gallic acid can be
intercalated into MgAl LDHs by ion exchange and coprecipitation. The drugs are released in a pH =
7.4 phosphate buffered saline medium, following a gradual and biphasic release [225]. Drug release
from LDHs can be triggered by three different mechanisms: ion exchange, desorption and weathering.
Whereas ion exchange only depends on the anion nature, the desorption from LDHs is dependent on
the pH of the medium. Taking ibuprofen as a model drug, anion exchange triggers ibuprofen release in
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the intestinal medium, whereas surface reactions mediated by solid weathering determine the release
in acid media [226]. Many recent examples report on the fabrication of drug-LDHs nanohybrids. Yasaei
et al. [227] demonstrated the direct coprecipitation in the presence of simvastatin (a drug used for bone
regeneration) and the ion exchange of nitrate and carbonate containing LDHs in a simvastatin solution.
The authors found a higher drug loading and more sustained drug releases in the case of nitrate-based
LDHs. Bouaziz et al. found similar efficient loading and sustained release of nisin (among the most
widely used bacteriocin peptides used in food safety) onto zinc-aluminum LDHs [228]. Similarly,
pH-sensitive bead systems composed of folic acid intercalated into LDHs and chitosan represent an
ideal drug delivery system for folic acid release at simulated conditions similar to the gastrointestinal
tract [229]. Among the possible investigated drug systems, alendronate represents a relevant example,
being an anti-resorptive and bone-remodeling drug with poor intracellular permeability, which in turn
results in low drug efficacy. In this regard, Piao et al. [230] demonstrated that MgAl LDHs were able to
obtain a 10-fold enhancement of the cellular uptake efficacy of alendronate in MG63 cells with respect
to the bare alendronate. Notably, LDH itself did not show any effect on proliferation and osteogenic
2019, 9, x FOR
PEER cells (see Figure 17).
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Many reports have demonstrated the immense potentiality of these materials in drug loading
and sustained release. For instance, model antioxidant drugs such as carnosine and gallic acid can be
intercalated into MgAl LDHs by ion exchange and coprecipitation. The drugs are released in a
pH=7.4 phosphate buffered saline medium, following a gradual and biphasic release [225]. Drug
release from LDHs can be triggered by three different mechanisms: ion exchange, desorption and
weathering. Whereas ion exchange only depends on the anion nature, the desorption from LDHs is
dependent on the pH of the medium. Taking ibuprofen as a model drug, anion exchange triggers
ibuprofen release in the intestinal medium, whereas surface reactions mediated by solid weathering
determine the release in acid media [226]. Many recent examples report on the fabrication of
drug‐LDHs nanohybrids. Yasaei et al. [227] demonstrated the direct coprecipitation in the presence
of simvastatin (a drug used for bone regeneration) and the ion exchange of nitrate and carbonate
containing LDHs in a simvastatin solution. The authors found a higher drug loading and more
sustained drug releases in the case of nitrate‐based LDHs. Bouaziz et al. found similar efficient
loading and sustained release of nisin (among the most widely used bacteriocin peptides used in
food safety) onto zinc‐aluminum LDHs [228]. Similarly, pH‐sensitive bead systems composed of
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bone‐remodeling drug with poor intracellular permeability, which in turn results in low drug
efficacy. In this regard, Piao et al. [230] demonstrated that MgAl LDHs were able to obtain a 10‐fold
LDHs have also shown important applications in chemotherapy, since they can improve
enhancement of the cellular uptake efficacy of alendronate in MG63 cells with respect to the bare
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drugany
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Khorsandi
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photodynamic treatment of MDA‐MB‐231 human breast cancer cells. For this purpose, the human
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LDHs have also shown important applications in chemotherapy, since they can improve treatment
of tumors by facilitating pH-triggered drug delivery. For instance, Khorsandi et al. [231] investigated
upon the cellular responses to curcumin-LDH hybrid nanoparticles following a photodynamic treatment
of MDA-MB-231 human breast cancer cells. For this purpose, the human breast cancer cells were
treated with curcumin-LDH NPs and were then irradiated, demonstrating that the curcumin-LDH
hybrid had a cytotoxic and antiprolifrative effect due to the generation of reactive oxygen species,
which led to autophagy and apoptosis. Recently, Liu et al. [232] demonstrated a very intriguing
pH-triggered hydrazone-carboxylate complex of doxorubicin, a model chemotherapy drug, which
was encapsulated in MgAl LDH NPs via a ion-exchange processes. These nanohybrids were
internalized by clathrin-dependent endocytosis and then shifted to lysosomes, where hydrazone-Dox
complexes were released (due to the low pH of this compartment), ultimately resulting in free cytosolic
doxorubicin which in turn facilitated the cell death (MCF-7 and HeLa cells) via cathepsin-mediated
cell apoptosis. A more complex drug-nanohybrid was realized by Wen et al. [233] with the aim to
produce a pH-triggered drug delivery system consisting of folic-acid (FA) functionalized tellurium
nanodots (Te NDs) which were in-situ synthesized in paclitaxel (PTX)-loaded MgAl LDHs. The latter
were, in turn, gated onto mesoporous silica nanoparticles (MSNs). The structural properties of the
resulting nanosystem were characterized by SEM, XRD, XPS and FT-IR methods. Interestingly, these
nanosystems combined the ability of Te nanodots as phototherapeutic agent and the pH-triggered
release of paclitaxel to human cervical cancer cells HeLa and human embryonic kidney cells 293T (see
2019, 9, x18).
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CaAl LDHs have shown useful properties as a drug delivery system for methotrexate to MG‐63
human osteosarcoma cell line [234]. Remarkably, CaAl LDHs alone have been recently
demonstrated as an active anticancer agent, owing to the involvement of Ca2+ ion with the CAMKIIα
protein and associated SOD activity in cancer cell [235]. The results by Bhattacharjeeet al. exhibited
significant down regulation of CAMKIIα and SOD gene by CaAl LDHs at cellular level, leading to
apoptosis of the cancer cell. Exfoliated ultrathin MgAl LDHs prepared by a single‐step procedure in
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CaAl LDHs have shown useful properties as a drug delivery system for methotrexate to MG-63
human osteosarcoma cell line [234]. Remarkably, CaAl LDHs alone have been recently demonstrated
as an active anticancer agent, owing to the involvement of Ca2+ ion with the CAMKIIα protein and
associated SOD activity in cancer cell [235]. The results by Bhattacharjeeet al. exhibited significant
down regulation of CAMKIIα and SOD gene by CaAl LDHs at cellular level, leading to apoptosis
of the cancer cell. Exfoliated ultrathin MgAl LDHs prepared by a single-step procedure in presence
of formamide [236] can be used as a confinement matrix of carbon nanodots (CDs), allowing for an
enhancement of fluorescence lifetime of CDs. In turn, this leads to an improvement of their efficacy in
photoacoustic imaging performance and tumor inhibition under the 808 nm irradiation [237] in Hela
tumor-models consisting of male nude Balb/c mice.
LDHs have also been demonstrated as an effective drug delivery system of etoposide,
a chemotherapeutic agent for the treatment of a number of diseases, including glioblastoma, one of the
most common and lethal intrinsic brain tumors. Wang et al. [238] incorporated etoposide into LDH
nanoparticles in order to overcome the inherent drug resistant problem, such as poor tumor selectivity,
and low solubility in water, permitting to significantly facilitate uptake by glioblastoma cells and
enhance apoptosis efficiency, self-renewal repression, and epithelial-mesenchymal transition program
reversion. The authors conducted a profound transcriptomic analysis to find the role of different
protein pathways involved in the delivery of etoposide into glioblastoma cells, including PI3K–AKt,
downstream mTOR, Nuclear factor kappa B (NF-κB), mitochondrial Bcl-2, activated caspase, and
2019,
9, x FOR PEER signaling (see Figure 19).
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A different scenario has been elicited as it concerns antibiotics loading. Model antibiotics such
as tetracycline and oxytetracyline [239] were shown not to be intercalated into LDHs, but more likely
to be adsorbed on their external surface and released according to a Fickian diffusion model. The
LDHs adsorbed antibiotics are still active towards E. coli and S. epidermis, showing a decrease of
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A different scenario has been elicited as it concerns antibiotics loading. Model antibiotics such as
tetracycline and oxytetracyline [239] were shown not to be intercalated into LDHs, but more likely to
be adsorbed on their external surface and released according to a Fickian diffusion model. The LDHs
adsorbed antibiotics are still active towards E. coli and S. epidermis, showing a decrease of efficacy in
comparison to the free molecules. Among the recent applications in anticancer drug delivery, Asiabi
et al. [240] prepared a novel biocompatible pseudo-hexagonal NaCa-layered double metal hydroxides
(see Figure 20), which allowed for a sustained pH-triggered release of dacarbazine. This system
allowed for enhanced anticancer activity in malignant melanoma cells (malignant A-375 melanoma
and breast cancer MCF-7 cell lines) at higher values in comparison to the free drug [240]. Similarly,
Shahabadi et al. [241] demonstrated the suitability of Fe3 O4@CaAl-LDHs as levodopa delivery systems
for Mel-Rm Cells Melanoma (NCIt: C3224) cells, permitting improvement in the efficacy of the free
drug,
a pH-triggered release mechanism.
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the biology‐related applications, LDHs have proved to be a suitable material for drug and nucleic
acid delivery, due to their partially positive charge that greatly facilitates cellular uptake by
electrostatic forces. We have focused on the novel still poor explored applications in DNA and
siRNA delivery, where LDHs are able to play a key role given their biocompatibility and easy
synthesis and loading approaches. Still, many new investigations are needed in the field of
interactions with cells (especially stem cells and also cancer cells), with the aim to precisely

Crystals 2019, 9, 361

31 of 43

LDHs have proved to be a suitable material for drug and nucleic acid delivery, due to their partially
positive charge that greatly facilitates cellular uptake by electrostatic forces. We have focused on
the novel still poor explored applications in DNA and siRNA delivery, where LDHs are able to play
a key role given their biocompatibility and easy synthesis and loading approaches. Still, many new
investigations are needed in the field of interactions with cells (especially stem cells and also cancer
cells), with the aim to precisely understand the intracellular molecular pathways that can be activated
by the interaction of LDHs with cells.
This overview on LDHs considers only a portion of the numerous organic reactions protocols
which could benefit of LDHs catalytic properties as well as only some remarkable examples among the
different applications of these materials in the field of drug delivery and advanced medical therapies.
While this study does not pretend to detail all the literature actually available, the authors hope that
the most important and recent achievements have been reviewed, with the ultimate goal to offer
a panoramic vision of the importance and potential of this branch of chemistry in between material
science, organic synthesis and biology.
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