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within the host cell by fusing into its genome or retaining the ability to integrate intracellularly replicate.
This requires foreign DNA to be delivered by a suitable vector, which has the capability to enter the
host cell and accurately deliver the DNA molecule to the cell’s genome, being the vectors employed
for gene delivery sorted into recombinant viruses and synthetic vectors. Similar to DNA, RNA is
self-assembled as a chain of nucleotides, with the only difference that uracil is used instead of thymine.
RNA has many important roles in biological organisms, such as conveying the genetic information and
directing protein synthesis. In the last ten years, RNA molecules were being processed via the RNA
interference (RNAi) pathway, which consists in silencing the expression of genes with complementary
nucleotide sequences by degrading the mRNA after transcription from DNA, ultimately preventing
translation. In this regard, the small interfering RNA (or silencing RNA, siRNA) therapy is hampered
by the barriers for siRNA bioavailability to enter into cells cytoplasm and exert their gene silencing
activity. In this scenario, LDHs have been demonstrated as an ideal synthetic vector for both DNA
and RNA molecules, due to a well-elucidated adsorption mechanism, taking into account that the
phosphate backbone of the DNA polymer coordinates with the metal cations of the LDH lattice via the
ligand-exchange process [182,183].

The formation of LDH-DNA hybrids for DNA delivery can be obtained either through the
incorporation of small DNA molecules and antisense oligonucleotides into the LDH matrix by a simple
ion-exchange reaction [184], or by a more general coprecipitation route involving the in situ formation
of LDH layers of various ionic compositions around intercalated DNA [185]. In particular, the feasibility
of the latter approach was demonstrated by Desigaux et al. [185] that demonstrated the intercalation
of DNA into the LDH matrix by the net increase of the interlayer distance, from ∼0.77 nm for all
nitrate parent LDHs to ∼2.11 nm, ∼1.80 nm, and ∼1.96 nm for DNA molecules complexed with
Mg2Al, Mg2Fe, and Mg2Ga, respectively (see Figure 12). Choy et al. were the first that showed the
possibility to intercalate c-myc antisense oligonucleotide (As-myc) into MgAl LDH nanoparticles by
anion exchange [186].

Figure 12. Powder X-ray diffraction patterns in the 2θ range 2◦–70◦ of LDH/DNA Hybrids.
(a) Mg2Al/NO3 (spectrum a) and Mg2Al/DNA (spectrum b). (b) Mg2Fe/NO3 (spectrum a) and
Mg2Fe/DNA (spectrum b). Reprinted with permission from Ref. [185]. Copyright (2006) American
Chemical Society.

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
compared with untreated cells. In a more recent report, ZnAl LDH nanoparticles were loaded with
the plasmid pCEP4 to permit the expression of the Cdk9 gene in C2C12 myoblasts cells, as confirmed
by PCR and Western blotting results [187]. They were also loaded with valproate and methyldopa
drugs, allowing for sustained pH-triggered drug delivery. With the aim to combine dissipative
molecular-dynamics simulations and experimental work, Li et al. [188] demonstrated that delaminated
LDH-DNA bioconjugates can penetrate the membrane walls of plant cells (BY-2 cells). The authors
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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 Mg2Al 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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the d spacing of the basal plane (0 0 2) increased from 8.61 Å in the phase pure CaAl LDH to 20.30 Å
in shRNA sample. Interestingly, these data were nicely correlated with cellular uptake using colon
cancer cell line (HCT 116), since LDHs prepared at pH 8.5 led to a significantly higher uptake (9.34%)
in comparison to LDHs prepared at pH 12.5 (3.54%).

Figure 13. Schematic representation of the mechanism of intercalation of anionic shRNA-plasmid, in
presence of NO3

−/CO3
2–, in cationic layers of samples A (precipitated at pH 8.5) and B (precipitated at

pH 12.5). Reprinted from Ref. [194], Copyright (2019), with permission from Elsevier.

In more recent reports, the researchers strived to the aim of improving the efficacy of LDH delivery
of RNA in comparison with other nanomaterials. For example, Li et al. [195] demonstrated that siRNA
could be more efficiently delivered to osteosarcoma (U2OS) cells by mannose-conjugated SiO2 coated
LDH nanocomposites (Man-SiO2@LDH) compared to unmodified LDH NPs. The enhanced uptake
was attributed to the active mannose-receptor interaction-mediated endocytosis, considering also the
specific strong binding affinity towards lectin that is expressed on the cancer cell membrane.

Wu et al. [196] compared LDHs and lipid-coated calcium phosphate nanoparticles (LCPs) as
effective vectors for siRNA delivery into suspended T lymphocytes (EL4) for silencing the target PD-1
gene. They found that LCPs showed a higher cellular uptake and higher PD-1 gene silence efficiency
in mouse T cell line EL4 (about 70%) in comparison to LDHs (40%). They ascribed this difference to the
smaller size of the LCPs with respect to LDHs (50 nm vs. 100–200 nm) and to the higher efficiency
to get endosome escape when LCPs were dissolved in the endosomes, leading to more sustained
RNA release in the cytosol. From this report, it appears that it is still necessary to obtain a better
understanding of the optimal LDH:DNA ratio parameters for the delivery of functional siRNA using
LDH nanoparticles. In this regard, Wu et al. [197] demonstrated that an optimal LDH/gene mass ratio
was around 20:1 in terms of cellular uptake amount of gene segments, whereas the ratio was around
5:1 in terms of target gene silencing efficacy in MCF-7 cells. The authors ascribed these interesting
results to a reasonable trade-off between DNA loading on the LDHs and dissolution rate. Cellular
internalization of LDH NPs is basically driven by clathrin-mediated endocytosis. Once entered into
the cells, LDH nanoparticles tend to be dissolved (at higher rate within the endosomes) and release
the siRNA. The efficacy of RNA-induced silencing is therefore dependent upon the loading amount
of dsDNA/ siRNA per LDH particle, the number of LDH particles, and the suitable release rate of
dsDNA/siRNA. The 5:1 ratio seems to be a reasonable compromise between these different factors.
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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 (H2O, 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 (Mg2Al-Cl) and zinc/ aluminum (Zn2Al-Cl). Interestingly,
the LDHs did not lead to any sign of inflammatory reactions; on the contrary, they promoted collagen
adsorption. More specifically, Mg2Al-Cl promoted multiple collagen invaginations (mostly collagen
type-I), whereas Zn2Al-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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In a more in-depth investigation, Kang et al. [215] studied the effect of MgAl LDHs and ZnAl
LDHs in promoting the dynamic expression of genes in osteogenic differentiation pathways. LDHs
determined a cytoskeleton rearrangement on the pre-osteoblasts, dependent on the modulating of
Cofilin and PP2A phosphorylations, and a significant upmodulation of the osteoblastic classical marker
genes (Runt-related transcription factor 2, Osterix, and Osteocalcin), while requiring the activation
of c-Jun N-terminal Kinase JNK and extracellular signal–regulated kinases genes. Very recently,
a thorough investigation of the LDH-induced inflammatory landscape onto osteoblasts was carried out
by da Silva Feltran et al. [216]. In their report, they demonstrated that MgAl LDHs and ZnAl LDHs
challenged on the MC3T3-E1 pre-osteoblasts inducing a down-modulation of major pro-inflammatory
genes related to cytokines, precisely the tnfα, nfkb, il18, il6, and il1ß genes. On the other hand,
an up-modulation of anti-inflammatory cytokines il6, il10, and tgfß genes was observed (see Figure 14).
The authors concluded that the effects observed by LDHs could be ascribed to the activation of the
Sonic hedgehog signalling in the osteoblasts, permitting the obtaining of a better comprehension of the
molecular mechanisms driving the later LDH-induced osteoblast differentiation.

Figure 14. Role of LDHs in inducing the anti-inflammatory Sonic hedgehog acute inflammatory
molecular pathway. Reprinted from Ref. [216], Copyright (2019), with permission from Elsevier.

6.2. Contrast Agents

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
with free Mn2+ ions, the Mn-based LDH systems (prepared from isomorphic substitution from 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 pH
7.0 vs. 1.16 mm−1 s−1 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,
as demonstrated by EXAFS measurements. They also observed that the variation of Mn···(OH2)x
coordination in Mn-LDHs in acidic buffer (pH 5.0) led to the excellent T1-weighted magnetic resonance
imaging performance. Afterwards, they proved the intracellular uptake of the Mn-LDHs on the B16F10
cancer cells and the outstanding potentiality as in vivo tumor imaging systems (see Figure 15).
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Figure 15. (a) Scheme of the Mg2.5Mn0.5Al LDH (Mn-LDH) from co-precipitation and isomorphic
substitution. (b) Application of the Mn LDH as magnetic contrast agents showing an ultrasensitive pH
response and high relaxivity. Reproduced from Ref. [217]. Copyright© 2014 by John Wiley and Sons,
Inc. Reprinted with permission from John Wiley and Sons, Inc.

6.3. Drug Delivery

LDHs are reported as very efficient drug nanovehicles [218,219] since, in comparison to other
inorganic nanovehicles, including silica and gold nanoparticles, quantum dots, and carbon nanotubes,
they are featured with excellent biocompatibility [205], high drug loading capacity [220], and
pH-responsive property [221], with biodegradability in the cellular cytoplasm [222]. Such outstanding
properties make LDHs an efficient non-viral drug delivery vehicle, and also a reservoir for bioactive
or bio-fragile molecules. Note that the intercalated drugs can be released either by deintercalation
through anionic exchange with the surrounding anions (such as Cl− and phosphate), or through the
acidic dissolution of LDH hydroxide layers. The predominant mechanism depends on the pH value
and the nature of the drug. LDH internalization into cells is mainly carried out by clathrin-mediated
endocytosis [223], in which the material to be internalized is surrounded by an area of cell membrane,
which buds off inside the cell to form a vesicle containing the ingested material. However, following
the reports from Bao et al. [224] for LDH nanosheets-mediated molecular delivery to plant cells, the
typical inhibitors of endocytosis and low temperature incubation did not prevent LDH internalization,
meaning that the penetration of the plasma membrane can also occur 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

156



Crystals 2019, 9, 361

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
differentiation of MG63 cells (see Figure 17).

Figure 16. Mechanisms of LDH-lactate internalization (clathrin-mediated endocytosis) for molecule
delivery into plant cells. Figure reproduced from Ref. [224] under the terms of the Creative Commons
Attribution Non-Commercial License.

Figure 17. Experimental results showing the biocompatibility of pristine MgAl LDHs (LDH),
Alendronate (AL) and Alendronate-LDH nanohybrids (AL-LDH). Figure reproduced from Ref. [230]
under the terms of the Creative Commons Attribution Non-Commercial License.
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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
Figure 18).

Figure 18. Experimental results showing the cytotoxicity of the hierarchical nanosystem consisting of
Te NDs within Paclitaxel-Loaded MgAl LDH gated mesoporous silica NPs towards (a) HepG2 cells, and
(c) HeLa cells for 48 h with or without irradiation. Cytotoxicity of MT@L-PTX@FA without irradiation
and free Paclitaxel on (b) HL7702 cells, and (d) 293T cells for 48 h. Reprinted with permission from
Ref. [233]. Copyright (2019) American Chemical Society.
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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
Wnt-β-catenin signaling (see Figure 19).

Figure 19. Molecular mechanisms involved in etoposide LDH NPs reversing chemoresistance and
eradicating human glioma stem cells. Republished with permission from the Royal Society of Chemistry,
from Ref. [238]; permission conveyed through Copyright Clearance Center, Inc.
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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 Fe3O4@CaAl-LDHs as levodopa delivery systems
for Mel-Rm Cells Melanoma (NCIt: C3224) cells, permitting improvement in the efficacy of the free
drug, owing to a pH-triggered release mechanism.

Figure 20. Schematic illustration of the structure of NaCa LDH for dacarbazine drug loading. NaCa
LDH has (a) pseudo-hexagonal (P-3m1) structure with (b) a trigonal crystal structure (R-3C) and
(c) rhombohedral lattice system. (d) The M2+/M+ ions are surrounded approximately octahedrally by
hydroxide ions, (e) structure of NO3LDH, and (f) structure of the LDH intercalated with dacarbazine
drug, showing an enlargement of the inter-layer spacing. Reprinted from Ref. [240], with permission
from Elsevier.

7. Conclusions

The aim of this review is to provide the reader with a fresh view in the field of LDH applications
in chemistry and biology. As for the chemistry-related applications, LDHs are a definitely promising
platform for organics catalysis and photocatalysis. Their main advantages lie in the low cost, mild,
eco-compatible, low temperature synthetic approaches in controlled reaction environments (i.e., the
interlamellar space), along with the possibility to recycle the LDHs after their employment. However,
a specific issue of these materials is the “trails and error” approach that typically characterizes the
literature of these materials for chemistry-applications. In the future, a more predictive approach
towards the understanding of the reaction mechanisms involving the metal centers forming the LDHs
would highly benefit the development of this research field. As for the biology-related applications,
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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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