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Abstract

:

Biocompatible hydrotalcite nanohybrids, i.e., layered double hydroxide (LDH) based nanohybrids have attracted significant attention for biomedical functions. Benefiting from good biocompatibility, tailored drug incorporation, high drug loading capacity, targeted cellular delivery and natural pH-responsive biodegradability, hydrotalcite nanohybrids have shown great potential in drug/gene delivery, cancer therapy and bio-imaging. This review aims to summarize recent progress of hydrotalcite nanohybrids, including the history of the hydrotalcite-like compounds for application in the medical field, synthesis, functionalization, physicochemical properties, cytotoxicity, cellular uptake mechanism, as well as their related applications in biomedicine. The potential and challenges will also be discussed for further development of LDHs both as drug delivery carriers and diagnostic agents.






Keywords:


hydrotalcite; nanohybrids; layered double hydroxide; biomedical; therapy; bio-imaging












1. Introduction


Layered double hydroxides (LDHs) are also referred to as hydrotalcite-like anionic clay minerals, since their crystal and chemistry structure are similar to those of the natural mineral, hydrotalcite, which has a chemical composition fixed as Mg6Al2(OH)16CO3∙4H2O with Mg2+:Al3+ ratio of 3:1 and CO32− for balancing interlayer anion [1]. Hydrotalcite has been used for many decades as an antacid and anti-pepsin agent for the earliest application in medical field [2,3]. The new developments from the late 1990s in the area of nanotechnology have resulted in successful synthesis through nanoengineering, and it has led to a paradigm shift to a whole new field for nanomedical applications [4,5,6,7,8,9,10,11,12,13].



The synthetic LDH in the form of a natural mineral, hydrotalcite, has already been commercialized as the antacid and anti-pepsin agent with the drug product name of “Talcid®” by Bayer, a European biopharmaceutical company [3]. Hydrotalcite, one of the layered lattice antacids, is the active ingredient in the proven layered antacid, Talcid®. It is effective for the symptomatic treatment of acid-related stomach problems and heartburn. The original mineral was first discovered by geologist Carl Hochstetter in Sweden in 1842 and he referred to it as “hydrotalcite”. It has the excellent property of gastric acid-binding. Since 1972, the hydrotalcite mineral has been synthesized and found to be successful when used in acid-related stomach complaints such as acid binders, for example Talcid®.



The components of hydrotalcite form a stable, sandwich-like layered structure and release amounts from the layered grid, depending on the pH value. Hydrotalcite has the characteristic of even being able to keep the stomach pH value in the therapeutically favorable range of 3–5 stable. This is achieved by a special part of the process: The more gastric acid that is present initially, the larger the amount of acid-binding ions that are released from the crystal lattice. If more stomach acid has already been neutralized by reacting with active ingredient, the hydrotalcite releases its components slower, decreasing the solubility. The Talcid® product is available in two dosage forms: The liquid and chewable tablet, and it is prescribed to patients with acute or chronic gastritis. The liquid type contains 1000 mg of hydrotalcite per bag (10 mL), and the chewable tablet contains 500 mg of hydrotalcite per piece, which could neutralize gastric acid of 13 mval HCl.



Deoxyribonucleic acid (DNA)-LDH nanohybrids were proposed in 1999 by Choy’s group for a most pioneering work on bio-inorganic nanomaterials [11], and later on, clearly demonstrated as the potential cellular delivery nanovectors in 2000 [12]. From then, it has opened up new research fields for their application in nanomedicine (Figure 1) [14,15,16,17,18,19,20,21,22,23,24]. The delivery of genes, drugs and other bioactive molecules to mammalian cells is a tremendously important research area in medicine and provides various applications for any innovative advances in the area of nanotechnology.



Hydrotalcite nanohybrids have been extensively explored in biomedical fields especially for drug/gene delivery, cancer therapy and bio-imaging based on their two-dimensional (2D) layered structure, good biocompatibility and biodegradability [25,26,27,28,29,30,31,32]. LDHs comprise a unique class of 2D layered material, since they consist of positively charged brucite (Mg[OH]2)-like metal hydroxide layers in which metal divalent cations are partially substituted by trivalent ones and charge-balancing interlayer anions located in the hydrated gallery between the layers. Thus, the layered structure of LDHs enables the intercalation of anionic biomolecules, such as DNA, small interfering ribonucleic acid (siRNA), anti-cancer drugs, bioactive molecules, and contrast agents into the interlayer regions mainly through electrostatic interaction.



In biomedical applications, one of the most significant factors in utilizing layered nanomaterials is biocompatibility. Among various 2D layered crystal structures, LDHs have been established as highly biocompatible, and their related nanohybrids are readily applicable for therapeutic and diagnostic uses such as anti-cancer, anti-inflammatory, antibiotic, antioxidant efficacy, and bio-imaging [33,34,35,36,37,38,39,40,41,42,43,44]. As has been well documented, efficient drug delivery carriers should not only be biocompatible to ensure safety aspects of nano delivery vehicles, but also be suitable to stabilize and protect biomolecules against harsh physical and biochemical attacks in biological environments, subsequently to deliver genes/drugs into the target-specific tissue and release them in the controlled manner. To date, as nonviral vectors, micelles, liposomes, and polymer-based nano delivery carriers have been developed as up-to-date drug delivery systems (DDSs) [45,46,47,48,49,50,51,52,53,54], but they are inherently instable, often leading to the pre-leakage of drugs in harsh biological environments and uncontrollable drug release in vivo.



The hydrotalcite nanohybrids have been considered as efficient bio-reservoirs and gene/drug delivery carriers due to their following advantages: (1) LDHs nanoparticle size, morphology, and surface properties can easily be controlled through facile synthesis and surface functionalization. Thus, the variety of possible metal compositions, for example the combination of biocompatible elements in LDH frameworks enables the lower cytotoxicity [16], doping Gd3+ or Mn2+ can confer magnetic resonance imaging (MRI) function [55,56], size or morphology control can achieve higher cellular uptake as well as more efficient intercellular delivery [57,58] and surface functionalization with specific targeting ligand for active targeting, or with fluorophore for bio-imaging [8,15,59]. (2) LDHs are stable enough to stabilize various bio-functional molecules between the positively charged metal hydroxide layers as interlayer anions with controllable gene/drug loading capacity. LDHs can protect the biomolecules by improving chemical stability and biological inertness and also enhance cellular permeability. (3) LDHs are naturally sensitive to acidic mediums because of M-OH groups, leading to bio-responsive drug delivery.



In this review, we will summarize recent developments of hydrotalcite nanohybrids for biomedical functions, including the history of the hydrotalcite-like compounds in the medical field, synthesis strategies, surface functionalization, physicochemical properties, cytotoxicity, cellular uptake mechanism, as well as their related therapeutic and diagnostic applications. The emerging research will be highlighted with related studies in vitro and in vivo (Figure 2).




2. Cytotoxicity of Nanoscale Hydrotalcite


Synthetic hydrotalcite is generally considered to be of good biocompatibility and low toxicity as it is able to dissolve into metal ions in acidic conditions, making it easily biodegradable in the biological system. However, the toxicological effects of LDH nanoparticles could be strongly influenced by physicochemical properties [25,26,60]. LDHs can also be prepared with low toxicity metal elements, so their compositional versatility can be taken great advantage of, to ensure low toxicity, different from other inorganic nanoparticles which contain highly toxic or highly reactive ones. In the following section, we will describe several physicochemical parameters, such as chemical composition, particle size, and chemical stability, which can strongly affect the toxicological effects of LDH nanoparticles (Figure 3A). The cytotoxicity of nanoscale hydrotalcite has also been compared with three other inorganic nanoparticles including silica, iron oxide, and single-walled carbon nanotubes [61].



Understanding the interrelationship between the toxicity and physicochemical properties of nanoparticles is important to control and minimize their toxicity potential of manufactured nanomaterials for biomedical applications with minimized side effects. There is no doubt, that chemical composition is the most fundamental physicochemical property influencing toxicity of nanoparticles, since each element has its intrinsic chemical characteristics and reactivity in biological environments. So the nanoparticles composed of lower toxicity elements cause lower adverse effects, compared with those composed of more toxic ones. The general chemical formula of synthetic nanoscale hydrotalcite is [M2+1−x M3+x(OH)2]x+(Am−)x/m∙nH2O, where M2+ and M3+ are divalent and trivalent metal cations, respectively, and Am- is the charge-balancing interlayer anion. Their chemical characteristics could be tailored from the various possible metal cation compositions and exchangeable anionic species. The divalent cations are, in general, Mg2+, Zn2+, Fe2+, Cu2+, Ca2+, Ni2+, and Co2+ and trivalent ones include Al3+, Fe3+, Gd3+, Co3+, and Ga3+ [2,5,28]. The variety of possible chemical compositions enables the lattice designs of various biocompatible elements in LDHs.



The cytotoxicity of LDH nanoparticles with respect to different chemical compositions (two different formulas of LDH: MgAl-LDH and ZnAl-LDH) has been evaluated in human breast cancer cell lines, because Mg2+/Al3+ and Zn2+/Al3+ are the most frequently used metal hydroxides combined to form positively charged sheets. MgAl-LDH and ZnAl-LDH nanoparticles with controlled particle sizes of about 200 nm were used in experiment, and the toxicity was evaluated in terms of membrane damage. According to the results, MgAl-LDH nanoparticles showed slightly less cytotoxicity than ZnAl-LDH nanoparticles, evidenced by measuring the released level of lactate dehydrogenase, a kind of the cytosolic enzyme (Figure 3B(a)). A significant cytotoxicity was assessed only at concentrations as high as 250–500 μg/mL in both cases. A slightly higher cytotoxicity of ZnAl-LDH than MgAl-LDH could result from greater cytotoxicity of Zn2+ ions compared with Mg2+ ones. As several studies reported, zinc- and copper-based nanomaterials exhibited the most toxic effects in the cells [62]. With lattice engineering, a variety of possible compositions of LDHs can cause controllable degradation in biological environments. MgAl-LDHs are inert at pH 7.4, i.e., in the range of physiological conditions, but dissolve in weakly acidic conditions at pH 5.5–6.0 in endosomes and pH 4.5–5.0 in lysosomes.



The particle size plays an important role in cytotoxic effects. Size-dependent toxicity of LDH was assessed in cultured human lung cells. It has been demonstrated that the smallest particles with 50 nm were more toxic than larger sized particles, and LDH nanoparticles within 100–200 nm showed low cytotoxicity in terms of membrane damage, cell proliferation, and inflammation response. Four different sized MgAl-LDH nanoparticles with the sizes of 50, 100, 200, and 350 nm with a narrow size distribution were synthesized through hydrothermal reaction and their size-dependent toxicity was evaluated in A549 cells [58]. As shown in Figure 3B(b), the size-dependent cytotoxicity was more evident after 48 h exposure: The smaller the nanoparticle size is, the higher the released level of lactate dehydrogenase induced at very high concentration of 250–500 g/mL. In particular, the cytotoxicity of the smallest size of 50 nm nanoparticles considerably increased, compared with larger sized ones. This is surely related to the size-dependent cellular uptake behaviors of LDHs with four different sizes: Nanoparticles with the size of 50 nm were determined to show higher cellular uptake amount than the larger sizes of 100, 200, and 350 nm. In cultured cells, large sized particles like 350 nm may have more influence in terms of cell proliferation at high concentration (250–500 g/mL) and cause slightly higher lactate dehydrogenase release than at 100 and 200 nm. Therefore, it is concluded that LDHs with sizes of 100–200 nm are optimal in vitro. Size-dependent cytotoxic effects of LDH nanoparticles were also well observed in terms of inflammation response as well as membrane damage.



The structural and chemical stability of nanoparticles is significant, not only for toxicological effects, but also for delivery efficiency under systemic conditions. High stability of nanoparticles as DDSs seem to be indispensable to stably protect encapsulated bio-functional molecules from harsh physiological environments such as low pH, enzyme attack, and vascular endothelial barriers. Meanwhile, nanoparticle-based delivery carriers should easily degrade in biological systems after delivering bioactive molecules to specific target sites, in order to avoid harmful effects later that may be induced by potential bioaccumulation in the body. Cytotoxic effects with respect to chemical and structural stability was also examined in A549 cells by using different LDHs in forms of MgAl-LDH-CO3 and MgAl-LDH-Cl, depending on interlayer anions [62]. The structural and chemical stability is affected by the interlayer anions intercalated into gallery spaces, which is stabilized mainly by electrostatic interaction. MgAl-LDH-CO3 form with higher stability, as indicated by lower dissolution rate in simulated body fluid conditions at pH 7.4, which has been observed to have more remarkable toxicity than MgAl-LDH-Cl with lower stability with respect to released level of lactate dehydrogenase (Figure 3B(c)) and reactive oxygen species (ROS) generation. LDH-CO3 is generally known as thermodynamically the most stable form of LDHs, thus possessing high structural and chemical stability [63]. It is concluded that low degradability of MgAl-LDH-CO3 resulting from high stability causes elevated cytotoxicity, while biologically easily decomposed MgAl-LDH-Cl exhibits low toxicity, which is probably related to the cellular accumulation and retention time in cells.



All the results demonstrate well that toxicological effects of LDH nanoparticles can differ depending on physical and chemical parameters, providing insight into the importance of designing and controlling physicochemical properties of nanoparticles to minimize the toxicity potential.



Toxicity of LDH nanoparticles has also been evaluated by comparing with other inorganic nanoparticles such as silica, iron oxide, and single-walled carbon nanotubes that have attracted significant attention in biomedical applications. LDHs with formula Mg0.68Al0.32(OH)2(CO3)0.16∙0.1H2O exhibited minimal effect on cell proliferation [64]. LDH at concentration of 500 μg/mL inhibited proliferation by 10–20% after incubation for 72 h, while iron oxide and single-walled carbon nanotube at the same concentration resulted in inhibitions of 45% and 60% in A549 cells, respectively. LDH with concentration up to 250 μg/mL did not remarkably affect cell proliferation till 48 h, indicating its low toxicity. LDH showed relatively low toxicological effects in comparison with three other inorganic nanoparticles in lactate dehydrogenase leakage and apoptosis. The lowest lactate dehydrogenase leakage from A549 cells was also observed in LDH-treated cells, and iron oxide caused the highest release under similar conditions. LDH has induced apoptosis below 15%, even at the highest concentration at 500 μg/mL.




3. Hydrotalcite Nanohybrids for Biomedical Functions


3.1. Bio-Hydrotalcite Nanohybrids for Therapeutic Functions


Many studies have proved that synthetic hydrotalcite LDHs can intercalate and stabilize diverse bio-functional molecules, including gene, anti-cancer drugs and photosensitizer molecules to form bio-hydrotalcite nanohybrids, showing enhanced delivery efficiency and bioactivity. Bio-hydrotalcite nanohybrids as excellent intracellular delivery carriers and can be prepared through strategies, including well defined intercalation routes: Co-precipitation, ion-exchange, and exfoliation-reassembling as well as simple adsorption routes by mixing methods [28,44].



Choy et al. first reported that bio-hydrotalcite nanohybrids could be applied as potential intracellular delivery systems by means of LDH used as a nonviral vector, since LDHs are able to efficiently penetrate the cell membrane to deliver intercalated DNA and biomolecules into cells [12]. This pioneering work has opened up the whole new research field of LDHs as excellent intracellular delivery carriers. Later in 2004, methotrexate (MTX) loaded hydrotalcite nanohybrids were introduced for cancer therapy [65]. It was attempted to utilize LDH as a biocompatible nonviral vector in anti-cancer drug delivery for the first time in this work. Attractively, as-prepared MTX-LDH nanoparticles suppressed the proliferation of SaOS-2 (osteosarcoma, human) tumor cells, while showing no significant effect on the proliferation of normal cells (fibroblasts, human tendon). These comparisons indicate that drug-loaded hydrotalcite nanohybrids are ideal for anti-cancer drug design, since MTX-LDH nanohybrids are effective in killing tumor cells, but showed relatively negligible cytotoxicity in healthy cells. In 2006, intercellular uptake mechanism of LDH nanoparticles with a size of ≈150 nm and a hexagonal type revealed that the possibility of internalization of LDHs into cells principally via clathrin-mediated endocytosis, which is a common energy-dependent endocytic pathway in mammalian cells [13]. In vitro studies, MTX-LDH nanohybrids were prepared and labelled with fluorescein isothiocyanate (FITC) for intracellular tracing. The effectively improved delivery efficiency of MTX-LDHs is closely related to their clathrin-mediated endocytosis pathway. Such mechanism is effective only for LDHs with a nanoparticle size range of 50–200 nm. One important thing to underline is that the MTX incorporated into the LDH nanovehicle can overcome drug resistance [66], since the anti-cancer drug-LDH nanohybrid system is able to be internalized into the cancer cells via a clathrin-mediated process, which is the same as the LDH nanocarriers only.



As described in Section 2, cytotoxicity and cellular uptake mechanism of LDHs are highly size dependent. LDHs with the size of 50 nm show the highest cellular uptake, followed by an order of 50 nm > 100–200 nm > 350 nm [58]. The related studies have continued, and in 2012, Choy et al. presented an evaluation of the intracellular trafficking mechanism and pathway of FITC-labeled LDHs by comparing them between two different sizes of 50 and 100 nm nanoparticles [57]. It can probably maximize therapeutic effect as well as minimize the toxicity potential by controlling the particle size. Especially, 100 nm sized LDH nanoparticles are more effective for gene/drug delivery due to the manner that they could effectively escape and avoid typical endolysosomal degradation.



Recently, Park et al. developed novel bio-hydrotalcite nanohybrids for active tumor-targeted siRNA delivery systems [8]. In this work, the specific targeting ligand, folic acid (FA) conjugated LDH nanovectors (LDHFA) showed 3.0-fold higher suppression of tumor growth than FA-free LDH nanovector systems, which employ the enhanced permeability and retention (EPR)-based clathrin-mediated passive targeting (Figure 4A(c)). The negatively charged siRNA was self-assembled with LDHFA to form hexagonal shaped platelets with a particle size of ≈100 nm (Figure 4A(a)). The accumulation of siRNA in tumor tissue was also 1.2-fold higher in comparison with other organs because of improved transmission efficiency in LDHFAsiRNA treated group (Figure 4A(b)).



Xu et al. reported the dually functionalized Mn-LDH of a T1-weighted MRI guided gene delivery system for brain cancer theranostics [18]. In this work, Mn-LDH nanovectors could accommodate siRNAs and achieve effective delivery of them to Neuro-2a (N2a) cells. As shown in Figure 4B(a), the cell viability of N2a cancer cells was higher than 80% upon after treatment with Mn-LDH at concentrations 0–200 μg/mL after 1 and 3 days. The inhibition of N2a cancer cell proliferation was tested by methyl thiazolyltetrazolium (MTT) assay. Treatment with CD-siRNA alone did not induce any cell death at 40 nM, while treatment with CD-siRNA/Mn-LDH induced remarkably more N2a cell death (>20%) even at 10 nM, and the cell viability was further decreased to 55% at 40 nM (Figure 4B(b)). The experiment outcomes proved the enhanced anti-cancer ability, as well as high biocompatibility with low cytotoxicity of Mn-LDH.



Besides chemo- and gene-therapy, LDHs have also been used as a photosensitizer nanovector for photodynamic and photothermal therapy [19,67,68]. Gao et al. reported types of near-infrared (NIR) activated nano-photosensitizers for singlet oxygenation and the efficient two-photon photodynamic therapy (PDT) [19]. The nanohybrids, as two-photon photosensitizers were prepared via self-assembly of five aromatic acid guest species into LDH host. The singlet oxygen (1O2) quantum yield of nanohybrid was up to 0.74. The good anti-cancer properties of isophthalic acid (IPA)/LDH nanohybrids have been verified by in vitro tests with a half maximal inhibitory concentrations (IC50) of 0.153 μg/mL, due to the combination of effective 1O2 generation and ultrathin 2D nanosheets (Figure 5C). The biocompatibility of IPA/LDH was tested by MTT assay. The viability of cells treated with IPA/LDH was evaluated to be above 95% at concentrations as high as 500 μg/mL (Figure 5B), indicating superior biocompatibility. IPA/LDH nanosheets were demonstrated to be ≈50 nm diameter (Figure 5A) and ≈4 nm thickness. Under 808 nm laser irradiation, IPA/LDH showed superior tissue penetration capabilities, and thus exhibited dramatically strong tumor ablation effectiveness in Hela tumors (Figure 5D).



Duan et al. have developed the zinc phthalocyanine (ZnPc) (1.5%)-LDH supermolecular photosensitizers for the superior anti-cancer behavior in PDT [67]. ZnPc-LDH nanohybrids were prepared by loading and stabilizing of ZnPc between the interlayer of LDHs, resulting in improved photostability, high 1O2 production efficiency, as well as good biocompatibility. The versatile nanovehicles, co-loading of indocyanine green (ICG) and carbon dots (CDs) into the ultrathin LDHs (uLDHs), have been demonstrated for efficient photothermal therapy (PTT) and, in addition, triple-mode imaging including photoacoustic, two-photon bio-imaging, and fluorescence [68]. The CDs/ICG-uLDHs showed efficient phototherapy properties for strong anti-cancer capability. In vitro tests with Hela cells revealed that the viabilities of cells incubated with the CDs/ICG-uLDHs was down to 8.9%, while the groups treated with CDs and CDs-uLDHs were 82% and 78%, respectively, in presence of NIR irradiation.




3.2. Bio-Hydrotalcite Nanohybrids for Diagnostic Functions


Beyond cancer therapy, including chemo-, gene-, and photo-therapy, bio-hydrotalcite nanohybrids have also been applied to plenty of other important biomedical applications, for example bio-imaging. The structure of functional hydrotalcite nanohybrids for bio-imaging is generally three types: (1) an intercalation type, where fluorescent dyes or diethylenetriamine pentaacetic acid (Gd-DTPA), a typical example of Gd3+ complexes, are intercalated into the LDH interlamellar gallery; (2) a substitution type, doping metal ions, such as Mn2+ or Gd3+ in the brucite-like metal hydroxide host layer; (3) a surface functionalization type, achieved via surface chemistry using metal nanoparticles or fluorescent substances [28,69].



In many of biomedical studies, the developed materials are labelled with fluorescent dyes, such as FITC and rhodamine isothiocyanate (RITC) for intracellular tracing [15]. The fluorescent dyes are introduced into LDHs generally through intercalation route or surface functionalization. The pioneering studies of the MRI contrast agent based on LDH nanohybrids are to intercalate Gd-DTPA, a commercial contrast agent, into the gallery of LDHs to achieve the T1-weighted contrast agent system [70].



Li et al. have devised the novel Mn-incorporated LDH based T1-weighted MRI contrast agents by isomorphic substitution method, replacing partial Mg2+ with Mn2+ metal cations in Mg3Al-LDH host layers [56]. The nano contrast agent showed pH-ultrasensitive T1 relaxivity even at tumor microenvironment, where the pH range is very weakly acidic with pH 6.5–7.0. The satisfactory imaging performance seems to result from the unique microstructure of Mn2+ ions in Mn-LDH. The cytotoxicity of Mn-LDH nanoparticles at the concentration of 0–200 µg/mL was evaluated in B16F10 cells. The cell viabilities were all above 90% during 3 d incubation, indicating that Mn-LDH nanoparticles showed a negligible effect on the cells at the concentration up to 200 µg/mL and lower toxicity than Gd-based contrast agents.



MRI/computerized tomography (CT) bimodal probes were developed by Wang et al. in 2013 [14]. Gd-doped MgAl-LDH/Au nanocomposite has been demonstrated as diagnostic agents for bimodal imagings, as well as simultaneous intracellular anti-cancer drug delivery carriers in vitro and in vivo. In this study, the disk-shaped Gd-LDH/Au nanocomposites with a size of ≈138 nm were functionalized by Gd3+ metal ions for T1-weighted MRI and Au nanoparticles for CT contrast agents (Figure 6A). The Gd-LDH/Au nanocomposites have showed the satisfactory in vivo and in vitro dual imaging functions (Figure 6B). The enhancements for in vivo CT and MR imagings in tumor-bearing mice were due to Gd-LDH/Au-heparin nanocomposites selectively targeting the tumor through EPR effect, which were then taken up by cancer cells. Gd-LDH/Au showed high drug loading capacity with 264 mg doxorubicine (DOX)/g carrier, effective delivery of loaded DOX into the cancer cell via endocytosis, pH-responsive release in the acidic cytoplasm and showed stronger cytotoxicity against cancer cells (Figure 6D). In addition, the cytotoxicity of the Gd-LDH/Au as carriers has been investigated in L929 cells (mouse fibroblastic cells) and HeLa cells (human cervical cancer cells). (Figure 6C). The viabilities of both cell lines were still kept above 90% even at high concentration, at 1000 mg/mL, after 24 h of incubation, indicating the negligible cytotoxicity of the carriers.



As described above, research on the biomedical based on nanomaterials have exploded during the past decade and have shown the great potential for the next-generation of biomedicine technologies. However, simple delivery of one bio-functional molecule sometimes cannot satisfy the requirement of advanced biomedical applications. Taking bio-imaging as an example, multimodal imaging, in which the disadvantages could be complemented by each other and the advantages of each modality could be combined altogether synergistically, has received significant attention. In addition, synergistically integrated nano probes for combination therapies and theranostics are also explored.





4. Conclusions


Hydrotalcite has been used as antacid and anti-pepsin agent for the earliest application in medical field, but successful synthesis of hydrotalcite nanohybrids in the late 1990s has led to a paradigm shift in a whole new research field of nanoengineering, and opened up tremendously important applications in nanomedicine as emerging cellular delivery vectors. The recently emerged hydrotalcite nanohybrids for therapeutic and diagnostic applications are briefly summarized in Table 1. For biomedical applications, hydrotalcite-like anionic clay minerals, LDH-based nanohybrids offer many advantages. (1) LDHs nanoparticle size, morphology, and surface properties can easily be controlled through facile synthesis and surface functionalization. (2) LDHs are stable enough to stabilize various bio-functional molecules between the positively charged metal hydroxide layers as interlayer anions with controllable gene/drug loading capacity. (3) LDHs are naturally sensitive to acidic medium because of M-OH groups, leading to bio-responsive drug delivery. (4) The flexibility of manipulation on the nanometer scale of LDH-based nanocomposites is a superior advantage. This research field should be expanded, especially synergistic integration with various materials which can enhance the performance of LDH or complement the limitation of LDH nanostructures [71,72,73].



Here, we have described the interrelationship between the cytotoxicity and physicochemical properties of LDH nanoparticles. LDHs can be synthesized with biocompatible metal elements and easily degrade in biological systems due to their pH-dependent solubility. LDHs with sizes of 100–200 nm are optimal in vitro and biologically easily decomposed MgAl-LDH-Cl exhibits low toxicity. Understanding the interrelationship between toxicological effects and physicochemical properties could provide insight into the importance of designing and controlling physical and chemical parameters of nanoparticles to minimize the toxicity potential. The emerging strategies for biomedical applications, including chemo-, gene-, photo-therapy and bio-imaging, have been highlighted with related studies in vitro and in vivo, as well as the cytotoxicity effect. With further improvement in cellular delivery vector techniques, hydrotalcite nanohybrids-supported DDSs are expected to contribute to extensive clinical applications in the near future.
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Figure 1. Schematic illustration of the paradigm shift from antacid and anti-pepsin agent, hydrotalcite-Talcid® to emerging cellular delivery vector, layered double hydroxide (LDH) with nanotechnology, reproduced from [3,12,17]. Images in parts ‘hydrotalcite-Talcid®’ courtesy of Bayer, Germany and Gattefosse, France. 
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Figure 2. Overview of cytotoxicity of nanoscale hydrotalcite, functional hydrotalcite nanohybrids and their related biomedical applications, reproduced from [8,15,16]. 
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Figure 3. (A) Schematic illustration of the correlation between the chemical composition, particle size, and chemical stability of LDHs and the cytotoxicity. (B) Cytotoxicity of LDH nanoparticles with respect to (a) chemical composition, (b) particle size, and (c) chemical stability as measured by released lactate dehydrogenase levels in vitro (the blue arrows for low toxicity and the red arrows for high toxicity), reproduced from [25]. 
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Figure 4. (A) (a) SEM image and size distributions (inset) of active LDHFA, (b) ex vivo biodistribution of the FITC-LDHFA-siSurvivin in the xenograft model: Optic (top) and fluorescence (bottom) images, (c) in vivo anti-tumor efficacy of KB tumor-bearing mice treated for 30 days via intraperitoneal injection once every 7 days (inset photo image shows the mice on 18 days post-treatment), reproduced from [8]. (B) MTT assay of the viability of N2a cells treated (a) with Mn-LDH at concentrations from 0 to 500 μg/mL, (b) with free CD-siRNA and CD-siRNA/LDHs. The siRNA:LDH mass ratio was 1:40, reproduced from reference [18]. 
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Figure 5. (A) TEM image and size distributions (inset) of IPA/LDH. (B) Cell viabilities of cells following incubation with various concentrations of IPA and IPA/LDH. (C) MTT assay of cell viabilities with and without irradiation incubated with IPA/LDH. (D) Tumor growth curves of mice with the various treatments and corresponding images of tumors taken on 16 d treatment (insert), reproduced from reference [19]. 
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Figure 6. (A) SEM image (left) and schematic illustration (right) of LDH-Gd/Au. (B) CT (top) and MR images (bottom) of tumor after intravenous injection of Gd-LDH/Au-heparin in 4 T1 murine breast tumor-bearing mice. (C) Viabilities of L929 cell and HeLa cell incubated with LDH-Gd/Au nanocomposite without drug loading. (D) Viabilities of HeLa cell incubated with free DOX and Gd-LDH/Au-DOX at different concentrations, reproduced from [14]. 
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Table 1. A brief summary of hydrotalcite nanohybrids with biomedical functions.
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	LDH Host
	Synthetic Method
	Particle Size

[nm]
	Bio-Functional Molecules
	Cell Line and

Animal Model
	Application
	Refs.





	MgAl
	Ion-exchange
	-
	DNA, adenosine triphosphate,

FITC
	NIH3T3 cells,

HL-60 cells
	Gene- therapy, fluorescence imaging
	[12]



	MgAl
	Ion-exchange
	150
	MTX,

FITC
	MNNG cells,

HOS cells
	Chemo-therapy,

fluorescence imaging
	[13]



	MgAl
	Ion-exchange
	-
	MTX,
	Fibroblast,

SaOS-2 cells
	Chemo-therapy
	[65]



	MgAl
	Co-precipitation
	100
	MTX
	HOS cells,

HOS/Mtx cells
	Chemo-therapy
	[66]



	MgAl
	Co-precipitation, silane coupling
	100
	siRNA, FITC
	KB cells,

A549 cells,

xenograft mice model bearing KB tumor
	Gene-therapy,

fluorescence imaging
	[8]



	MnAl
	Co-precipitation, self-assembly
	125
	siRNA,

Mn2+
	Neuro-2a cells
	Gene-therapy,

MRI
	[18]



	ZnAl
	Co-precipitation
	50
	Isophthalic acid (IPA),

Cy5.5
	Hela cells,

Balb/c nude mice bearing Hela tumor
	Singlet oxygenation, PDT,

NIR fluorescence imaging
	[19]



	MgAl
	Co-precipitation
	120
	ZnPc
	HepG2 cells,

male Balb/c mice bearing HepG2 tumor
	Singlet oxygenation, PDT
	[67]



	MgAl
	self-assembly
	20–50
	CDs, ICG
	Hela cells,

HepG-2 cells,

male Balb/c mice bearing Hela tumor
	PTT,

fluorescence imaging,

photoacoustic imaging,

two-photon imaging
	[68]



	ZnAl
	Co-precipitation
	120
	Gd-DTPA
	-
	MRI
	[70]



	MnMgAl
	Co-precipitation, isomorphic substitution
	20–80
	Mn2+
	B16F10 cells

(mouse melanoma skin cancer cell line),

mouse bearing the melanoma tumor
	MRI
	[56]



	GdMgAl
	Co-precipitation, self-assembly
	138
	DOX,

Gd3+, Au NPs
	L929 cells,

HeLa cells,

mice bearing 4T1 murine breast tumor
	Chemo-therapy,

MRI, CT
	[14]











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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