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Abstract

:

Lipid nanoparticles (LNPs) have established their position as nonviral vectors for gene therapy. Tremendous efforts have been made to modulate the properties of LNPs to unleash their full clinical potential. Among the strategies being pursued, the layer-by-layer (LbL) technique has gained considerable attention in the biomedical field. Illuminated by our previous work, here we investigate if the LbL approach could be used to modify the LNP cores formulated with three different ionizable lipids: DODMA, MC3, and DODAP. Additionally, we wondered if more than three layers could be loaded onto LNPs without disrupting their gene transfection ability. Taking advantage of physicochemical analysis, as well as uptake and gene silencing studies, we demonstrate the feasibility of modifying the surface of LNPs with the LbL assembly. Precisely, we successfully modified three different LNPs using the layer-by-layer strategy which abrogated luciferase activity in vitro. Additionally, we constructed a 5×-layered HA-LNP containing the MC3 ionizable lipid which outperformed the 3×-layered counterpart in transfecting miRNA-181-5p to the pediatric GBM cell line, as a proof-of-concept in vitro experiment. The method used herein has been proven reproducible, of easy modification to adapt to different ionizable lipid-containing LNPs, and holds great potential for the translation of RNA-based therapeutic strategies.
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1. Introduction


Lipid nanoparticles (LNPs) for gene delivery have gained considerable attention in recent years with the ground-breaking clinical approval of Onpattro in 2018, and mRNA-1273 and BNT162b in 2020 [1,2,3,4]. The nonviral vectors have allowed the clinical translation of short interfering RNA (siRNA) and messenger RNA (mRNA) which face challenging physiological hurdles that prevent them to reach bedside by themselves [5]. Notwithstanding the important therapeutic landmarks enabled by LNPs, intense research is still underway to unleash the full potential of these vehicles. The demonstrated clinical translation of LNPs for gene delivery has paved the way for several investigations that aim at bringing to the clinics other RNA- and DNA-based cargos, such as gene editing tools, micro RNAs (miRNAs), and pDNA [6,7,8]. Another line of research focuses on the modulation of lipid components that constitute LNPs, with a special focus on the synthesis of novel lipid or lipoid structures for potent gene transfection in vitro and in vivo [9,10], or novel cationic lipids with the dual ability of gene transfection and responsiveness to stimuli [11,12,13]. Modulating the nature of the lipid components as well as changing the route of administration of LNPs are successful examples of extrahepatic delivery of payloads by LNPs [14,15,16]. A third pathway explores the surface modification of LNPs to tailor their targetability to specific cells or organs [17].



Here we focus on the surface modification of LNPs using the layer-by-layer (LbL) technique. The LbL strategy consists of depositing layers of polyelectrolytes of opposing charges on top of surfaces [18]. This technique has been largely used in material sciences and made its way to biomedical applications, providing therapeutically relevant properties to nanoparticles such as stage release of cargo, longer circulation time in vivo, targeted properties, and improved stability, the latter being an issue of utmost importance in the research of lipid-based nanocarriers [19,20,21,22,23,24,25,26]. By formulating LNPs containing the ionizable lipid DODMA for posterior modification with the LbL strategy, we demonstrated that hyaluronan-finished LNPs were able to deliver miR-181a to glioblastoma cells both in vitro and in vivo. miR-181a is implicated in the oncogenic process of several malignancies and strongly correlated to glioblastoma [27]. In our investigation, the encapsulation of miR-181a was achieved with high yield due to the washless method proposed therein and its local delivery induced strong tumor suppression in vivo [28].



To build the LbL assembly, we chose three specific polyelectrolytes: a layer of siRNA, to increase the loading cargo, poly-l-arginine, a polycation that could boost the endosomal escape of LbL LNPs, and hyaluronic acid, a natural target of CD44 receptors [29] that can direct the LNPs to CD44-overexpressing cancer cells [30].



In this investigation, we wondered if the LbL strategy can be expanded to LNPs formulated with different ionizable lipids, namely MC3 and DODAP. The ionizable lipid MC3 enabled the clinical translation of siRNA to the clinic. DODAP is one of the first ionizable lipids proposed for the siRNA transfection in vitro. Additionally, we investigated if more than three layers could be built onto LNPs formulated with MC3 or DODMA as ionizable lipids. To evaluate the effect of such modifications on LNPs, we assessed the physical–chemical properties of LNPs by DLS and by encapsulation efficiency, and we assessed the uptake of LbL-modified LNPs by confocal microscopy. Finally, we interrogated the gene transfection of the particles by delivering siRNA targeting the luciferase gene to the reporter luciferase-expressing glioblastoma cell line, GL261.




2. Materials and Methods


2.1. Materials


Solvents and chemical reagents were purchased from Sigma (Oakville, ON, Canada) and Thermo Scientific (Waltham, MA, USA). Cholesterol, 1,2-dioleyloxy-3-dimethylaminopropane (DODMA), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (rhodamine-PE) were obtained from Avanti Polar Lipids (Alabaster, AL, USA). (6Z,9Z,28Z,31Z)-Heptatriaconta-6,9,28,31-tetraen-19-yl 4-(dimethylamino)butanoate (MC3) and 1,2-dioleoyl-3-dimethylammonium-propane (DODAP) were purchased from Nanosoft Polymers (Winstom-Salem, NC, USA). Poly-L-Arginine (5000–15,000 Da) was obtained from Sigma (Oakville, ON, Canada). Hyaluronic acid (60 KDa) was obtained from Lifecore Biomedical Inc. (Chaska, MN, USA). Oligonucleotides were obtained from Horizon Discovery (Waterbeach, UK). siRNAs were custom-made with the following sequences: scramble siRNA (siCTL, 5′-UAGCGACUAAACACAUCAAUU-3′), scramble siRNA Cyanine-3 (siRNA-Cy3, 5′-Cy3-UAGCGACUAAACACAUCAAUU-3′), and siRNA Luciferase (siLuc, 5’-GGUCUGAGCUCCUUGAUAAUU-3′). Hoechst 33,342 was purchased from Cayman Chemical (Ann Arbor, MI, USA).




2.2. Synthesis and Characterization of HA-LNPs


The synthesis of hyaluronan-decorated LNPs was carried out as reported previously [28]. Briefly, the LNP cores were synthesized by the ethanolic injection technique using hand pipetting with the following proportion: 50:39:11% mol, ionizable lipid, cholesterol, DOPE, 0.22 μmol total lipids, N/P 4 lipid:siRNA charge ratio, 3:1 volume ratio, sodium acetate buffer (10 mM, pH 4):ethanol. After 15 min, the LNPs were diluted to 300 μL with sodium acetate buffer. Then, LbL assembly was performed as described, with the following proportion: 14.1 μL of LNP suspension was mixed with 7 μL of siRNA at 20 μM, for DODMA and MC3, or 10 μL for DODAP LNPs (siRNA diluted in NaAc buffer). After 10 min, the PLA layer was built (1 μL of PLA at 2 mg mL−1 diluted in MilliQ water). For three-layered LNPs (HA-LNPs 3×), 5 μL of hyaluronic acid (5 mg mL−1 diluted in MilliQ water) was added to the LNP/siRNA/PLA particles. For the five-layered system (HA-LNPs 5×), siRNA (10 μL, 20 μM, diluted in NaAc) and PLA (1 μL, 2 mg mL−1, diluted in MilliQ water) were added before a final hyaluronic acid layer (5 μL, 5 mg mL−1, diluted in MilliQ water). The formulations were let standing still for 10 min at RT right after each layering step.



Hydrodynamic diameter, polydispersity index, and ζ-potential were measured at 20 °C with a Malvern Zetasizer Nano ZS instrument (Malvern, Worcestershire, UK). Samples in 10 mM sodium acetate buffer were diluted 25× in MilliQ water to a final volume of 700 μL. Size measurements were performed with a scattering angle of 173°, and Z-average (intensity) values were reported. The voltage for ζ-potential was set at 150 V. Measurements were performed in at least triplicate.




2.3. Encapsulation Efficiency


The encapsulation of siRNA within LNP cores was executed as described previously using SYBR Gold assay (Thermo Scientific, Waltham, MA, USA) [28]. The amount of free siRNA and LNP-loaded siRNA (LNPs disrupted in Triton X-100 0.2% in TE buffer) were determined against a standard curve prepared in TE and TE + Triton buffer. LNPs were diluted 40x in TE buffer. To measure the % of siRNA loaded within the layers, we opted for an indirect method where HA-LNP particles were diluted 80X in TE buffer and compared to the fluorescence of free siRNA at an equivalent concentration diluted in the same fashion. Fluorescence values were plotted against a standard curve, and encapsulation efficiency of siRNA within the layers of HA-LNPs was normalized to free siRNA and expressed as % of that value.




2.4. Confocal Microscopy


Murine-derived glioblastoma cell line stably expressing the luciferase reporter protein (GL261-Luc) was purchased from PerkinElmer (Waltham, MA, USA, catalog number BW134246) and cultured in Dulbecco’s modified Eagle’s medium (DMEM; Thermo Scientific, Waltham, MA, USA) supplemented with 10% FBS and 1% PenStrep (Wisent Inc, Saint-Jean Baptiste, QC, Canada). For microscopy studies, 50 k GL261 cells were seeded in a coverslip-containing 24-well plate 12 h prior to the experiment for adherence. The following day, HA-LNPs 3× or 5× were added to the cells at the desired final concentration. After overnight incubation, cells were fixed with paraformaldehyde 4%, washed thrice with PBS, and stained with Hoechst 33,342 at 2 μg mL−1 for 30 min, followed by PBS washing and mounting over glass slides for imaging with a Leica TCS SP8 microscope (Wetzlar, Germany). Pictures were analyzed on Fiji software (version 2.9.0/1.53t).




2.5. Gene Transfection


For gene silencing experiments, we performed the inverted transfection approach. An amount of 10 μL of LNPs, HA-LNPs 3×, or HA-LNPs 5× were added to an empty transparent 96-well plate at the desired concentration (n = 8), and 10,000 GL261 cells were seeded, followed by 5 min centrifugation at 500× g, RT. Plates were rocked briefly before incubation in a humidified incubator for 48 h. At the end of the experiment, we measured both viability and luciferase activity under the same conditions. In half the wells, 10 μL of WST-8 reagent (Abcam, Cambridge, UK) was added to assess cellular viability based on the mitochondrial activity of viable cells. After one hour, on the other half of the wells, 100 μL of Steady-Glo Luciferase Assay System substrate (Promega, Madison, WI, USA) was added. After gentle shaking and 5 min of incubation, we transferred the cellular–luciferase substrate mix to a white 96-well plate to measure luciferase activity. Readings were performed on the CLARIOstar plate reader (BMG Labtech, Ortenberg, Germany, WST-8 absorbance at 460 nm, luciferase signal was collected at 580–80 nm). Testing conditions were normalized to non-treated cells and expressed as % of NT cells. For the viability study on the pediatric glioblastoma cell line (SF188, Catalog number SCC282, Sigma, Oakville, ON, Canada), cells were cultured in Minimal Essential Media (MEM, Thermo Scientific, Waltham, MA, USA) supplemented with 10% FBS, 1% PenStrep (Wisent, QC, Canada), and 2 mM L-Glutamine (Gibco, Thermo Scientific, Waltham, MA, USA). Prior to the experiment, 3000 SF188 cells were seeded in a 96-well plate for overnight adherence. The next day, cells were treated with HA-LNPs 3×- or 5×-layered containing miR-181a-5p (custom synthesis, GE Healthcare Dharmacon, Inc., Lafayette, CA, USA, Active strand: 5′ 5′-P.A.A.C.A.U.U.C.A.A.C.G.C.U.G.U.C.G.G.U.G.A.G.U 3′; Passenger strand: 5′ U.C.A.C.C.G.A.C.A.G.C.G.U.U.G.A.A.U.G.U.U.U.U 3′). After 72 h, 10 μL of WST-8 reagent (Abcam, Cambridge, UK) was added to assess cellular viability. Readings were performed on the CLARIOstar plate reader (BMG Labtech, Ortenberg, Germany, WST-8 absorbance at 460 nm). Absorbance was normalized to scramble-treated cells.




2.6. Statistical Analysis


All experiments were repeated thrice, and data are expressed as mean ± standard deviation. Graphs were generated in Prism Software (GraphPad Software, La Jolla, CA, USA, Version 10.1.1). Statistical analysis was performed using two-tailed Student’s t-test or one-way ANOVA with post hoc comparison through Tukey’s test, and expressed as * (p < 0.05), ** (p < 0.01), *** (p < 0.001), or **** (p < 0.0001).





3. Results


3.1. Formulation of HA-LNPs with Different Ionizable Lipids


Our first goal aimed at developing three LNP cores containing one of three different ionizable lipids used in siRNA transfection: DODMA, MC3, and DODAP. LNPs were synthesized by the ethanolic injection technique, where a three-part aqueous buffer containing siRNA was manually mixed by rapid pipetting in a one-part ethanolic lipidic solution containing ionizable lipid, cholesterol, and DOPE (50:39:11 mol ratio). After dilution in acidic buffer, particles were further modified using the layer-by-layer technique and characterized by size, polydispersity index (PDI), and ζ-potential (Figure 1A,B). Notably, DODAP required more siRNA in the first layering step than DODMA and MC3 LNPs. After the deposition of three polyelectrolytes (siRNA, poly-l-arginine, and hyaluronic acid) on top of LNPs, all particles increased in size. MC3-core LNPs increased from 120 ± 1 to 155 ± 1 nm (PDI of 0.21 ± 0.01 and 0.16 ± 0.01 for MC3 LNPs before and after LbL, respectively), DODMA LNPs increased from 146 ± 1 to 177 ± 2 (PDI of 0.27 ± 0.01 and 0.18 ± 0.02 for DODMA LNPs before and after LbL, respectively), and DODAP LNPs increased from 148 ± 2 to 174 ± 1 (PDI of 0.2 ± 0.01 and 0.18 ± 0.01 for DODAP LNPs before and after LbL, respectively). The correlogram for all three LNPs and HA-LNPs indicates good quality of the data, and the intensity distribution agrees with the PDI, which remained below 0.2 throughout the conditions for all three lipids. The ζ-potential (Figure 1B) alternates between positive and negative values after the addition of each polyelectrolyte, adding evidence to the successful layer-by-layer assembly of LNPs and each subsequent layer thereof. Before LbL modification, we quantified the encapsulation efficiency (EE%) of the three LNP cores using SYBR Gold intercalating reagent prior to and after disruption with triton 0.2%. The released siRNA was quantified against a standard curve. Core-loaded siRNA was encapsulated at a high percentage for all LNPs, with DODMA and MC3 being the highest (90 ± 1 and 89 ± 1, respectively), followed by DODAP (86 ± 1). Figure 1C depicts the encapsulation of layered siRNA for the three systems after LbL modification. For the layered siRNA, our strategy relied on measuring the fluorescence of free siRNA at a concentration equivalent to that added as the first polyelectrolyte layer deposited onto LNPs. The free siRNA solution was prepared using the same proportion of acidic buffer as HA-LNPs and diluted 80X in TE buffer. Then, we incubated HA-LNPs diluted at the same ratio with SYBR Gold 10X. The fluorescence detected in the HA-LNP samples were normalized against free siRNA and yielded a % of EE of 88 ± 1, 88 ± 1 and 86 ± 1, for DODMA, MC3, and DODAP LNPs, respectively. Finally, we incubated DODMA, MC3, and DODAP HA-LNPs, containing siRNA targeting the firefly luciferase gene (siLuc both in the core and first layer) with GL261-Luc cells to assess the in vitro transfection by measuring the luciferase activity of cells 48 h post-transfection (Figure 1D). All three systems were able to mediate protein silencing without eliciting significant cellular death at siLuc or siCTL concentrations of 180 nM. Here, the HA-LNP MC3 core induces the strongest gene silencing with final % luciferase activity of 25 ± 1, followed by 44 ± 2 for DODMA HA-LNPs, and 49 ± 1 for DODAP HA-LNPs.




3.2. Construction of Five-Layered Hyaluronan-Decorated LNPs (HA-LNPs 5×)


We then proceeded to answer our second question, concerning the deposition of five layers on top of LNPs (Figure 2).



We carried out this experiment with DODMA LNPs and MC3 LNPs only. The construction of polyelectrolyte layers followed a similar fashion than for the three-layered HA-LNPs, with the exception of the third layer (siRNA), where 10 µL of siRNA at 20 µM in 10 mM sodium acetate buffer (pH 4) was added to fully invert the ζ-potential. The correlogram and intensity distribution of non-modified LNPs and five-layered hyaluronan-decorated LNPs (HA-LNPs 5×) are depicted in Figure 3. Detailed size distribution, ζ-potential, and PDI after each layer are specified in Figure 4 for MC3-containing LNPs and Supplementary Figure S1 for DODMA-containing LNPs. Again, particles increased in a similar fashion than for HA-LNPs 3×, as can be observed in the right shift of intensity distribution for DODMA and MC3 HA-LNPs as compared to plain LNPs (Figure 2). The MC3 core increased from 110 ± 1 o 185 ± 2, and the DODMA core from 119 ±1 to 178 ± 1. PDI remained below 0.2 throughout all layer-by-layer steps for DODMA LNPs but increased to 0.3 in MC3 LNPs after the third layer (siRNA) and continued at 0.3 after the fourth (PLA) and terminal fifth (hyaluronic acid) layer.



The five-layered system also demonstrated high encapsulation efficiency of siRNA located at the first and third layers (Supplementary Figure S2). Additionally, confocal microscopy confirmed the internalization of LNP cores modified with three or five layers (Supplementary Figure S3). Similarly, siRNA-Cyanine 3 (siRNA-Cy3) located either in the first or third layers of HA-LNPs 5× were internalized by GL261 glioblastoma cells (Supplementary Figure S4). The internalization was translated into gene transfection for both DODMA and MC3 HA-LNPs 5× (Figure 5). Luciferase silencing in HA-LNPs 5× was achieved at similar levels than HA-LNPs 3×, despite the location of siLuc in the first (bars 2 and 5, left to right, Figure 5) or third layer (bars 3 and 6, left to right, Figure 5). A small decrease in gene silencing is observed when siLuc is layered third on top of LNPs. This decrease is not significant in DODMA HA-LNPs 5×, but it is in MC3 HA-LNPs 5×. The trend was observed over multiple replicates of transfection of HA-LNPs 5× for both MC3 and DODMA cores.



We were then curious to understand if the slight decrease in gene silencing was to happen in HA-LNPs 5× compared to 3× if the siLuc was located only at the core of LNPs (Figure 6). We normalized the concentration of siLuc at 60 nM to add the same proportion of particles per well. No statistical difference was observed between MC3 HA-LNPs 3× and 5×, although the opposite trend was observed (the mean of MC3-core HA-LNPs 5× was numerically lower than 3×). Both conditions mediated strong gene silencing compared to non-modified MC3-core LNPs (MC3 HA-LNPs p < 0.001, and MC3 HA-LNPs 5× p < 0.0001, both compared to MC3-core LNPs), confirming that the layer-by-layer technique is necessary to stabilize non-PEGylated LNP cores. Interestingly, layer components only (siLuc, PLA, and HA) do not elicit gene silencing (Supplementary Figure S5).



Taken together, our results attest to the reproducibility and feasibility of employing the layer-by-layer technique to modify lipid nanoparticles with different ionizable lipid components. Furthermore, increasing the number of layers maintains the internalization and gene transfection ability of LNPs, regardless of the location of therapeutic siRNA.



In order to test the transfection efficiency of layer-by-layer assembled LNPs in a more pharmacologically relevant model, we investigated the effect of micro-RNA-181a-5p (miR181a) on the viability of pediatric glioblastoma cells in vitro (SF188). We have previously demonstrated that miR181a is highly effective against adult GBM cells in vitro (U251, T98G, and U87 cells) and in vivo (U87 xenograft model) [28]. Here, our goal was two-fold: firstly, we wanted to evaluate if miR181a could be a potential target to treat pediatric GBM cells and, secondly, if any difference could be observed between the 3×- and 5×-layered HA-LNPs synthesized using the MC3 ionizable lipid as main component (Figure 7).



It can be observed that 5×-layered LNPs (MC3 core) performed slightly better than the 3×-layered HA-LNPs, but no statistical difference was observed if miR181a was located either in the 1st or 3rd layer of 5× HA-LNPs. Additionally, no toxicity was observed when a scramble miRNA was used for transfection, corroborating the safety of the 3×- and 5×-layered system, as observed when scramble siRNA was encapsulated within HA-LNPs for transfection in GL261-Luc cells. Further experiments will indicate if the 5×-layered system is more stable after intravenous administration in mice than the 3×-layered system.





4. Discussion


In this investigation, we extended the application of the layer-by-layer technique to modify lipid nanoparticles. Initially, we wondered if the reported methodology used first to modify LNPs containing DODMA as an ionizable lipid [28] could be reproduced in other LNPs with different ionizable lipid components. Interesting observations were drawn from this experiment. Our methodology was based on a titration method to identify the minimum amount of polyelectrolyte necessary to fully invert the ζ-potential without eliciting destabilization/aggregation of the system (two-fold increase in particle size and PDI) [28]. The method reported previously for DODMA LNPs was successfully reproduced to coat MC3 LNPs but not DODAP LNPs. For the layer-by-layer assembly, the first layer consisted of mixing 14.1 µL of LNPs at 733 µM (total lipid content) with 7 µL of siRNA at 20 µM. This proportion was enough to invert the charge of DODMA and MC3 LNPs without destabilization of the system (Figure 4, MC3 LNPs, and Supplementary Figure S1, DODMA LNPs) but induced significant aggregation of DODAP LNPs with particles starting at 145 nm increasing over 1 µm. Therefore, a higher concentration of siRNA (10 µL at 20 µM) was necessary to invert the ζ-potential to a negative value able to maintain the colloidal stability of the system. Interestingly, there was no need to modify the proportion of PLA and HA as second and third layers, respectively (Figure 1). The higher ζ-potential of DODAP LNPs (ζ-potential > 30 mV) when compared to DODMA and MC3 LNPs (ζ-potential between 10 and 20) in sodium acetate buffer (10 mM, pH 4) may be an important parameter to take into account when optimizing the proportion of polyelectrolytes to be used in the LbL assembly of LNPs.



Quantifying the layered–encapsulated siRNA after the layer-by-layer strategy imposes its own challenge. Authors have successfully incubated the LbL system with large negatively charged polyelectrolytes which induce the release of electrostatic-bound layer components by competition [21]. We have tried such an approach with heparin, but we could not recover 100% of the encapsulated siRNA, probably due to the lower sensitivity of SYBR Gold compared to RiboGreen, as well as the fact that the first layer siRNA is bound to the surface of positively charged LNPs leading to complex structures that may protect the siRNA beyond solely electrostatic interactions [31]. Further characterization will elucidate how the LbL process shapes the structure of initial LNP cores. Therefore, we opted for an indirect quantification, where the equivalent amount of layered–encapsulated siRNA was incubated with the intercalating agent to have 100% fluorescence followed by incubation of HA-LNPs in the same fashion to determine the amount of free siRNA in solution. As demonstrated before, layered siRNA is well protected after the layer-by-layer technique, with less than 15% of siRNA detected in the three hyaluronan-decorated LNPs under investigation when compared to the fluorescence of free siRNA. We highlight that SYBR Gold might be able to detect the complexed siRNA by penetrating within layers giving room to the possibility that not all fluorescence detected comes from free siRNA in the solution. Again, the low fluorescence intensity detected for the SYBR Gold–siRNA complex corroborates the titration method used where we found the minimum amount polyelectrolyte to fully invert the ζ-potential of particles, thus avoiding an excess of free siRNA. Finally, all systems were able to mediate strong gene silencing when siRNA targeting the reporter protein luciferase was incorporated as the first layer. Not surprisingly, MC3 had the best performance compared to DODMA and DODAP HA-LNPs (Figure 1D). MC3 is one of the most used ionizable lipids for siRNA transfection and a core component of the first-ever siRNA-based therapeutics to reach the market [32]. Based on the highest transfection efficiency of MC3 and our previous work on DODMA LNPs, we decided to move both systems forward to answer our next question: could we build more than three layers—here we are investigating five—on top of LNPs?



To formulate the five-layered system, we started with LNP cores followed by siRNA and PLA layers as established for DODMA and MC3 LNPs, but the third layer was increased to 10 µL of siRNA at 20 µM as that was the best proportion to invert the charge of the particles. This indeed was sufficient to invert the surface charge and maintain the stability of the system. In fact, both systems were obtained below 180 nm size with ZP < −15 mV, the latter giving evidence of the presence of hyaluronic acid in the outermost layer. Again, the indirect quantification of siRNA did not unveil the presence of free nucleic acid (Supplementary Figure S2). Interestingly, siRNA located either on the first or third layer is well-internalized in vitro (Supplementary Figure S4). Encapsulating siRNA in the core of either HA-LNPs 3× or 5× also maintains gene transfection. The possibility of encapsulating siRNA in three different locations (core, first, or third layers) within the same particle could be an asset when one envisions a therapeutic approach with different RNAs, and when the high loading of genes per particle is desirable.



Titrating the amount of polyelectrolytes to increase the number of layers on top of soft materials, such as liposomes, has been successfully achieved before [33]. Authors have demonstrated that the concentration of the layering buffer, as well as the concentration of the polyelectrolyte to avoid aggregation due to excess materials, are important to maintain the stability and controlled assembly of the system. The influence of the ionic concentration of the buffer, the chemical nature of polyelectrolytes, and the template are examples of factors of utmost importance when building layer-by-layer assembled systems [34]. In this investigation, we maintained a low ionic strength buffer (10 mM sodium acetate) and the required concentration of polyelectrolytes at a minimum to have control over particle size and homogeneity. Through diligent in vivo experiments, Poon and coworkers have discussed that nanoparticles with an increased number of layers have longer circulation times than their single-layered counterparts [35]. In this investigation, gene transfection data with both siRNA targeting the luciferase gene and delivery of miR181a to pediatric GBM cells indicates the 5×-layered HA-LNPs system performed slightly better than the 3×-layered counterpart (Figure 4 and Figure 7). A few hypotheses could be drawn to explain the mechanism whereby the 5×-layered system outperformed the 3× HA-LNPs. First, the 5× HA-LNPs possess the double amount of Poly-L-Arginine as the 3× HA-LNPs. PLA is a known endosomal escape-inducing polypeptide that provides siRNA gene transfection ability to LbL-assembled nanoparticles [36]. Secondly, the likely higher stability of a multilayered system could also have an impact in the gene transfection in vitro. Further studies will investigate the role of PLA in the endosomal escape of HA-LNPs and the in vivo behavior of 3×-layered and 5×-layered HA-LNPs.



The layer-by-layer modification addresses some bottlenecks in the LNPs’ translation to the bedside. Hyaluronan-terminated nanoparticles are prone to less liver accumulation, a much-envisioned feature in the field of gene therapy using non-viral vectors. Additionally, the antifouling properties of hyaluronic acid might be of interest in the field where PEG-replacing strategies have been discussed [37,38,39,40]. These advantages can be expanded to other polyanions, as the outermost layer plays an important role in the intracellular trafficking of nanoparticles and their in vivo biodistribution [41,42]. Finally, ongoing research has been demonstrating the feasibility of developing LbL or their closely related core–shell-assemble nanoparticles by microfluidics [43,44], which is a technique that could be scaled up for industrial applications. Therefore, this investigation sheds light on the applicability of the LbL strategy to modulate the properties of LNPs, the gold standard gene delivery platform to date. Here, we demonstrate the feasibility of constructing multi-layered LNPs where both the number of layers and the nature of LNP cores can be modified. Further experiments will address the behavior of 3×- and 5×-layered systems on the fate and gene transfection of LNPs in vivo.




5. Conclusions


In summary, this study expands the data on the applicability of the layer-by-layer technique to lipid nanoparticles. We demonstrate that the methodology can be employed on LNPs formulated with different ionizable lipid cores which opens up a pathway where one can modulate the nature of lipids best suitable to the targeted gene to be delivered. The layer-by-layer strategy was necessary to stabilize non-PEGylated LNPs and allow gene transfection in vitro. Such observation confirms the position of depositing polyelectrolytes of alternative layers on top of LNPs to engineer effective non-viral vectors with the possibility of easy modulation of particles’ properties. Finally, we demonstrate the feasibility of depositing five layers on LNPs, where gene transfection in vitro is maintained despite the location of targeted siRNA. This work illustrates the benefits of using well-known techniques to modify the most clinically relevant gene delivery to date. The promising data gathered herein encourage us to understand and fully depict the physicochemical properties of LbL LNPs as well as explore their full potential by carefully choosing the nature of LNP components and polyelectrolytes.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pharmaceutics16040563/s1, Supplementary Figure S1. Physicochemical characterization of 5-layred HA-LNPs DODMA core. Left, intensity distribution of LNPs DODMA core (top graph) and after each polyelectrolyte layer. Middle, zeta potential (middle top, in green) and PDI (dot plot, black) of LNPs DODMA core before and after each polyelectrolyte layer. Right, top table represent the mean and SD of z-average, PDI, zeta potential at each step of the layer-by-layer technique. Encapsulation efficiency was determined for LNPs DODMA core with and without disruption of vesicles with triton (0.2%) and HA-LNPs 5× using SYBR Gold as intercalating agent. For HA-LNPs 5×, a solution of free siRNA was used for 100% fluorescence control. Right, bottom pictures, AFM of HA-LNPs DODMA core 5×. Supplementary Figure S2. Detailed fluorescence of free siRNA and layered-encapsulated siRNA in HA-LNPs 5× MC3 and DODMA core. Encapsulation efficiency measured by SYBR Gold intercalating reagent of siRNA located at the layer compartment for HA-LNPs DODMA (green bar) and HA-LNPs MC3 (magenta). Free siRNA (9.92 µM in a 38.1 µL solution) was used as 100% fluorescence control against aliquots of HA-LNPs. All conditions were diluted equally (80×) in 10 mM Tris/1mM EDTA buffer pH 7.4 and mixed with SYBR Gold 10× also diluted in TE Buffer. Supplementary Figure S3. Internalization of three (3×) or five-layered (5×) HA-LNPs MC3 core by GL261 cells. Rhodamine-PE at 0,1% mol ratio was used to formulate HA-LNPs MC3 core containing either 3 or 5 layers. Scramble siRNA was used for both core and layers. Particles were added at final concentration of 11 µM of total lipids per well and incubated overnight, followed by washing (PBS), fixation, a new round of washing and nuclei staining. Nuclei stained in blue (Hoechst 33,342) and particles in red (Rhodamine-PE). Scale bar: 20 μm for all images. Supplementary Figure S4. Internalization five-layered (5×) HA-LNPs MC3 containing siRNA-Cyanine 3 at different layer location by GL261 cells. Cyanine-3-conjugated siRNA (siRNA-Cy3) was loaded either in the first or third layer of HA-LNPs MC3 5×. Scramble siRNA was used in the core and appropriate layer where siRNA-Cy3 was not located. Final concentration of siRNA-Cy3 was adjusted to 90 nM in all conditions. Particles were incubated overnight, washed, fixed, and stained with Hoechst 33,342 (blue, nuclei). Cyanine-3 is represented in green. Scale bar: 20 μm for all images. Supplementary Figure S5. Luciferase silencing in GL261-Luc cells (180 nM, 48 h) mediated by layers component only equivalent to HA-LNPs 3× or 5× in the absence of LNPs core. Luciferase activity was measured 48h post transfection and reported as % of nontreated cells. The same for viability.





Author Contributions


Conceptualization, V.P.G., X.B. and P.H.; methodology, V.P.G.; formal analysis, V.P.G., Q.T.P., H.T. and C.G.; investigation, V.P.G., C.G. and Q.T.P.; resources, P.H.; writing—original draft preparation, V.P.G. and C.G.; writing—review and editing, V.P.G., H.T. and C.Y.; supervision, H.T., X.B. and P.H.; project administration, H.T. and P.H.; funding acquisition, C.Y. and P.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Canadian Institutes of Health Research grant number 426236.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in the study are included in the article/Supplementary Materials; further inquiries can be directed to the corresponding authors.




Acknowledgments


P.H. acknowledges the support from CHU Sainte-Justine (Fonds d’innovation thérapeutique). V.P.G. acknowledges the training funds from the Fonds de Recherche du Québec Santé (Award 298323), TransMedTech Institute and its primary funding partner, the Canada First Research Excellence Fund, and the Vanier Canada Graduate scholarship operated by the Canadian Institutes of Health Research (CIHR 475599).




Conflicts of Interest


The authors declare the following conflict of interest: Pierre Hardy, Victor Passos Gibson, Houda Tahiri, Chun Yang, and Xavier Banquy are listed as inventors in the US Patent application #N 63/4s8,667.




References


	



Younis, M.A.; Tawfeek, H.M.; Abdellatif, A.A.H.; Abdel-Aleem, J.A.; Harashima, H. Clinical translation of nanomedicines: Challenges, opportunities, and keys. Adv. Drug Deliv. Rev. 2022, 181, 114083. [Google Scholar] [CrossRef] [PubMed]

	



Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al. Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2021, 384, 403–416. [Google Scholar] [CrossRef] [PubMed]

	



Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Perez Marc, G.; Moreira, E.D.; Zerbini, C.; et al. Safety and Efficacy of the BNT162b2 mRNA COVID-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [Google Scholar] [CrossRef] [PubMed]

	



Akinc, A.; Maier, M.A.; Manoharan, M.; Fitzgerald, K.; Jayaraman, M.; Barros, S.; Ansell, S.; Du, X.; Hope, M.J.; Madden, T.D.; et al. The Onpattro story and the clinical translation of nanomedicines containing nucleic acid-based drugs. Nat. Nanotechnol. 2019, 14, 1084–1087. [Google Scholar] [CrossRef] [PubMed]

	



Whitehead, K.A.; Langer, R.; Anderson, D.G. Knocking down barriers: Advances in siRNA delivery. Nat. Rev. Drug Discov. 2009, 8, 129–138. [Google Scholar] [CrossRef] [PubMed]

	



Duan, L.; Ouyang, K.; Xu, X.; Xu, L.; Wen, C.; Zhou, X.; Qin, Z.; Xu, Z.; Sun, W.; Liang, Y. Nanoparticle Delivery of CRISPR/Cas9 for Genome Editing. Front. Genet. 2021, 12, 673286. [Google Scholar] [CrossRef] [PubMed]

	



Pfeifle, A.; Thulasi Raman, S.N.; Lansdell, C.; Zhang, W.; Tamming, L.; Cecillon, J.; Laryea, E.; Patel, D.; Wu, J.; Gravel, C.; et al. DNA lipid nanoparticle vaccine targeting outer surface protein C affords protection against homologous Borrelia burgdorferi needle challenge in mice. Front. Immunol. 2023, 14, 1020134. [Google Scholar] [CrossRef] [PubMed]

	



Tabatabaei, S.N.; Derbali, R.M.; Yang, C.; Superstein, R.; Hamel, P.; Chain, J.L.; Hardy, P. Co-delivery of miR-181a and melphalan by lipid nanoparticles for treatment of seeded retinoblastoma. J. Control Release 2019, 298, 177–185. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, M.; Li, Y.; Bloomer, H.; Xu, Q. Developing Biodegradable Lipid Nanoparticles for Intracellular mRNA Delivery and Genome Editing. Acc. Chem. Res. 2021, 54, 4001–4011. [Google Scholar] [CrossRef]

	



Love, K.T.; Mahon, K.P.; Levins, C.G.; Whitehead, K.A.; Querbes, W.; Dorkin, J.R.; Qin, J.; Cantley, W.; Qin, L.L.; Racie, T.; et al. Lipid-like materials for low-dose, in vivo gene silencing. Proc. Natl. Acad. Sci. USA 2010, 107, 1864–1869. [Google Scholar] [CrossRef]

	



Phan, H.T.; Passos Gibson, V.; Guedin, A.; Ibarboure, E.; El Mammeri, N.; Grelard, A.; Le Meins, J.F.; Dufourc, E.J.; Loquet, A.; Giasson, S.; et al. Switchable Lipids: From Conformational Switch to Macroscopic Changes in Lipid Vesicles. Langmuir 2023, 39, 3072–3082. [Google Scholar] [CrossRef] [PubMed]

	



Passos Gibson, V.; Derbali, R.M.; Phan, H.T.; Tahiri, H.; Allen, C.; Hardy, P.; Chain, J.L. Survivin silencing improved the cytotoxicity of carboplatin and melphalan in Y79 and primary retinoblastoma cells. Int. J. Pharm. 2020, 589, 119824. [Google Scholar] [CrossRef] [PubMed]

	



Viricel, W.; Poirier, S.; Mbarek, A.; Derbali, R.M.; Mayer, G.; Leblond, J. Cationic switchable lipids: pH-triggered molecular switch for siRNA delivery. Nanoscale 2017, 9, 31–36. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, Q.; Wei, T.; Farbiak, L.; Johnson, L.T.; Dilliard, S.A.; Siegwart, D.J. Selective organ targeting (SORT) nanoparticles for tissue-specific mRNA delivery and CRISPR-Cas gene editing. Nat. Nanotechnol. 2020, 15, 313–320. [Google Scholar] [CrossRef] [PubMed]

	



Hald Albertsen, C.; Kulkarni, J.A.; Witzigmann, D.; Lind, M.; Petersson, K.; Simonsen, J.B. The role of lipid components in lipid nanoparticles for vaccines and gene therapy. Adv. Drug Deliv. Rev. 2022, 188, 114416. [Google Scholar] [CrossRef] [PubMed]

	



Melamed, J.R.; Yerneni, S.S.; Arral, M.L.; LoPresti, S.T.; Chaudhary, N.; Sehrawat, A.; Muramatsu, H.; Alameh, M.G.; Pardi, N.; Weissman, D.; et al. Ionizable lipid nanoparticles deliver mRNA to pancreatic beta cells via macrophage-mediated gene transfer. Sci. Adv. 2023, 9, eade1444. [Google Scholar] [CrossRef] [PubMed]

	



Veiga, N.; Goldsmith, M.; Granot, Y.; Rosenblum, D.; Dammes, N.; Kedmi, R.; Ramishetti, S.; Peer, D. Cell specific delivery of modified mRNA expressing therapeutic proteins to leukocytes. Nat. Commun. 2018, 9, 4493. [Google Scholar] [CrossRef] [PubMed]

	



Alkekhia, D.; Hammond, P.T.; Shukla, A. Layer-by-Layer Biomaterials for Drug Delivery. Annu. Rev. Biomed. Eng. 2020, 22, 1–24. [Google Scholar] [CrossRef]

	



Bishop, C.J.; Liu, A.L.; Lee, D.S.; Murdock, R.J.; Green, J.J. Layer-by-layer inorganic/polymeric nanoparticles for kinetically controlled multigene delivery. J. Biomed. Mater. Res. A 2016, 104, 707–713. [Google Scholar] [CrossRef]

	



Boehnke, N.; Correa, S.; Hao, L.; Wang, W.; Straehla, J.P.; Bhatia, S.N.; Hammond, P.T. Theranostic Layer-by-Layer Nanoparticles for Simultaneous Tumor Detection and Gene Silencing. Angew. Chem. Int. Ed. Engl. 2020, 59, 2776–2783. [Google Scholar] [CrossRef]

	



Choi, K.Y.; Correa, S.; Min, J.; Li, J.; Roy, S.; Laccetti, K.H.; Dreaden, E.; Kong, S.; Heo, R.; Roh, Y.H.; et al. Binary Targeting of siRNA to Hematologic Cancer Cells In Vivo using Layer-by-Layer Nanoparticles. Adv. Funct. Mater. 2019, 29, 1900018. [Google Scholar] [CrossRef] [PubMed]

	



Correa, S.; Dreaden, E.C.; Gu, L.; Hammond, P.T. Engineering nanolayered particles for modular drug delivery. J. Control Release 2016, 240, 364–386. [Google Scholar] [CrossRef] [PubMed]

	



Deng, Z.J.; Morton, S.W.; Ben-Akiva, E.; Dreaden, E.C.; Shopsowitz, K.E.; Hammond, P.T. Layer-by-layer nanoparticles for systemic codelivery of an anticancer drug and siRNA for potential triple-negative breast cancer treatment. ACS Nano 2013, 7, 9571–9584. [Google Scholar] [CrossRef]

	



Gu, L.; Deng, Z.J.; Roy, S.; Hammond, P.T. A Combination RNAi-Chemotherapy Layer-by-Layer Nanoparticle for Systemic Targeting of KRAS/P53 with Cisplatin to Treat Non-Small Cell Lung Cancer. Clin. Cancer Res. 2017, 23, 7312–7323. [Google Scholar] [CrossRef] [PubMed]

	



Guter, M.; Breunig, M. Layer-by-Layer Assembled Nanoparticles for siRNA Delivery. Methods Mol. Biol. 2019, 1943, 153–160. [Google Scholar]

	



Kong, S.M.; Costa, D.F.; Jagielska, A.; Van Vliet, K.J.; Hammond, P.T. Stiffness of targeted layer-by-layer nanoparticles impacts elimination half-life, tumor accumulation, and tumor penetration. Proc. Natl. Acad. Sci. USA 2021, 118, e2104826118. [Google Scholar] [CrossRef]

	



Yang, C.; Passos Gibson, V.; Hardy, P. The Role of MiR-181 Family Members in Endothelial Cell Dysfunction and Tumor Angiogenesis. Cells 2022, 11, 1670. [Google Scholar] [CrossRef]

	



Passos Gibson, V.; Tahiri, H.; Yang, C.; Phan, Q.T.; Banquy, X.; Hardy, P. Hyaluronan decorated layer-by-layer assembled lipid nanoparticles for miR-181a delivery in glioblastoma treatment. Biomaterials 2023, 302, 122341. [Google Scholar] [CrossRef]

	



Culty, M.; Nguyen, H.A.; Underhill, C.B. The hyaluronan receptor (CD44) participates in the uptake and degradation of hyaluronan. J. Cell Biol. 1992, 116, 1055–1062. [Google Scholar] [CrossRef]

	



Cannava, C.; De Gaetano, F.; Stancanelli, R.; Venuti, V.; Paladini, G.; Caridi, F.; Ghica, C.; Crupi, V.; Majolino, D.; Ferlazzo, G.; et al. Chitosan-Hyaluronan Nanoparticles for Vinblastine Sulfate Delivery: Characterization and Internalization Studies on K-562 Cells. Pharmaceutics 2022, 14, 942. [Google Scholar] [CrossRef]

	



Gaspar, R.; Coelho, F.; Silva, B.F.B. Lipid-Nucleic Acid Complexes: Physicochemical Aspects and Prospects for Cancer Treatment. Molecules 2020, 25, 5006. [Google Scholar] [CrossRef]

	



Kulkarni, J.A.; Witzigmann, D.; Chen, S.; Cullis, P.R.; van der Meel, R. Lipid Nanoparticle Technology for Clinical Translation of siRNA Therapeutics. Acc. Chem. Res. 2019, 52, 2435–2444. [Google Scholar] [CrossRef] [PubMed]

	



Nayef, L.; Castiello, R.; Tabrizian, M. Washless Method Enables Multilayer Coating of an Aggregation-Prone Nanoparticulate Drug Delivery System with Enhanced Yields, Colloidal Stability, and Scalability. Macromol. Biosci. 2017, 17, 1600535. [Google Scholar] [CrossRef]

	



Guzman, E.; Mateos-Maroto, A.; Ruano, M.; Ortega, F.; Rubio, R.G. Layer-by-Layer polyelectrolyte assemblies for encapsulation and release of active compounds. Adv. Colloid. Interface Sci. 2017, 249, 290–307. [Google Scholar] [CrossRef]

	



Poon, Z.; Lee, J.B.; Morton, S.W.; Hammond, P.T. Controlling in vivo stability and biodistribution in electrostatically assembled nanoparticles for systemic delivery. Nano Lett. 2011, 11, 2096–2103. [Google Scholar] [CrossRef]

	



Lee, A.; Gosnell, N.; Milinkovic, D.; Taladriz-Blanco, P.; Rothen-Rutishauser, B.; Petri-Fink, A. Layer-by-Layer siRNA Particle Assemblies for Localized Delivery of siRNA to Epithelial Cells through Surface-Mediated Particle Uptake. ACS Appl. Bio Mater. 2023, 6, 83–92. [Google Scholar] [CrossRef] [PubMed]

	



Bevilacqua, P.; Nuzzo, S.; Torino, E.; Condorelli, G.; Salvatore, M.; Grimaldi, A.M. Antifouling Strategies of Nanoparticles for Diagnostic and Therapeutic Application: A Systematic Review of the Literature. Nanomaterials 2021, 11, 780. [Google Scholar] [CrossRef] [PubMed]

	



Chen, B.M.; Cheng, T.L.; Roffler, S.R. Polyethylene Glycol Immunogenicity: Theoretical, Clinical, and Practical Aspects of Anti-Polyethylene Glycol Antibodies. ACS Nano 2021, 15, 14022–14048. [Google Scholar] [CrossRef]

	



Dilliard, S.A.; Siegwart, D.J. Passive, active and endogenous organ-targeted lipid and polymer nanoparticles for delivery of genetic drugs. Nat. Rev. Mater. 2023, 8, 282–300. [Google Scholar] [CrossRef]

	



Hoang Thi, T.T.; Pilkington, E.H.; Nguyen, D.H.; Lee, J.S.; Park, K.D.; Truong, N.P. The Importance of Poly(ethylene glycol) Alternatives for Overcoming PEG Immunogenicity in Drug Delivery and Bioconjugation. Polymers 2020, 12, 298. [Google Scholar] [CrossRef]

	



Lamson, N.G.; Pickering, A.J.; Wyckoff, J.; Ganesh, P.; Calle, E.A.; Straehla, J.P.; Hammond, P.T. Trafficking through the blood-brain barrier is directed by core and outer surface components of layer-by-layer nanoparticles. Bioeng. Transl. Med. 2023. [Google Scholar] [CrossRef]

	



Pickering, A.J.; Lamson, N.G.; Marand, M.H.; Hwang, W.; Straehla, J.P.; Hammond, P.T. Layer-by-Layer Polymer Functionalization Improves Nanoparticle Penetration and Glioblastoma Targeting in the Brain. ACS Nano 2023, 17, 24154–24169. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Y.; Masuda, K.; Groso, C.; Hassan, R.; Zhou, Z.; Broderick, K.; Tsuji, M.; Tison, C. Microfluidic Synthesis of Scalable Layer-by-Layer Multiple Antigen Nano-Delivery Platform for SARS-CoV-2 Vaccines. Vaccines 2024, 12, 339. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Feng, Q.; Wang, J.; Sun, J.; Shi, X.; Jiang, X. Microfluidic synthesis of rigid nanovesicles for hydrophilic reagents delivery. Angew. Chem. Int. Ed. Engl. 2015, 54, 3952–3956. [Google Scholar] [CrossRef]








[image: Pharmaceutics 16 00563 g001] 





Figure 1. Characterization and in vitro silencing of hyaluronan-decorated LNPs (HA-LNPs) formulated with three different ionizable lipids (DODMA, green, MC3, magenta, DODAP, yellow). (A) Structure of the three different ionizable lipids used to formulate LNPs. Top to bottom: DODMA, MC3, and DODAP. Next to each structure, intensity size distribution and correlogram for LNPs before LbL modification (dashed line, black) and after the addition of the three polyelectrolytes to yield HA-LNPs (filled lines, color correspondent to each ionizable lipid used). (B) ζ-potential before and after each polyelectrolyte layer. (C) Encapsulation efficiency. (D) Luciferase silencing 48 h after transfection of three different HA-LNPs containing siRNA Luciferase both in the core (N/P 4) and layer at a final concentration of 180 nM of siRNA/well in GL261 cells stably expressing firefly luciferase gene. Scramble siRNA was used as a negative control and results were normalized to non-treated cells (luciferase activity, filled bars, viability, connected dots). All experiments were repeated at least three times. 
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Figure 2. Schematic representation of five-layered hyaluronan-decorated lipid nanoparticles (HA-LNPs). Starting with positively charged LNPs, a layer of negatively charged siRNA was deposited onto the surface of LNPs, followed by Poly-L-Arginine (PLA). The third and fourth layer were constituted of siRNA and PLA, respectively. The fifth and final layer comprised hyaluronic acid. 
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Figure 3. Intensity distribution and correlogram of LNPs formulated with either DODMA or MC3 and modified with five layers of polyelectrolytes (HA-LNPs 5×). Intensity and correlogram of initial LNPs (black solid and dashed lines, respectively) before and after the fifth-layer deposition with hyaluronic acid, to afford either (A) MC3 HA-LNPs 5× (magenta solid and dashed lines for intensity and correlogram, respectively) or (B) DODMA-formulated LNPs (green solid and dashed lines for intensity and correlogram, respectively). 
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Figure 4. Physicochemical characterization of five-layered MC3-core HA-LNPs. (Left) Intensity distribution of MC3-core LNPs before and after each polyelectrolyte layer. (Middle) Zeta potential (middle top, in magenta) and PDI (dot plot, black) of MC3-core LNPs before and after each polyelectrolyte layer. (Right) Top table represents the mean and SD of z-average, PDI, and zeta potential at each step of the layer-by-layer technique. Encapsulation efficiency was determined for MC3-core LNPs with and without triton disruption of vesicles (0.2%) and HA-LNPs 5× using SYBR Gold as intercalating agent. For HA-LNPs 5×, a solution of free siRNA was used for 100% fluorescence control. (Right) Bottom pictures, AFM of MC3-core HA-LNPs 5×. 
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Figure 5. Luciferase silencing in GL261-Luc cells (180 nM, 48 h) mediated by siRNA-Luc encapsulated in the five-layered HA-LNPs formulated with either DODMA or MC3 ionizable lipid. Five-layered HA-LNPs formulated with either DODMA (green bars) or MC3 (magenta bars) were used to transfect siRNA Luciferase located at either the first or third layers, as indicated by the x-axis labelling (1st or 3rd). Control particles were formulated with scramble siRNA located in both 1st and 3rd layers of the 5× HA-LNPs (siCTL in the x-axis). The labeling 1st or 3rd indicate where the siRNA Luciferase is located. HA-LNPs containing siLuc in the 1st layer and siCTL in the 3rd layer are named 1st in the graph. HA-LNPs containing siCTL in the first layer and siLuc in the 3rd layer are named 3rd in the graph. Scramble siRNA (siCTL) was used in the core of all HA-LNPs. Two-way ANOVA multiple comparisons was used as a statistical tool (* p < 0.05, luciferase activity of MC3-core HA-LNPs 5× between siLuc located at the first layer versus MC3-core HA-LNPs 5× containing siLuc at the third layer; ns p > 0.05, viability difference between MC3-core HA-LNPs 5× containing siLuc at the third layer versus MC3-core HA-LNPs 5× containing siCTL at both first and third layers). 
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Figure 6. Luciferase silencing in GL261-Luc cells (60 nM, 48 h) mediated by siRNA-Luc encapsulated solely in the core of MC3 LNPs and hyaluronan-decorated 3×- and 5×-layered HA-LNPs. Filled bars and connected dots represent luciferase activity and viability compared to non-treated cells, respectively (not represented in the graph). The concentration was normalized across all conditions to 60 nM of siLuc per well. Two-way ANOVA multiple comparisons was used as a statistical tool (*** p < 0.001, **** p < 0.0001, luciferase activity of HA-LNPs 3× and HA-LNPs 5× compared to non-modified LNP cores, respectively; ns p > 0.05, viability difference between MC3-core HA-LNPs 5× and non-modified MC3-core LNPs). 
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Figure 7. The effect of miR181a (142 nM) on pediatric glioblastoma cells SF188 72 h after transfection with either 3×- or 5×-layered HA-LNPs (MC3 core). Viability was measured using the WST-8 assay and values were normalized to scramble miRNA-treated cells. For the 5×-layered HA-LNPs, miR181a was either located in the 1st or 3rd layer and scramble miRNA was used to complete the layer-by-layer assembly of LNPs. All LNPs were formulated with scramble miRNA in the core compartment (N/P 4). Multiple comparisons were performed using two-way ANOVA (* p < 0.05, viability difference between the groups HA-LNPs 3× miCTL and HA-LNPs 3× containing miR-181a in the first layer; HA-LNPs 3× containing miR-181a in the first layer and HA-LNPs 5× containing miR-181a in the first layer; ** p < 0.001, viability difference between HA-LNPs 3× containing miR-181 in the first layer and HA-LNPs 5× containing miR-181a in the third layer; **** p < 0.0001, viability difference between HA-LNPs 5× containing miCTL and both HA-LNPs 5× containing miR-181a in the first and HA-LNPs 5× containing miR-181a in the third layer; ns p > 0.05, no statistical difference between HA-LNPs 5× containing miR-181a in the first layer and HA-LNPs 5× containing miR-181a in the third layer). Experiments were performed in triplicates with n = 8 wells per condition. 
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