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Abstract

:

Nonviral vectors offer a safe alternative to viral vectors for gene therapy applications, albeit typically exhibiting lower transfection efficiencies. As a result, there remains a significant need for the development of a nonviral delivery system with low cytotoxicity and high transfection efficacy as a tool for safe and transient gene delivery. This study assesses MgAl-NO3 layered double hydroxide (LDH) as a nonviral vector to deliver nucleic acids (pDNA, miRNA and siRNA) to mesenchymal stromal cells (MSCs) in 2D culture and using a 3D tissue engineering scaffold approach. Nanoparticles were formulated by complexing LDH with pDNA, microRNA (miRNA) mimics and inhibitors, and siRNA at varying mass ratios of LDH:nucleic acid. In 2D monolayer, pDNA delivery demonstrated significant cytotoxicity issues, and low cellular transfection was deemed to be a result of the poor physicochemical properties of the LDH–pDNA nanoparticles. However, the lower mass ratios required to successfully complex with miRNA and siRNA cargo allowed for efficient delivery to MSCs. Furthermore, incorporation of LDH–miRNA nanoparticles into collagen-nanohydroxyapatite scaffolds resulted in successful overexpression of miRNA in MSCs, demonstrating the development of an efficacious miRNA delivery platform for gene therapy applications in regenerative medicine.
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1. Introduction


Recent developments in the understanding of the mechanism of action of gene therapies, together with improved safety measures, has led to the expansion of their use for treatments for rare, life-threatening genetic disorders, to the potential widespread use in the treatment of more common diseases and disorders [1]. Furthermore, gene therapy has been used as an alternative approach to protein delivery in regenerative medicine applications, including the promotion of both bone and cartilage repair [2,3], while offering a potential method of overcoming the limitations and adverse events associated with recombinant protein delivery. Collagen-based biomaterial scaffolds optimized in our group for tissue repair have also shown the potential to locally deliver genes and thereby provide a promising tool to limit the adverse effects of gene therapy [4,5,6,7,8,9,10].



Conventionally, gene therapy uses the delivery of plasmid DNA (pDNA) to express a gene of therapeutic benefit [11]. This approach uses the cell itself as the factory to produce a particular protein(s) of interest. Additionally, gene therapy can also enable the silencing of specific proteins, which under normal circumstances may negatively affect the tissue regeneration process through the delivery of small interfering (si)RNA or micro (mi)RNA to harness the therapeutic potential of the RNA interference (RNAi) pathway. Specifically, miRNAs are small, single-stranded RNA, which can bind to multiple messenger RNA (mRNA) targets with imperfect complementarity and inhibit their translation [12]. They are involved in several physiological and pathological processes and therefore serve as interesting therapeutic targets in multiple areas, including bone repair [4,13], cancer [14] and cardiac diseases [15]. Native miRNAs can be overexpressed by the delivery of miRNA mimics carrying the same sequence as the endogenous miRNA, or can be suppressed using hairpin inhibitors carrying a complementary sequence of the endogenous miRNA, and therefore binding and inhibiting the miRNA’s action [4,16]. Similarly, siRNA binds to specific mRNA sequences with strict complementarity and inhibits its expression [17]. The clinical potential of targeting the RNAi pathways is highlighted by the recent FDA approval of ONPATTRO/Patisiran, which uses a lipid-based siRNA nanoparticle complex for the treatment of hereditary transthyretin (hATTR) amyloidosis [18].



While gene therapy offers huge potential as disease treatment, there are several barriers in the translation of safe and effective delivery of nucleic acid cargo to target cell populations, which have impeded its widespread clinical use [19]. Unfavorable physicochemical properties and poor biodistribution profiles of nucleic acids (pDNA, mRNA, siRNA or miRNA) significantly hinder the ease and effectiveness of the delivery of these molecules to target cell populations [11]. To facilitate optimum delivery and functionality of these molecules, delivery vectors, which can be either viral or nonviral, are required. To date, viral vectors have demonstrated greater clinical success, largely due to higher transfection efficiency [20]. Despite this, safety concerns regarding the use of such vectors remain, including potential issues regarding immunogenicity and integration of genetic cargo into the genome resulting in undesirable sustained/over-production of proteins [21]. Nonviral gene delivery, although often demonstrating lower levels of transfection efficiency, can be used to overcome many of these issues while also offering several notable advantages over viral counterparts, including ease of large-scale manufacturing and cost-effectiveness [22,23,24]. To date, several nonviral vectors have demonstrated successful delivery of nucleic acid cargoes to cells safely and effectively, including lipid-based vectors [25,26], cationic polymers [27], cationic polysaccharides [28], cell-penetrating peptides [28], calcium phosphates [2] and cyclodextrins [29]. Despite this success, there is yet to be a consensus on an “optimal” nonviral vector for the delivery of nucleic acid cargo. It is likely that different vectors will be required depending on several factors, including the target cell type and the overall application for which the treatment is being applied [19,30]. Of particular interest is the effect that the different physicochemical characteristics of each cargo (pDNA, siRNA, miRNA), as well as the site of action for each cargo, has on determining the choice of the delivery vector with regards to both safety and efficiency. With this in mind, the delivery of pDNA is especially challenging, as pDNA needs to translocate into the nucleus to enable transcription of the encoded protein, whereas both siRNA and miRNA act within the cytoplasm [31]. Furthermore, the significantly larger size and accompanying negative charge associated with pDNA compared to that of smaller siRNA and miRNA molecules presents a further challenge where the physical structure and condensing properties of a vector necessary for pDNA delivery may not be suitable for the delivery of siRNA and miRNA, and vice versa [32].



Innovative approaches in drug delivery have been fueled by new findings within the field of nanotechnology. One such example is the emergence of layered double hydroxides (LDHs) as nonviral delivery vectors. LDHs are two-dimensional materials of cationic layers incorporating anions. Positively charged layers are made of magnesium and aluminum hydroxides, while the interlayer space is filled with negative species (such as nitrate or carbonate) [33], and have previously been utilized as nonviral vectors to deliver anticancer drugs, such as methotrexate or 5-fluorouracil [34,35,36,37,38] and antisense oligonucleotides [39]. Broadly speaking, ion exchange of the interlayer ions allows LDH to interact with negatively charged biomolecules such as anionic nucleic acids. An overall positive surface charge of LDH–nucleic acid complexes enables further interaction and attraction to the anionic plasma membrane of the cell. To date, successful formulation and delivery of Mg2Al LDH–siRNA nanoparticles have been demonstrated with the transfection of human embryonic kidney (HEK 293T) cells [40], as well as cortical neurons [32]. Mg/Ga LDH has been utilized to deliver pDNA as well as DNA fragments to HeLa cells [41]. However, delivery of pDNA, as well as supercoiled DNA, has proven difficult, with a requirement for high amounts of LDH needed to encapsulate the DNA. This requirement for increased amounts of LDH, compared to that used to complex with smaller nucleic acid molecules, can result in cytotoxic effects [42]. Cytotoxic effects of Mg2Al-based LDH have been reported for doses over 200 mg/L for the delivery of supercoiled pDNA to HEK 293T cells [42]. However, these effects appear to vary based on cell type. For example, HL-60 human leukemia cells demonstrated a higher tolerance for Mg2Al-LDH [39]. Interestingly, size-dependent cytotoxicity has also been reported with small LDH nanoparticles (~50 nm), demonstrating a higher degree of cytotoxicity compared to larger LDH nanoparticles (100–200 nm) [43]. The variation in both the efficacy and cytotoxicity of LDH nanoparticles as a result of the specific nucleic acid cargo used suggests that LDH nanoparticles may have a niche functionality allowing for efficient miRNA and siRNA delivery, providing a safe delivery pathway while minimizing the need for nuclear translocation.



Another important consideration in the delivery of gene therapies is the spatiotemporal aspect of delivering nucleic acid molecules. It is important to note that even with a suitable delivery vector, complexes often undergo rapid clearance from the site of action. Methods of local delivery of nucleic acid cargo/complexes provide numerous advantages over systemic administration, in addition to increased efficiency. The use of biomaterial-based scaffolds is a successful method of providing a platform for advanced delivery of nucleic acid complexes while also offering an extra degree of protection from serum nucleases and rapid clearance, enabling localized delivery of nucleic acids to a specific environment. Additionally, the therapeutic effect of nucleic acid delivery has been shown to be time-dependent, which highlights the importance of using a platform, which allows for the tailored release of the therapeutic in a sustained, yet ultimately transient manner [4]. Furthermore, the characteristics and composition of these biomaterial-based scaffolds can be modified to provide desirable structural support and mechanical properties tailored to a specific tissue type, providing a further enhancement of the endogenous mechanisms of repair and regeneration [4,44]. Previous research within our group has highlighted the potential of such platforms for use in various tissue engineering and cancer applications using a variety of nonviral vectors and scaffold compositions [2,3,4,45].



This study investigates the suitability of a MgAl-NO3 layered double hydroxide as a nonviral delivery vector for pDNA, siRNA, miRNA and assesses the potential of LDH–nucleic acid loaded collagen-based scaffolds as advanced delivery systems for safe, efficient nucleic acid delivery to MSCs. Collagen-nanohydroxyapatite (coll–nHA) scaffolds have been used in our group to promote bone repair and to locally deliver nucleic acids for tissue regeneration applications [2,4,5]. While LDHs have been previously used as components of biomaterials for bone regeneration applications in combination with hydroxyapatite for the release of Vitamin D3 from hydroxyapatite/gelatine scaffolds [46,47], as gene delivery vectors, they have primarily been used to transfect cancer cells [48,49,50,51], other cell lines such as HEK 293T [52], NIH-3T3 and HeLa cells [53] as well as neurons [54,55], but also for siRNA delivery to chondrocytes [56]. In our study, we describe, for the first time, the use of LDH for the delivery of miRNAs to MSCs, indicating their potential as gene delivery vectors in bone repair applications. We first determined the ability of the cationic LDH structures to complex with various nucleic acid molecules of different sizes and physicochemical properties, including a 4200 bp plasmid DNA and smaller (~22 bp) siRNA and miRNA sequences. Following the successful formulation of LDH–nucleic acid complexes, in vitro transfection efficiency screening was carried out to assess cytocompatibility, cellular uptake, and functionality of LDH–nucleic acid delivery to MSCs. Finally, optimized formulations of LDH–nucleic acid complexes were used for the development of 3D collagen-LDH–loaded scaffolds to test the efficiency of these advanced 3D delivery systems.




2. Materials and Methods


2.1. Synthesis of MgAl-NO3 LDH Nanoparticles


Aluminum nitrate nonahydrate (≥98%), sodium hydroxide (≥97%) and sodium nitrate (≥99%) were obtained from Sigma-Aldrich. Magnesium nitrate hexahydrate (99%) was purchased from Merck. All chemicals were used as received without further purification.



Mg-Al LDH delivery vectors were prepared by the co-precipitation method. Briefly, the precursor’s solution was prepared by dissolving 3.75 mol of Mg(NO3)2·6H2O and 1.25 mol Al(NO3)·9H2O in 100 mL deionized water (total metals concentration equal to 0.5 M). Then, the solution was drop added to an equal volume of 1.1 M NaOH containing 0.15 M NaNO3 under vigorous stirring and N2 bubbling. After precipitation, the suspensions were centrifuged at 3000 rpm for 20 min, redispersed in water, diluted 1:10 and aged at room temperature for 7 days.




2.2. Complexation of LDH with Nucleic Acid (pDNA, siRNA, miRNA)


MgAl-NO3 (1.76 mg/mL) was sonicated for 1 h before use. LDH–nucleic acid particles were formulated at a series of mass ratios (MR) of LDH:nucleic acid, as indicated in the following subsections. Briefly, known amounts of nucleic acid, added to either molecular grade H2O (for physicochemical analysis) or OptiMEM (for cell studies), were added to LDH at the desired MR. Particles complexed via electrostatic interactions between negatively charged nucleic acids and positively charged LDH were incubated for 15 min at room temperature prior to experimentation.



2.2.1. Plasmid DNA (pDNA) Propagation


Plasmid encoding Gaussia luciferase (pLuc; New England Biolabs, Massachusetts, USA) under the control of the cytomegalovirus promoter was propagated by transforming IBA solutions for Life Sciences One Shot™TOP10 chemically competent E. coli (Fisher Scientific Ireland, Dublin, Ireland) according to the manufacturer’s protocol. Transformed cells were then expanded on lysogeny broth (LB) plates containing 100 µg/mL ampicillin (Sigma-Aldrich, Arklow, Ireland). After a 24h incubation at 37 °C, the resultant colonies were harvested and amplified in LB broth containing 100 µg/mL ampicillin overnight in a shaking incubator at 37 °C and 225 rpm. DNA was purified and collected using the Endotoxin-free Maxi-prep kit (Qiagen, Manchester, UK). The plasmid was dissolved in molecular grade H2O (Sigma-Aldrich, Arklow, Ireland) at a concentration of 1 μg/mL and stored at −20 °C.




2.2.2. Physicochemical Nanoparticle Characterization


Particle size and polydispersity index were characterized by dynamic light scattering (DLS), while electrophoretic light scattering (ELS) was used to measure the zeta potential of LDH–nucleic acid complexes (pDNA, siRNA, miRNA) (Zetasizer 3000 HS, Malvern Instruments, UK). LDH–nucleic acid complexes were prepared as outlined above. After complexation, the solution volume was brought to 1 mL using molecular grade H2O and transferred to a zeta-cell (Malvern, UK) for analysis. Measurements were performed at 25 °C with a 100 mW laser set at 90° to the sample.




2.2.3. Nucleic Acid Encapsulation


Encapsulation efficiency refers to the ability of a vector to encapsulate nucleic acid cargo, thereby forming a nanoparticle that protects the nucleic acid from nucleases in the surrounding extracellular environment.



pDNA encapsulation efficiency was measured by complexing pLuc pDNA with the LDH, prior to staining pDNA with the QuantiFluor® dsDNA System (Promega Corporation, Southhampton, UK) as per the manufacturer’s protocol, before complexation with LDH at MR10, 50, 75 and 100, as described in Section 2.2. A solution containing pDNA alone was complexed with the stain as a positive control, while a solution containing 1X TE buffer and QuantiFluor® stain alone was the negative control for this assay. Following complexation, 100 µl of each control and sample were pipetted into a Corning Costar®96-well black polystyrene plate, and fluorescence was measured on a Tecan Infinite®200 Pro plate reader at excitation wavelength 504 nm and emission wavelength 531 nm. The assay was carried out after initial complexation and 5 h later. Encapsulation efficiency was calculated by normalizing the fluorescence in the uncomplexed pDNA sample to 100% exposure and subtracting the percentage exposure for each sample from 100%.



Encapsulation efficiency and stability of RNA-nanoparticles (siRNA and miRNA) were assessed using the Quant-iT RiboGreen (BioSciences, Dublin, Ireland) according to the manufacturer’s protocol. Fluorescence was read at 520 nm using a VarioskanFlash plate reader (Thermo Scientific, Germany) and SkanIt RE for VarioSkan software. Free RNA content after complexation was compared to RNA content after heparin digestion of nanoparticles to calculate the percentage of encapsulated RNA. Stability at 37 °C was assessed by measuring encapsulated RNA immediately and 5 h after complexation. Nanoparticles with the optimal physicochemical properties were taken forward for use in further in vitro characterization.





2.3. Mesenchymal Stromal Cell Uptake and Cytocompatibility of LDH–Nucleic Acid Complexes in 2D Monolayer


Rat mesenchymal stromal cells (MSCs) were isolated from the bone marrow of 8-week-old male Wistar rats (approved under TH017, 27.05.2019) and cultured in fully supplemented rat MSC medium (Dulbecco’s modified Eagle’s medium (DMEM) containing 20% fetal bovine serum (FBS), 1% non-essential amino acids, 1% GlutaMAX, and 0.2% Primocin. Rat MSCs were characterized as described previously [57]. Cells were seeded at a density of 5208 cells/cm2 24 h before transfection. One hour before transfection, the growth medium was exchanged for a serum-free medium (OptiMEM). LDH–nucleic acid complexes were formulated as described in Section 2.1 and added to the cells. Mass ratio, incubation time and nucleic acid dose were varied to determine optimal transfection conditions. After the desired incubation period, transfection media was removed, cells were washed twice in phosphate-buffered saline (PBS), and fresh growth media was added to the cells. Growth media was replenished every 3 to 4 days for the duration of the experiments.



2.3.1. Cellular Uptake


pDNA: reporter plasmid pLuc (New England Biolabs, Massachusetts, USA) was tagged with Cy3 nucleic acid tag, as per the manufacturer’s instructions. MSCs were transfected with MR75 nanoparticles (determined after physicochemical assessment), delivering 0.5 µg, 1 µg, and 2 µg of pLuc. These doses were chosen based on previous work carried out in the literature [58].



siRNA: siGLO red transfection indicator (Dharmacon, Horizon, London, UK) containing a Dy-547 tag was used to assess the association of LDH–siRNA complexes with MSCs.



miRNA: fluorescent Dy-547 tagged scrambled miRNA mimics, or hairpin inhibitors (Dharmacon, Horizon, London, UK) were used to assess the association of LDH–miRNA complexes with MSCs.



Flow cytometry (Attune NxT, Thermo Fisher, Germany) was used to assess cellular uptake of fluorescently tagged LDH particles. Before analysis, cells were washed with a 100 µg/mL solution of heparin to remove any extracellular complexes. Cells were washed in PBS, trypsinized and fixed in 10% formalin before being suspended in PBS. A single-cell suspension was then analyzed for Dy-547 (Cy3 analog) fluorescence, and the percentage of cells associated with a red fluorescent signal was expressed as percentage internalization efficiency.




2.3.2. LDH–Nucleic Acid Cytocompatibility


Cell proliferation following transfection was assessed by measuring cell number using the Quant-iT PicoGreen dsDNA kit (BioSciences, Dublin, Ireland) according to the manufacturer’s protocol. Cell number was compared to untreated control cells 7 days after transfection with LDH nanoparticles. Briefly, 100 μL of 1X PicoGreen reagent solution was added to samples lysed in 0.2 M carbonate and 1% Triton-X100 (BioSciences, Dublin, Ireland) cell lysate buffer. Fluorescence was read at 538 nm using a VarioskanFlash plate reader (Thermo Scientific, Germany) and SkanIt RE for VarioSkan software. The final DNA (pg/mL) concentration was calculated from the standard curve generated using standards formulated according to the manufacturer’s instructions.



Cell metabolic activity was measured using an alamarBlue® assay (BioSciences, Dublin, Ireland) at days 1, 3, and 7 post-transfection. The alamarBlue® assay was carried out as per the manufacturer’s instructions, where cells were incubated with 10% alamarBlue® for two hours before fluorescent measurements were taken at an excitation wavelength of 545 nm and an emission wavelength of 590 nm. Results were normalized using media alone incubated with alamarBlue®.




2.3.3. Assessment of LDH–Nucleic Acid Nanoparticle Efficacy in 2D


pDNA-LDH nanoparticle transfection efficiency was assessed by measuring levels of Gaussia luciferase in cell supernatant at 3 days post-transfection, using the Pierce™ Gaussia luciferase Flash Assay Kit (Fisher Scientific Ireland, Dublin, Ireland) as per the manufacturer’s instructions. Luminescence was read on a Tecan Infinite®200 Pro plate reader. Cells transfected with Lipofectamine®3000-pLuc as per the manufacturer’s instructions were used as the positive control. Untransfected cells were used as the negative control.



LDH–siRNA functionality and transfection efficiency was carried out using quantitative real-time PCR to assess target mRNA levels following the delivery of siRNA. RNA extraction of cells was carried out using the RNeasy mini kit (Qiagen, Manchester, UK). RNA quantity and quality were assessed using a NanoDrop. Reverse transcription of the RNA was carried out using a QuantiTect reverse transcription kit as per the manufacturer’s instructions (Qiagen, Manchester, UK). DNA was added to PCR plates at a concentration of 5 ng/µl along with required primers and SYBRGreen. The following predesigned and bioinformatically validated QuantiTect primer assays (Qiagen, Manchester, UK) were used; GAPDH (QT01082004), 18S (QT02589300). RNA fold change was assessed using the ∆∆Ct method and normalized to 18S.



The expression of miRNA was assessed using the miRNeasy mini kit (Qiagen, Manchester, UK) as per the manufacturer’s protocol. MiRNA was reverse transcribed into cDNA using the Taqman advanced cDNA synthesis kit (BioSciences, Dublin, Ireland) and miRNA advanced primer assays (rno-miR-16-5p targeting the mature miRNA sequence UAGCAGCACGUAAAUAUUGGCG and rno-miR-21-5p targeting the mature miRNA sequence UAGCUUAUCAGACUGAUGUUGA; BioSciences, Dublin, Ireland). Quantitative real-time PCR for the targeted rno-microRNA-16–5p and rno-microRNA-21–5p as a stably expressed endogenous control was performed using TaqMan Advanced miRNA assays and Taqman master mix (BioSciences, Dublin, Ireland).





2.4. LDH–Nanoparticle Activated Collagen-Nanohydroxyapatite Scaffold Systems


Coll-nHA scaffolds were fabricated with a 1:1 ratio collagen:nanohydroxyapatite as described previously [4,6,59,60]. Coll-nHA slurry was freeze-dried, physically crosslinked and sterilized through a dehydrothermal (DHT) treatment, at 105 °C for 24 h at a pressure of approximately 0.5 bar, cut into cylinders of 8 mm-diameter and chemically crosslinked in 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDAC, Sigma-Aldrich, Arklow, Ireland) and N-hydroxysuccinimide. Scaffolds were soak-loaded on each side, in 15-min incubation steps, with 25 μL LDH–nucleic acid nanoparticles at a final concentration of 50 nM of siRNA/miRNA following the procedure described in Section 2.2.




2.5. Confocal Imaging


Confocal imaging was performed to visualize uptake of nucleic acids into MSCs cultured on gene-activated collagen-nanohydroxyapatite scaffolds. Dy547-tagged miRNAs were visualized within the cytoplasm of cells on collagen-nHA scaffolds. The nucleus was stained with Hoechst stain, and the cytoplasm was stained using a green HCS CellMask™ according to the manufacturer’s protocol (BioSciences, Dublin, Ireland). Images were acquired on a Carl Zeiss LSM 710, equipped with a W Plan-Apochromat 20× (NA 1.0) and W N-Achroplan 10× (NA 0.3) objective. Images were prepared in FIJI.




2.6. Scanning Electron Microscopy


The microstructure of coll–nHA scaffolds was visualized by scanning electron microscopy (SEM). Non-loaded 8 mm-diameter scaffolds were fixed, prepared by ethanol and acetone dehydration and critical point drying. Scaffolds were then sputter-coated with palladium/gold using a Cressington 108 Coater. Imaging was carried out using a Carl Zeiss Ultra SEM operated at 5 kV in secondary electron mode.




2.7. Statistical Analysis


Data analysis was performed using GraphPad Prism (v8). Results were presented as the mean ± standard deviation and subjected to a one-way analysis of variance (ANOVA) and Tukey’s post hoc comparison. Cell metabolic activity changes at days 1, 3, and 7 post-transfection were analyzed using a two-way ANOVA. All experiments were performed in triplicate. ≤ 0.05 was considered a significant difference where * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.





3. Results


3.1. Efficiency of LDH–pDNA Nanoparticle Complexation


Size, polydispersity and zeta potential measurements of nanoparticles were analyzed to determine if nanoparticles had appropriate properties for cellular uptake. LDH–pDNA nanoparticles were formulated at MR10, 50, 75 and 100, based on previous reports [42]. Nanoparticles ≥ MR50 had a hydrodynamic diameter of <200 nm, a polydispersity index in the range of 0.26 to 0.44 and a positive zeta potential in the range of 35.0–39.9 mV (Figure 1A–C). Nanoparticles formulated at MR10 had a negative zeta potential, suggesting that anionic pDNA was present in excess of cationic LDH (Figure 1C) and had not successfully formed cationic nanoparticles. MR75 nanoparticles had a significantly lower polydispersity index (PDI) than the other groups (** p < 0.01), indicating a more homogenous sample with a lower propensity to aggregate. Therefore, the MR75 formulation was taken forward for testing in the cell transfection studies. Size distribution curves of the MR75 formulation are shown in Appendix A Figure A2A. The encapsulation efficiency (%) of LDH–pDNA nanoparticles at MR50, 75, and 100 was shown to be zero (data not shown). The assay used was based on the detection of uncomplexed pDNA, which we hypothesized may be detecting DNA bound to the outer layer of the LDH, rather than in the interlayer, as described in other sources in the literature in the discussion section. As the other characterization methods used in this study indicated the successful formation of particles, it was decided to continue and test the capability of LDH nanoparticles for pDNA cell transfection at MR75.




3.2. Efficiency of LDH–siRNA Complexation and Encapsulation


Successful complexation of cationic LDH with anionic siRNA resulted in the formation of LDH–siRNA complexes of varying size depending on the mass ratio of LDH–siRNA. A range of mass ratios was assessed for complexation efficiency with siRNA based on previous reports of LDH complexation with siRNA, albeit using a different composition of LDH to the one used in this study [61]. Following the complexation of LDH with siRNA, all formulations examined resulted in complexes of < 600 nm in diameter (Figure 2A). Increasing the mass ratio (more LDH compared to siRNA) demonstrated a significant reduction in the hydrodynamic diameter of the LDH–siRNA complexes formed for MR10, MR20 and MR50, all exhibiting a mean hydrodynamic diameter of < 200 nm (Figure 2A), which is conducive to transfection [62]. Size distribution curves of the MR10 formulation are shown in Appendix A Figure A2B.



All formulations of LDH–siRNA complexes exhibited a positive zeta potential ranging between 22 and 33 mV (Figure 2B). Increasing the ratio of LDH:siRNA from MR5 to MR50 resulted in a significant increase in the zeta potential of complexes formed. Additionally, the polydispersity index (Figure 2C) of the complexes formulated was shown to decrease with an increase in the ratio of LDH–siRNA with MR10, MR20 and MR50, all exhibiting a lower degree of polydispersity compared to MR5. No significant difference in polydispersity was observed between MR10, MR20 and MR50.



LDH–siRNA complexes demonstrated varying degrees of encapsulation efficacy (Figure 2D), with a trend in increasing encapsulation efficacy observed with an increase in the mass ratio. MR20 and MR50 demonstrated the highest levels of initial encapsulation efficacy of siRNA. The lowest mass ratio of MR5 demonstrated the lowest initial encapsulation efficacy. The stability of LDH–siRNA complexes was determined based on encapsulation efficacy (%) measured after 5 h. Following initial complexation, complexes were stored at 37 °C for 5 h, representative of the conditions to be used during transfection. All complex formulations demonstrated a reduction in the encapsulation efficacy of siRNA cargo 5 h after complexation (Figure 2E).



The resulting physicochemical data indicated that all the mass ratios assessed in this study were capable of successfully forming LDH–siRNA complexes. While there was no significant difference in encapsulation efficacy between each formulation, a clear trend was observed with an increase in encapsulation efficacy associated with the higher mass ratios. Taking into account the smaller size, polydispersity and higher zeta potential, all of which should improve the cellular uptake efficiency of the LDH–siRNA complexes, as well as the acceptable encapsulation efficacy, mass ratios at MR10 and MR20 were taken forward for further assessment of their in vitro transfection efficiency and cytocompatibility potential. MR50 nanoparticles were not selected as the higher amount of LDH would likely show adverse effects on cell viability as previously documented in the literature [42] in addition to choosing a more cost-effective approach.




3.3. Efficiency of LDH–miRNA Complexation and Encapsulation


LDH was found to successfully complex with both miRNA mimics and inhibitors for MRs higher than 10 and resulted in nanoparticles with a size ranging between 429 and 903 nm in diameter. Size distribution curves of the MR10 formulations for miRNA mimics and miRNA inhibitors are shown in Appendix A Figure A2C,D. There was a significant decrease in size for LDH–mimic nanoparticles with increasing MR (Figure 3A), but no difference in size between LDH–inhibitor nanoparticles at different MRs (Figure 3F). The polydispersity index was not significantly different for the various formulations for either miRNA mimic or inhibitor nanoparticles (Figure 3B,G). The nanoparticles had a positive zeta potential for the three higher MRs (MR10, 20 and 50) compared to the MR5 nanoparticles that were negatively charged for hairpin inhibitors (Figure 3H) and positively, but significantly lower for MR5 than all other tested MRs for miRNA mimics (Figure 3C). LDH was found to encapsulate miRNA mimics at MR10 (73%), 20 (75%) and 50 (76%) (Figure 3D) and hairpin inhibitors at MR10 (61%), 20 (63%) and 50 (60%) (Figure 3I), whereas MR5 ratios led to a significantly lower encapsulation efficiency of only 39% for mimics and 33% for hairpin inhibitors. Stability was measured after complexes were stored at 37 °C for 5 h, which reflects the incubation time that was used for transfections. The percentage of encapsulated mimics decreased to 16% for MR5, 25% for MR10, 38% for MR20, and increased to 77% for MR50 after 5 h (Figure 3E). For miRNA inhibitors, encapsulation after 5 h decreased to 6% (MR5), 10% (MR10) and 24% (MR20) and increased to 71% for MR50. Results showed MR50 nanoparticles were more stable over 5 h as compared to the lower MRs tested. Based on these results, MR10 and MR20 LDH–nanoparticles were chosen for further assessment.




3.4. Uptake and Cytocompatibility of LDH–pDNA Nanoparticles in Monolayer Transfection


The efficacy of LDH as a pDNA delivery vector was assessed for nanoparticle internalization and transfection efficiency. Nanoparticle uptake in MSCs was determined using Cy3-tagged LDH–pDNA nanoparticles and flow cytometry, measured at day 3 post-transfection. Nanoparticles delivering 1 µg and 2 µg of pDNA demonstrated significantly greater internalization efficiency than those delivering 0.5 µg, as shown in Figure 4A. However, as pDNA transfection occurs in the nucleus, uptake does not necessarily translate to transfection and subsequent expression of the desired gene. The effect of LDH–pDNA nanoparticles on cell proliferation, quantified by fold change in DNA content was next determined (Figure 4B). DNA content was significantly lower in cells treated with LDH alone, MR75 nanoparticles delivering 0.5 µg, and 2 µg pDNA compared with untreated cells. To verify functionality, MSCs were transfected with pLuc to quantify levels of transfection (Figure 4C). All LDH–pDNA nanoparticles showed minimal transfection levels compared to the commercial gold standard Lipofectamine 3000®, indicating that LDH nanoparticles were not successfully transfecting cells with pDNA. Collectively, these results indicated that LDH-pDNA nanoparticles were internalized, but did not successfully transfect cells with pLuc.



Cell metabolic activity was then measured on days 1, 3 and 7 post-transfection (Figure 4D) and showed significantly reduced metabolic activity in LDH alone and LDH–2 µg pDNA transfected groups, compared with no treatment controls at day 7. Additionally, LDH-0.5 µg pDNA nanoparticles demonstrated significantly higher cell metabolic activity compared to LDH alone at day 7.



Based on the detrimental effect of LDH–pDNA nanoparticles on DNA content and cell metabolic activity, combined with low transfection efficiency, these nanoparticles were not taken forward for future work in scaffold-based transfections.




3.5. Uptake and Cytocompatibility of LDH–SiRNA Nanoparticles in Monolayer Transfection


Having shown that LDH can encapsulate siRNA, MR10 and MR20 formulations were evaluated in terms of cytocompatibility, cellular uptake and functionality in 2D monolayer transfection. Quantitative analysis of the cellular uptake and internalization efficiency of fluorescently tagged siRNA, carried out using flow cytometry, confirmed the successful delivery and cellular uptake of LDH–siRNA complexes at both MR10 and MR20 (Figure 5A). Both LDH–siRNA complexes (MR10 and MR20) demonstrated successful cellular uptake at 20 nM.



Cytocompatibility analysis of LDH–siRNA complexes was assessed to determine cytotoxic effects of varying mass ratios of LDH–siRNA complexes as well as any siRNA dose-dependent cytotoxic effects. Cytocompatibility was found to be dependent on the mass ratio. Complexes formulated at MR10 exhibited no cytotoxic effects as determined by DNA content compared to the no treatment control group (Figure 5B). Complexes formulated at the higher mass ratio (MR20) resulted in a significant decrease in DNA content for each dose of siRNA delivered compared to the no treatment control.



The functionality of LDH–siRNA complexes was investigated through the delivery of siRNA targeting GAPDH (Figure 5C). LDH complexes containing siRNA-GAPDH resulted in a decrease in GAPDH mRNA at 24 h post-transfection. RNA knockdown was observed with the delivery of both 50 nM and 100 nM, GAPDH siRNA doses resulting in a reduction in fold expression compared to the no treatment control group and the delivery of a non-targeting (N/T) siRNA at 50 nM and 100 nM. Although demonstrating efficient cellular uptake and a favorable cytocompatibility profile, delivery of siGAPDH using MR10 did not result in a significant knockdown of GAPDH mRNA in MSCs. Similarly, in a system using MG2AL-Cl LDH nanoparticles complexed with siRNA/double-stranded DNA, Wu et al. detected MR20 as an optimal formulation of LDH–siRNA nanoparticles for cellular uptake but found favorable functionality for MR5 formulations [61]. The delivery of LDH alone (at equivalent amounts required to deliver 100 nM siRNA) demonstrated a reduction in GAPDH mRNA, which may be a result of the toxicity effects observed with the delivery of LDH alone (Figure 5B).




3.6. Uptake and Cytocompatibility of LDH–MiRNA Mimic and LDH–MiRNA Inhibitor Nanoparticles in Monolayer Transfection


Having shown that LDH can efficiently encapsulate miRNA mimics and hairpin inhibitors, MR10 and MR20 formulations were selected for further assessment in 2D monolayer culture regarding cellular uptake, functionality and effect on cell viability. The uptake of fluorescently tagged mimics and hairpin inhibitors was quantified by flow cytometry (Figure 6A). A dose-dependent increase in internalization efficiency was found after transfection with MR20 nanoparticles. However, mimic and hairpin inhibitor delivery using the MR20 formulation had an adverse effect on cell viability resulting in a significant decrease in DNA content when assessed 7 days after transfection (Figure 6B). This effect was present for nanoparticles delivering miRNA-16 targeting nucleic acids as well as for the non-targeting scrambled controls. As a result, the MR10 formulation was assessed to determine cellular uptake and cytotoxic effects. Interestingly, internalization efficiency for the MR10 formulation was equivalent to that measured for the MR20 formulation for both mimics and hairpin inhibitors (Figure 6C). Furthermore, transfection with MR10 nanoparticles had no adverse effect on cell viability compared to non-treated cells, indicating no inhibitory effect on the MSCs (Figure 6D). Owing to the high delivery efficacy and no impact on cell viability, MR10 was chosen as the optimal MR dose for future experiments. The functionality of the delivered mimics was confirmed by qPCR showing a significant increase in miRNA-16 expression 3 days post-transfection (Figure 6E). However, no significant decrease was detected in miRNA-16 expression after hairpin inhibitor delivery at the same time point, indicating that the hairpin inhibitor did not bind significant amounts of the endogenously expressed miRNA-16. Taken together, these results demonstrate that LDH can successfully deliver miRNA mimics into the cytoplasm of MSCs in monolayer culture without any adverse effects on cell viability.




3.7. SiRNA Delivery from Gene-Activated Collagen-Nanohydroxyapatite Scaffolds


Following the successful delivery of LDH–siRNA complexes demonstrating a favorable cytocompatibility profile (MR10), LDH–siRNA complexes were incorporated into a coll–nHA scaffold for the development of a gene-activated scaffold (Figure 7). Confocal imaging demonstrated successful incorporation of LDH–siRNA complexes (MR10–50nM) within the coll–nHA architecture (Figure 7A and Appendix A Figure A3) and highlighted the colocalization of fluorescently tagged LDH–siRNA complexes within the cell body, demonstrating peri-nuclear localization. The culturing of MSCs on siRNA-activated scaffolds had no negative effect on cell metabolic activity (Figure 7B) or DNA content (Figure 7C). The functionality of internalized LDH–siRNA complexes containing siRNA targeting GAPDH mRNA demonstrated a trend towards successful knockdown 7 days after seeding MSCs on LDH–siRNA-activated scaffolds, but this effect was not significant (Figure 7D). However, delivery of a non-targeting siRNA also demonstrated a reduction in GAPDH mRNA levels when assessed by qPCR.




3.8. MicroRNA Delivery from Gene-Activated Collagen-Nanohydroxyapatite Scaffolds


Having evaluated the efficacy of nucleic acid delivery by LDH nanoparticles in monolayer, the ability to deliver miRNA from gene activated coll–nHA scaffolds incorporating LDH–nanoparticles was assessed. Figure 8A shows the coll–nHA scaffolds imaged by SEM demonstrating an interconnected porous structure. Confocal images showed the MSCs grown for 7 days on a coll–nHA scaffolds (Figure 8B and Appendix A Figure A4A) and internalization of red LDH–Dy547-mimic (Figure 8C and Appendix A Figure A4B) and hairpin inhibitors (Figure 8D and Appendix A Figure A4C). Cell metabolic activity was not affected by culturing on miRNA-activated collagen scaffolds (Figure 8E). DNA content was significantly reduced for hairpin inhibitor-loaded scaffolds but was unaffected when MSCs were cultured on miRNA mimic-activated scaffolds indicating no adverse impact of LDH–mimic nanoparticles on cell viability of MSCs on coll–nHA scaffolds (Figure 8F). The functionality of internalized LDH–mimic nanoparticles was confirmed by a significant upregulation of miRNA-16 levels 7 days after seeding MSCs on the scaffolds (Figure 8G), while LDH–hairpin inhibitor activated scaffolds did not result in a significant downregulation of miRNA-16 level. This indicates that the hairpin inhibitor did not bind significant amounts of miRNA-16 within the cytoplasm of the MSCs and correlates with the qPCR results detected after miRNA transfection in 2D. These results indicate that while LDH–inhibitor activated coll–nHA scaffolds failed to induce significant functionality of miRNA inhibitors, LDH nanoparticles can successfully be utilized as delivery platforms for encapsulated miRNA-mimics from coll–nHA scaffolds leading to significant overexpression of the delivered miRNA-16 while maintaining cell viability.





4. Discussion


LDHs are two-dimensional biocompatible materials composed of cationic layers and anionic interlayers that have previously been used as nonviral vectors for gene and drug delivery [63]. This study characterizes LDH as a nonviral delivery vector for different nucleic acids, including pDNA, siRNA and miRNA mimics and hairpin inhibitors. The composition of LDH (MgAl-NO3) was capable of encapsulating nucleic acids.



While LDH–pDNA nanoparticles were internalized by MSCs at higher doses, they demonstrated poor transfection efficiency and high levels of cytotoxicity. LDH was capable of complexing with pDNA to form positively charged nanoparticles at MR50 and higher. However, MR75 pDNA nanoparticles were shown to be significantly less polydisperse than other formulations tested, suggesting that these nanoparticles may be more uniform in size and, therefore, more suitable for cell uptake and subsequent transfection. However, the encapsulation efficiency was zero for all LDH–pDNA nanoparticles and did not increase in correlation with increasing MR. As the LDH–pDNA binding mechanism is unknown, we hypothesized that the encapsulation assay in this instance is potentially detecting pDNA bound to the LDH surface layers, and thus may not be fully encapsulated. This hypothesis correlates with other findings in the literature [64,65], which describe the adsorption of DNA to the surface of MgAl and LDH–lactate nanosheets, respectively. Additionally, the successful complexation of LDH and pDNA has shown to be heavily reliant on the LDH formulation used, as well as the fabrication process. Sanderson et al. have previously shown that hydrotalcite LDHs synthesized at higher temperatures tend to form tighter associations with pDNA, which is thought to be due to the closer matching of charge densities between larger LDH particles and pDNA [66]. Collectively, these reports concur with our findings that the same LDH formulation, which successfully complexes with siRNA and miRNA, may not complex with larger, double-stranded pDNA. While LDH–pDNA complexes at higher doses appeared to be taken up by MSCs, transfection levels measured by Gaussia luciferase activity were minimal compared to the commercial gold standard Lipofectamine, as expected given that LDH was not shown to successfully encapsulate pDNA. While there are some reports in the literature of successful pDNA transfection in HEK 293T cells [52], myoblasts by utilizing Zn/Al LDH [67], NIH-3T3 and HeLa cells using Li-Al LDH [53], and mouse motor neuron cells using [(Mg3Al(OH)8](CO3)0.5] [54], our findings showed that LDH nanoparticles in the MgAl-NO3 formulation were unsuitable for pDNA transfection in MSCs. Additionally, there are no reports in the literature of successful LDH–pDNA transfection in MSCs thus far.



However, this study demonstrated successful delivery of small, linear nucleic acids (siRNA, miRNA mimics and hairpin inhibitors) to MSCs with complexes exhibiting a favorable cytocompatibility profile. LDH–miRNA mimic nanoparticles showed functionality in monolayer culture, indicating successful release of the nucleic acids into the cytoplasm without exhibiting adverse effects on cell viability. Overall, the results indicate that LDH is a suitable nonviral vector for miRNA mimics and demonstrates the promising potential for the delivery of siRNA following efficient encapsulation and cellular uptake. Furthermore, LDH–miRNA activated coll–nHA scaffolds were shown to upregulate miRNA expression in MSCs and therefore, the developed biomaterial scaffolds provide a potential delivery platform for therapeutic applications in regenerative medicine.



Delivery of siRNA and miRNA (MR10 and MR20) demonstrated successful cellular uptake of LDH in a dose-dependent manner with the successful delivery of nucleic acid cargoes at 20 nM, 50 nM and 100 nM. These doses have previously been shown to be suitable to induce functional delivery of siRNA and miRNA [4,68] and correspond to an amount of 0.1 to 1 µg of nucleic acids, therefore being in the same range of the pDNA assessed for transfection. Further to this, the delivery of these smaller, linear nucleic acids, namely miRNA mimics, demonstrated functionality, indicating successful release of the biomolecules from the LDH once internalization has occurred. Previous studies suggest that the dissolution of the LDH transfection agent within the endosome following internalization plays a role in aiding endosomal escape, releasing the cargo into the cytoplasm of the cell [34]. It has also been reported that dissolution of the LDH transfection carrier results in the production of “cytofriendly” ions and no evidence of carrier accumulation inside the cell, which is often the case for inorganic or polymeric nonviral vectors [34,69]. However, this “cytofriendly effect” may be dependent on several factors, including the amount of LDH used during complexation as well as the different LDH materials available for testing (e.g., chloride or nitrate based LDH–precursors). Even though the internalization of LDH–hairpin inhibitors was greater than that of LDH–mimic inhibitors, delivery of hairpin inhibitors did not induce a significant downregulation of the endogenous miRNA. This could be due to challenges in measuring miRNA expression that could disguise small expression changes. Measuring miRNA expression by qPCR requires an additional amplification step that can induce nonlinearity in the measurement [70]. Discrepancies between optimal formulations for nucleic acid nanoparticle internalization and functionality could furthermore be caused by effects on nucleic acid release into the cytoplasm. Although demonstrating efficient cellular uptake and a favorable cytocompatibility profile, delivery of siGAPDH using MR10 did not result in a significant knockdown of GAPDH mRNA in MSCs. Similarly, in a system using MG2AL-Cl LDH nanoparticles complexed with siRNA/double-stranded DNA, Wu et al. detected MR20 as an optimal formulation for cellular uptake but found favorable functionality for MR5 formulations [61]. Increased stability of nanoparticles achieved by a higher MR can have negative effects on intracellular release, as has been shown for other vector systems such as chitosan-pDNA nanoparticles [71].



Successful formulation of LDH–complexes at the lower MR10 demonstrated a significant reduction in the cytotoxic effects observed in cells treated compared to a no treatment control. These results suggest that LDH–nanoparticles can exhibit cytotoxicity when LDH is concentrated above a certain threshold, but, at lower amounts, LDH is not cytotoxic. This is supported by the literature, and although some groups report little cytotoxicity associated with LDH nanoparticles following delivery to mammalian cells, others report varying degrees of the threshold amount of LDH [72,73]. Concerning the broad application of LDH as a nonviral vector for gene therapy, the size of the nucleic acid being delivered (pDNA, siRNA, miRNA) plays a key role in the success of delivery. The results outlined in this study indicate that LDH is a suitable delivery vector for small nucleic acids such as siRNA and miRNA mimics [74,75,76]. LDH has previously been described for the delivery of miRNA mimics to macrophages [77], and it has been reported that layered gadolinium hydroxychloride can successfully deliver anti-miRNA oligonucleotides to inhibit miRNA-10b in breast cancer cells [78] but has not, to our knowledge, been optimized for the delivery of miRNA mimics and inhibitors to MSCs. Therefore, this is the first study showing the potential application of LDH as a nonviral delivery vector to induce miRNA mediated RNAi in MSCs. The safe and transient delivery of nucleic acids to the cytoplasm without undesirable translocation to the nucleus is a challenging approach, as nonviral vectors tend to have a low transfection efficacy as well as cytotoxic effects, whereas viral gene delivery induces genomic integration and leads to long-lasting changes in gene expression. Therefore, identifying a nonviral vector for small nucleic acids, such as the LDH described in this study, capable of inducing RNAi with high efficacy and low toxicity provides a particularly useful, safe, and transient tool for gene therapy applications.



In addition to the cellular barriers that face the successful delivery of nucleic acid cargoes to cells, there are several “extracellular” barriers that hinder successful delivery of the desired therapeutic to the target cells, including susceptibility to serum degradation, rapid clearance from the site of action, short timeframe, and requirement for repeated administration of the therapeutic. Biomaterial-based scaffold delivery systems offer the potential to overcome these limitations while also allowing for spatiotemporal control over the delivery of the therapeutic. While miRNA-activated coll–nHA scaffolds have been reported for bone repair applications [5,7,79], this study demonstrates the first biomaterial-based delivery of nucleic acids to MSCs using an LDH–activated scaffold delivery system. Several scaffold-based systems incorporating the use of various formulations of LDH have been reported in the literature. For example, LDH–chitosan scaffolds loaded with Pifithrin α (PFTα), a selective p53 inhibitor, have previously been utilized for bone regeneration applications in vitro and in vivo [80]. Ag-loaded MgSrFe–LDH/chitosan scaffolds have been shown to increase osteogenic marker expression as well as ALP activity of human bone marrow-MSCs through the controlled release of strontium [81]. This study has characterized LDH as a potent nonviral vector for nontoxic and cost-effective delivery of small nucleic acids, such as siRNA and miRNA mimics, to MSCs in monolayer cell culture as well as from biocompatible coll–nHA scaffolds, indicating its potential for use for gene therapy applications.




5. Conclusions


This study demonstrates the successful use of a layered double hydroxide as an efficient delivery vector for short, linear, and small nucleic acids (siRNA, miRNA mimics and hairpin inhibitors) to MSCs without cytotoxic effects. The incorporation of LDH–nucleic acid complexes within a collagen-based delivery platform, previously optimized within our group for bone repair [2,4,27], demonstrates successful localized transfection of MSCs bearing great potential for tissue regeneration applications. We thereby demonstrate the successful use of LDH for the safe and effective delivery of various nucleic acids with potential applications in many tissue engineering and regenerative medicine approaches.
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Figure A1. (A) Schematic of the cationic layers of the LDH crystal structure. Divalent/trivalent metals, oxygen and hydrogen, are presented in blue, red and white, respectively. (B) The morphological features of the Mg-Al LDH material were characterized using transmission electron microscopy. Samples were prepared by placing 3 μL of LDH nanoparticle solution on Lacey carbon TEM grids (Ted Pella, USA) and baked at 60° for 24 h. TEM of the samples was performed on an FEI Titan operating at 300 kV (Thermo Fisher Scientific, USA). 
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Figure A2. Representative size distribution curves of (A) LDH–pDNA nanoparticles of MR75, (B) siRNA-LDH nanoparticles of MR10, (C) miRNA mimic-LDH nanoparticles of MR10 and (D) miRNA inhibitor–LDH nanoparticles of MR10. Each line represents one repeat of a triplicate. 
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Figure A3. Separate channels of a confocal image of rat MSCs on a coll–nHA scaffold shown in Figure 7. MSCs were stained with an HCS cell mask (green) for the cytoplasm and a Hoechst stain for the nucleus (blue). Confocal images of scaffolds containing cells without treatment at (A) 10 × and (B) 20 × as well as MR10 LDH–siRNA (50nM) with a red-transfection indicator at (C) 10 × and (D) 20 ×. Scale bar = 10 × = 600 µM, 20 × = 100 µM. 
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Figure A4. Separate channels of a confocal image of rat MSCs on a coll–nHA scaffold shown in Figure 8. MSCs were stained with an HCS cell mask (green) for the cytoplasm and a Hoechst stain for the nucleus (blue). (A) Cells without treatment transfected, (B) with a red-tagged miRNA-mimic or (C) inhibitor. Scale bar = 100 μM. 
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Figure 1. Electrostatic interaction of layered double hydroxide (LDH) with nucleic acids (pDNA) resulted in the formation of LDH–pDNA nanoparticles of varying physicochemical properties depending on the formulation. (A) LDH–pDNA nanoparticles ≥ MR50 were less than 200 nm in size. (B) MR75 nanoparticles were shown to have a significantly lower polydispersity index (PDI) compared with other formulations. (C) LDH–pDNA nanoparticles ≥ MR50 demonstrated a positively charged zeta potential (mV). Graphs represent mean ± std dev.; all measurements were carried out in triplicate. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 
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Figure 2. Electrostatic interaction of LDH with small, linear nucleic acids (siRNA) resulted in the formation of LDH–siRNA complexes of varying physicochemical characteristics dependent on the formulation. Physicochemical characterization of LDH–siRNA complexes with varying mass ratios (LDH:siRNA) demonstrated (A) a significant decrease in complex size at higher ratios (MR10, 20 and 50) compared to MR5. (B) All complexes formed demonstrated a positive zeta potential. (C) Higher mass ratios demonstrated a significantly lower polydispersity index (PDI) compared to MR5. (D) Encapsulation efficacy was demonstrated for all mass ratios, with a trend in increased encapsulation observed with increasing mass ratio. (E) All formulations demonstrated a decrease in encapsulation efficacy following a 5 h incubation period at 37 °C. Graphs represent mean ± std dev.; all measurements were carried out in triplicate. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 
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Figure 3. Physicochemical characterization of LDH–miRNA and LDH–hairpin inhibitor complexes. Characterization of miRNA mimics with LDH at MR5, 10, 20 and 50 showed (A) a significant decrease in size for MR10, 20 and 50 compared to MR5, (B) no difference in polydispersity index and, (C) a significant increase in zeta potentials for MR10, 20 and 50 compared to MR5. (D) Encapsulation efficacy showed successful encapsulation for MR10, 20 and 50 and (E) decrease of encapsulated miRNA mimics over 5 h at 37 °C for all MRs except MR50. Characterization of miRNA inhibitors with LDH at MR5, 10, 20 and 50 showed (F) no difference in size, (G) polydispersity index, and (H) significantly higher zeta potentials for MR10, 20 and 50 compared to MR5. (I) Successful encapsulation was demonstrated for MR10, 20 and 50 and (E) a decrease of encapsulated miRNA inhibitors over 5 h at 37 °C for all MRs except MR50. Graphs represent mean ± std dev.; all measurements were carried out in triplicate. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 
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Figure 4. Cytocompatibility, uptake and transfection efficiency of LDH–pDNA complexes in 2D (A) Quantitative assessment of internalization, determined by flow cytometry, showed a significant increase in the internalization of LDH–pDNA complexes at 1 µg and 2 µg doses. (B) Cell proliferation, quantified by fold change in DNA content, was reduced in LDH treated groups, demonstrating the cytotoxic effect of LDH–pDNA complexes. (C) Transfection efficiency of LDH–pLuc complexes, assessed by luciferase assay, showed negligible levels of transfection compared to Lipofectamine®3000. (D) Cell metabolic activity was significantly reduced in LDH alone, LDH-0.5 µg, and LDH-2 µg pDNA treated cells at day 7 post-transfection. Graphs represent mean ± std dev.; all measurements were carried out in triplicate. * = p < 0.05, *** = p < 0.001, **** = p < 0.0001. 
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Figure 5. Cellular uptake and cytocompatibility analysis of LDH–siRNA complexes. (A) Quantitative assessment of cellular uptake, determined by flow cytometry, indicated successful uptake of LDH–siRNA complexes at both formulations and all concentrations (20 nM, 50 nM and 100 nM). (B) PicoGreen dsDNA assay analysis indicated cytocompatibility of LDH–siRNA complexes was dependent on formulation with higher amounts of LDH (MR20) exhibiting a significant reduction in DNA content compared to MR10 (7 days post-transfection). (C) Assessment of transfection efficiency and LDH–siRNA functionality by qPCR for the relative fold change of GAPDH compared to 18S in mesenchymal stromal cells (MSCs) (MR10) delivering 50 nM and 100 nM of siRNA. Graphs represent mean ± std dev.; all measurements were carried out in triplicate. *** = p < 0.001. 
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Figure 6. Cytotoxicity, uptake and transfection efficiency of LDH–miRNA mimic and LDH–hairpin inhibitor complexes in 2D (A) flow cytometry analysis for comparison of internalization efficiency after transfection with LDH at MR20 and different doses (20 nM, 50 nM, 100 nM) for mimics and hairpin inhibitors showed increased internalization for higher doses of both, and lower internalization efficiency for LDH–mimic nanoparticles compared to LDH–inhibitor nanoparticles. (B) PicoGreen dsDNA assay showed that both LDH–mimic and LDH–inhibitor MR20 nanoparticles had adverse effects on DNA content that increased with higher miRNA doses. There was no significant difference between the effects of LDH–mimic versus LDH–inhibitor nanoparticles. (C) flow cytometry analysis for comparison of internalization efficiency after transfection with LDH at MR10 and MR20 at a 50 nM dose for mimics and hairpin inhibitors showed no significant difference based on MR used while LDH–mimic treatment resulted in a lower internalization efficiency compared to LDH–inhibitor transfection. (D) PicoGreen dsDNA assay showing that MR10 LDH–mimic and LDH–inhibitor nanoparticles had no significant effect on DNA content assessed at 7 days post-transfection as compared to untreated controls while MR20 LDH–mimics and inhibitor nanoparticles significantly decreased cell viability. (E) qPCR for miRNA-16 showed that LDH–mimic delivery induced a significant increase in miRNA-16 expression, whereas hairpin inhibitor delivery had no significant effect on miRNA-16 expression. Data were analyzed by ∆∆Ct method and normalized to miRNA-21. Graphs represent mean ± std dev., all measurements were carried out in triplicate. Scr: scrambled, M: mimic, I: inhibitor. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 
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Figure 7. LDH–siRNA activated coll–nHA scaffolds demonstrate successful cellular uptake and functionality of siRNA with favorable cytocompatibility. (A) Confocal imaging of MSCs cultured on coll–nHA scaffolds with and without LDH–siGLO complexes (red)demonstrated successful cellular uptake of complexes exhibiting peri-nuclear localization of complexes. MSCs were stained with an HCS cell mask (green) for the cytoplasm and a Hoechst stain for the nucleus (blue). Scale bar = 10× = 600 µM, 20× = 100 µm. MSCs cultured on LDH–siRNA activated scaffolds exhibited no difference in (B) metabolic activity and (C) viability when compared to cells cultured on coll–nHA scaffolds without complexes. (D) Assessment of functionality of siRNA by qPCR for GAPDH RNA knockdown following transfection (Day 7) in MSCs seeded on coll–nHA scaffolds. RNA fold change was assessed using the ∆∆Ct method and normalized to 18S. Graphs represent mean ± std dev.; all measurements were carried out in triplicate. 
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Figure 8. Assessment of MSC uptake, cytotoxicity and transfection on LDH–mimic and LDH–hairpin inhibitor loaded coll–nHA scaffolds. (A) scanning electron microscopy image of a coll–nHA scaffold. Scale bar = 20 μM. (B) Confocal image of MSCs on a coll–nHA scaffold. MSCs were stained with an HCS cell mask (green) for the cytoplasm and a Hoechst stain for the nucleus (blue). (C) Dy547-labeled scrambled mimics or (D) hairpin inhibitors (red) were observed within the MSC cytoplasm on the LDH–nanoparticle loaded scaffolds. Scale bar = 100 μM (E) No adverse metabolic activity effects were demonstrated over 7 days. (F) DNA quantification indicated that cell number was maintained across all groups except the LDH–inhibitor loaded scaffolds; LDH–mimic nanoparticles showed no treatment-associated cytotoxic effects 7 days after seeding. ** = p < 0.01 (G) LDH–mimic activated scaffolds induced a significant overexpression of miRNA-16 7 days post-transfection. PCR data were analyzed by the ∆∆Ct method and normalized to miRNA-21. Graphs represent mean ± std dev.; all measurements were carried out in triplicate. Scr: scrambled, M: mimic, I: inhibitor., *** = p < 0.001. 
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