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Abstract

:

Nano-encapsulation and conjugation are the main strategies employed for drug delivery. Nanoparticles help improve encapsulation and targeting efficiency, thus optimizing therapeutic efficacy. Through nanoparticle technology, replacement of a defective gene or delivery of a new gene into a patient’s genome has become possible. Lipid nanoparticles (LNPs) loaded with genetic materials are designed to be delivered to specific target sites to enable gene therapy. The lipid shells protect the fragile genetic materials from degradation, then successfully release the payload inside of the cells, where it can integrate into the patient’s genome and subsequently express the protein of interest. This review focuses on the development of LNPs and nano-pharmaceutical techniques for improving the potency of gene therapies, reducing toxicities, targeting specific cells, and releasing genetic materials to achieve therapeutic effects. In addition, we discuss preparation techniques, encapsulation efficiency, and the effects of conjugation on the efficacy of LNPs in delivering nucleic acid materials.
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1. Introduction


The purpose of gene therapy is to treat or prevent diseases through the modification of the host genome. Inserting a gene into a patient’s cells and/or replacing a defective gene with a healthy one has proven to be an effective therapy for numerous diseases. Through the process of transcription, genetic information stored in genomic sequences of DNA are transcribed into RNA; then, through translation, the RNA is used to produce functional proteins. Thus, there are a wide range of gene-therapy drugs utilizing nucleic acid polymers such as gene-editing complexes, product proteins, plasmid DNAs (pDNAs), messenger ribonucleic acids (mRNAs), and short interfering RNAs (siRNAs). They have the potential to treat a range of diseases by targeting the root cause as opposed to blocking downstream signaling pathways or treating symptoms. In addition, the development of Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR), a gene-editing platform, has facilitated the replacement of dysfunctional genes with the wild-type allele in a straightforward manner, potentially enabling the correction of hereditary disorders. The recent discovery of Fanzor proteins, which work like CRISPR but are much smaller [1], sparked the idea to encapsulate or conjugate Fanzor proteins into LNPs to better facilitate its delivery into cells compared to CRISPR. Despite the possibilities for their wide clinical applications, the delivery of these compounds remains a challenge, especially due to the lack of evidence of effective intracellular delivery into target tissues in vivo [2]. Most naked genetic materials cannot survive in an extracellular environment rich in serum nucleases [3]. Furthermore, they are subject to degradation through hepatic metabolism, innate immunity, and renal filtration [4]. Naked functional pDNA was reported to have an in vitro half-life of approximately 10 min in whole blood in mouse models [5] and even shorter than that in vivo. Some modified synthetic nucleic acids, which could persist through these external barriers, can only achieve marginal bioavailability [6]. Electrostatic repulsion resulting from the negatively charged nucleic acid backbone leads to poor size uniformity and distribution of the nucleic acid payload and therefore to impaired delivery. Additionally, these negatively charged nucleic acids can interact with positively charged macromolecules within the body, further compounding this issue [7]. Various challenges have complicated the development of effective gene therapies [2,3,4,5,6,7]. For many years, researchers have been striving to overcome these obstacles by finding the proper vectors for these materials. There are many concerns with the use of viral vectors, including immunogenicity and difficult manufacturing processes, whereas many non-viral vectors have been reported to be toxic and harmful to cells [8].



In 2020, under the enormous pressure of the global pandemic caused by the SARS-CoV-2 coronavirus, a remarkable breakthrough was made in the therapeutic application of gene mRNA vaccines were authorized for use against the coronavirus disease. In comparison with available viral vector vaccines, non-viral novel mRNA vaccines are preferred because they have shown impressively high rates of efficacy [9]. These mRNA vaccines serve as proof of concept for an entirely new way to deliver genetic materials and enable gene therapies: lipid nanoparticles (LNPs). LNPs (Figure 1) are the most extensively studied non-viral vector for gene therapies [8]. They have been employed in vaccines, monoclonal antibodies, immunomodulatory drugs, and CAR T-cell therapies [9]. LNPs are being explored for the delivery of corrective genes to treat cystic fibrosis and various types of cancer. Despite their fragility, genetic materials can be protected from degradation in the extracellular environment and then transported into cells by LNPs [10]. In addition, their therapeutic value, ability to infiltrate cells, and stability can be improved by encapsulating them into advanced LNP-based delivery systems [11]. If nucleotide materials are transported by these lipid-based carriers, the complexes can be sustained in the circulation for a longer time, thus facilitating better cellular uptake. LNPs were reported to increase passive cell targeting by enhancing cell permeability and retention [12]. By using specific ligands, LNPs can also actively target cells through interactions with cell-surface receptors.



The clinical application of LNPs has been hindered by several challenges, especially delivery efficiency. LNPs must be delivered to the appropriate tissues or organs and taken up by target cells. Table 1 lists major issues in LNP delivery, such as delivery efficiency, intracellular stability, and endosome escape, along with their potential solutions. LNPs can escape from the injection site, enter the systemic circulation, and accumulate in the liver even after administration via local injection routes such as intramuscular and intratumoral injection, thus limiting the localized site-specific protein expression [13,14]. Unwanted liver accumulation of mRNA-loaded LNPs can be minimized by reticuloendothelial-system-blockade strategies such as stealth coating of liver sinusoids using two-arm-PEG-Oligo(l-Lysine). These RES-blockade strategies improved selective organ targeting of nucleic acid therapeutics by dramatically decreasing accumulation in the liver [15]. Another significant hurdle to the widespread utility of LNPs is their indispensable component: ionizable lipids. These lipids are not only highly inflammatory but also generate electrophilic impurities. These impurities can give rise to reactive moieties, including reactive oxygenated species, which can hydrolyze tertiary amines, rendering the mRNA untranslatable and leading to a loss of protein expression [16,17]. Moreover, delivering LNPs to targeted organs is often challenging due to obstacles like the blood-brain barrier and the immune system. Addressing the immune response triggered by LNPs remains a significant challenge. Stealth coatings and immunomodulators can help mitigate this issue.



Nanotechnology is a multidisciplinary science that uses fundamental aspects of physics, chemistry, and mathematics to design and manipulate atoms and molecules at the nanoscale to produce structures 1–1000 nm in size. Because of their small size and high surface area, the use of nanoparticles has resulted in improved drug solubility and enhanced bioavailability [18]. Over the last few decades, there have been major nanotechnological advances in the use of LNP medicine for gene and immunotherapy. In this article, we will focus on the development of LNPs through different nano-pharmaceutical techniques as well as on the strategies that may be employed to encapsulate bio-therapeutic drugs that enable gene therapies.




2. Nanoencapsulation


Nanoencapsulation is defined as the packaging of a drug core within a nanomaterial matrix shell [19]. Nanospheres are formed through the dispersion of drug molecules into polymeric materials, also known as carriers. Encapsulating genetic materials into carriers offers a key advantage: protection from degradation. A major issue with mRNA delivery is the rapid degradation of mRNA both outside and inside the cell by extracellular and intracellular ribonucleases, which reduce the effectiveness and duration of protein expression from the mRNA. Packaging nucleic acid therapeutics dramatically improves cargo stability and protects against extracellular and intracellular ribonucleases.



Common polymers in drug-delivery systems are polyethylene glycol (PEG), poloxamers, polyvinyl alcohol (PVA), polyesters, and polysaccharides [20]. In nanoencapsulation, polymers form physical barriers between the inner and outer phases of the particles and the environment, preventing drug degradation and thus facilitating more efficient drug delivery. Various polysaccharides (alginate, chitosan, carrageenan, etc.) mainly serve as a barrier against external conditions [21]. Encapsulation in polymers allows for the controlled release of the enclosed active ingredient under certain conditions. The polymer properties influence the physical and mechanical properties of the nanoparticle, which ultimately impact the biodistribution. Among polymeric nanomaterials, poly (lactic-co-glycolic acid) (PLGA) is frequently used to prepare micro- and nanospheres. PLGA can be synthesized in various molecular weights and lactide-to-glycolide ratios, where an increase in the ratio corresponds to a slower rate of polymer degradation and drug release [22,23]. There are challenges associated with micro- and nano-spheres, including controlling the particle size and distribution, as well as the presence of residual solvents and their toxicity. Particle size varies depending on the preparation technique used, but most manufacturing techniques result in microspheres. The size and distribution depend heavily on polymer and surfactant type and concentration, the dispersed-phase volume fraction, the stirring rate, and the temperature.



LNPs and lipid−polymer hybrid nanoparticles have several advantages over polymeric nanoparticles, including biocompatibility and versatility [24]. LNPs with uniform lipid bilayers or solid lipid cores can entrap hydrophobic and hydrophilic drugs with higher drug loading. However, differences in the size, density, and flexibility of the particle all play a role in the final fate of LNPs in vivo. Vaidya et al. were the first to demonstrate the application of density gradient-based ultracentrifugation, which relies on varying degrees of heterogeneity in mRNA-LNPs [25].



2.1. The Evolution of Genetic Materials for LNP Encapsulation


Over the past decade, several lipid-based formulations of mRNAs, siRNAs, and other genetic materials have been developed, and these are currently undergoing evaluation in vitro and in vivo for the treatment of various diseases. Currently, cationic LNPs, which are stable complexes between cationic lipids and anionic nucleic acids, are the most widely used non-viral delivery system for nucleic acid drugs. While the field of LNP technology has been evolving steadily, pivotal periods, key events, and significant strides in increasing encapsulation efficiency and the effective delivery of various types of genetic materials are described below. Available FDA-approved LNP products for nucleic therapeutics are listed in the Supplementary Materials section (Table S1).



2.1.1. LNPs for mRNA Delivery


The concept of mRNA as a therapeutic agent was officially recognized in 1990, when Wolff et al. injected naked RNA into mouse muscles [26]. Then, in 1992, Jirikowski et al. used mRNA to transiently reverse diabetes insipidus in Brattleboro rats that did not produce the hormone vasopressin [27]. mRNA strands are large, negatively charged macromolecules that cannot transverse the protective lipid membranes of cells [28]. Therefore, an emerging strategy is to incorporate mRNA within LNPs, which are spherical vesicles made of positively charged lipids at low pH. Cationic lipids can pair with anionic RNA to form an RNA-LNP complex. Although the concept is simple, it is not easy to identify an optimized ionizable cationic lipid and incorporate it with a genetic candidate. Previous studies have demonstrated that mRNA-loaded LNPs boosted immune responses to Zika virus, human immunodeficiency virus (HIV), herpes simplex virus, Ebola virus, and influenza virus, among others [29,30,31,32,33,34]. Recently, the success of using an LNP formulation of mRNA to prevent COVID-19 proved that LNPs are safe and effective non-viral vectors for delivering genetic materials. In onco-immunotherapy, several studies reported the successful application of LNP formulations for anticancer mRNA-based vaccines [35,36]. In work by Saad et al., cationic liposomes were produced from positively charged 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) lipid using an ethanol-injection method for the co-delivery of doxorubicin, BCL2 mRNA, and MRP1-targeted siRNA. The mixture led to the formation of large complexes with a size of approximately 500 nm and showed exceptionally high cytotoxicity to multidrug-resistant cancer [37].




2.1.2. LNPs for siRNA Delivery


Before the historic development of the Moderna and Pfizer BioTech COVID-19 vaccines, an LNP formulation of siRNA to treat transthyretin (TTR)-induced amyloidosis was considered the first successful systemic siRNA treatment for patients. Patisiran, sold under the brand name ONPATTRO®, is generated by the incorporation of siRNA with an optimized ionizable cationic lipid: heptatriaconta-6,9,28,31-tetraen-19-yl 4-(dimethylamino) butanoate (DLin-MC3-DMA or MC3) [38]. The incorporation of MC3 in LNP-siRNA systems can result in gene silencing in the liver at dose levels as low as 5 μg siRNA/kg in murine models [39]. The concept behind RNAi therapeutics is simple: prevent the production of disease-causing proteins by intercepting mRNAs with corresponding siRNAs. mRNA utilizes the protein-synthesis machinery of cells, while siRNA relies on the RNA-interference pathway. Although both mRNAs and siRNAs are delivered using LNPs, their mechanism of action and cellular uptake differ significantly. Like mRNAs, LNP-encapsulated siRNAs are typically taken up by cells through endocytosis. However, siRNAs can also be delivered through other pathways due to the double-stranded molecules being only 20 to 25 nucleotides in length. Conventionally, liposomes containing siRNAs have been prepared using the lipid-film method [40], but this method requires a post-processing treatment such as extrusion or sonication. For example, cationic lipoplexes produced using thin-film hydration and subsequent bath sonication yielded particles with a size of 72–291 nm [41]. A 2′OMe-modified siRNA targeting apolipoprotein B was successfully encapsulated inside 100 to 130 nm liposomes with an entrapment efficiency of 90–95% through the stepwise ethanol-dilution method [42]. Although siRNAs have been exploited for use in gene therapy over the years, extending siRNAs’ half-life in the circulation remains a challenge. Biological obstacles such as opsonin proteins and premature nuclease disintegration shorten siRNAs’ half-life; therefore, siRNAs may not enter the targeted cells while they are in circulation [43]. siRNAs diffuse poorly through the extracellular matrix. In the event that an siRNA reaches the target tissue, additional cell-level barriers impact cell entrance and stability [44]. The critical problem is the negative charge of siRNAs, which produces repulsion from the negatively charged cell membrane, resulting in poor uptake. If an siRNA successfully enters the cell, it must escape the endosome and withstand the hostile acidic environment of the cytosol. For those reasons, improved delivery methods are necessary to overcome the biological obstacles to siRNA delivery to the target cell and increase the gene-silencing effect.




2.1.3. LNPs for DNA and Protein Product Delivery


Carrillo et al. first reported lipoplexes formed between pDNA and cationic lipids, then moved forward to develop cationic solid LNPs for DNA delivery [45]. DNA and pDNA−LNP complexations have been successfully formulated and developed [46,47,48]. DNA−LNPs can be stabilized under conditions in which lipids and DNA are conjugated and then solubilized into micelles.



Strategies for gene delivery can be adapted for protein delivery, despite several challenges limiting efficient protein delivery [49,50]. Unsaturated hydrophobic nucleotide tails can be integrated into nanoparticle lipids to facilitate the delivery of large genetic materials such as pDNA and mRNA by improving intracellular pDNA and mRNA release. The release is triggered by intracellular glutathione, which can degrade disulfide bonds, resulting in endosome escape [51]. A chemically modified protein combined with CRISPR-associated protein 9 Cas9-single-guided RNA (sgRNA) ribonucleoproteins formed a protein/lipid nanocomplex with synthetic lipids and was delivered to cells through the endocytosis pathway instead of through the lipid-assisted cell-membrane-permeation pathway [52,53,54]. Although none of the complexes can induce significant cell toxicity, the study indicates that the electrostatic and hydrophobic interactions between lipids and proteins are critical. This was further confirmed by varying the lipid compositions of the nanoparticles.



Table 2 includes the interactions between nucleic acid materials (mRNAs, siRNAs, and pDNAs) and LNPs. The interaction between these nucleic acids and LNPs is crucial for their formation, encapsulation, stability, and subsequent release. siRNAs are typically encapsulated within the LNP core due to their small size. mRNAs can also be encapsulated within the LNP core. On the other hand, pDNAs can form complex structures with LNPs and are often conjugated to the LNP surface. Interestingly, the hydrophobic interaction between LNPs and their nucleic acids is important in LNP formation. This interaction helps to drive the encapsulation of mRNAs within the LNP core, which can be stronger if the mRNA structures are highly hydrophobic [55]. mRNAs with regions that have higher levels of secondary structure, such as helices, may not be fully encapsulated.





2.2. The Development of LNPs for the Encapsulation of Genetic Materials


In conjunction with enhancing mRNA stability, scientists have worked on improving RNA delivery, notably through the application of LNP vesicles.



2.2.1. Liposomes


Looking back at their development, LNP formulations evolved from their earliest version: liposomes. Liposomes are closed bilayer structures spontaneously formed by hydrated phospholipids (Figure 2). Even before the 90s, in 1978, the first liposomes were utilized for the delivery of mRNA to eukaryotic cells [56], and a decade after that, a cationic liposome mRNA delivery system, 1,2-di-O-octadecenyl-3-trimethylammonium propane (DOTMA), was commercialized [57]. Many liposomal formulations have been approved for use as drugs and vaccines; here, we previously mentioned the ONPATTRO® story, because not only was it the first commercially available LNP formulation of siRNA, but also because it was a liposomal formulation.




2.2.2. Solid Lipid Nanoparticles


Solid LNPs and nanostructured lipid carriers were first introduced by Müller et al. as micro/nano-sized spherical particles made of lipids that are solids at room temperature [58]. While phospholipid-based liposomes require a complex preparation method, solid LNPs are lipid-based emulsions constructed of a solid matrix that allows the controlled release of the drug. Compared to liposome structures, solid LNPs have higher loading capacities, are produced more easily, and are more cost-effective on a large scale. Biologics including peptides, proteins, and genes are the main targeting moieties. mRNA-based-solid LNPs were produced using three different techniques: solvent evaporation/emulsification, hot-melt emulsification, and coacervation to induce interleukin 10 synthesis; all were used in corneal cells to treat corneal inflammation [59]. There, solid LNPs facilitated a transfection efficiency higher than that seen with naked mRNA, but there was no correlation observed between in vitro and in vivo performance. Another problem associated with using solid LNPs in the encapsulation of genetic materials is crystallization, which can trigger an immune response, cause stability issues, and reduce bioavailability. When crystallization occurs during long-term storage, the LNPs can lyse, thus exposing the incorporated drugs to the surrounding environment. The exact mechanism of nucleic acid sequestration and subsequent crystallization within solid LNPs is not fully understood, but it is believed to involve nucleic acids and nucleic acid−solid lipid aggregations, which may form crystals within the lipid matrix. Strategies to minimize nucleic acid crystallization in solid LNPs include reduction of the nucleic acid concentration, lyophilization, lipid optimization, and excipients that can inhibit crystallization. The delivery of biological drugs encapsulated into solid LNPs may still be possible through the exploration of new therapeutic strategies, such as interference with bacterial transcription processes through the delivery of DNA molecules [60].




2.2.3. Lyotropic Liquid Crystal (LLC)


A lyotropic liquid crystal (LLC) is formed by dissolving an amphiphilic mesogen in a suitable solvent under appropriate conditions of concentration, temperature, and pressure [61]. When many amphiphilic molecules are present, the self-assembly of amphiphilic lipids due to hydrophobic interactions could potentially lead to the formation of well-defined, thermodynamically stable structures such as lamellar, hexagonal, and bicontinuous cubic phases. Lyotropic liquid crystalline drug-delivery systems have become one of the more advanced systems in the field of colloidal dispersions. Among the different types of LLCs, cubosomes exhibit many distinct advantages. While LNPs are often spherical, non-spherical shapes like cubosomes can offer advantages in terms of loading capacity and sustained release [62,63]. The cubic phase, which is made of bicontinuous lipid bilayers, develops a 3D network separating two distinct, continuous, non-intersecting hydrophilic, with hydrophobic components placed within [62] (Figure 3). There are two primary ways to encapsulate genetic material into cubosomes: direct incorporation and post-formation loading. The principle of direct incorporation involves mixing genetic materials with lipid components during cubosome formation. However, the lipid mixture is required to be heated above its phase-transition temperature, directly affecting the stability of the loaded genetic material and making uniform distribution of the genetic material within the cubic phase challenging. Double-stranded DNA fragments were encapsulated and released within monoolein-based cationic lipid phases of cationic cubic phases and their dispersed cationic cubosomes [63]. Meanwhile, loading the genetic materials into preformed cubosomes involves incorporating the gene through adsorption and complexation, which is not limited to encapsulation. An improved understanding of the mechanism of drug loading and release will assist in the design of novel lipid nanovectors for gene delivery. Besides, a variety of strategies for engineering cubosomes should be developed to render these liquid crystalline structures suitable for advanced drug delivery.



Table 3 summarizes the pros and cons of using different lipid-based nanocarriers for the encapsulation of nucleic acids.






3. Nanoconjugation


Nanoconjugation between hydrophilic polymeric shells and hydrophobic drug cores, as well as between hydrophilic drugs in self-assembled amphiphiles, have been studied for loading drugs into nanoparticles [13]. In the application of nano-encapsulation and conjugation to delivering nucleic acid materials, nanoconjugation happens between nucleic acids and cationic materials.



3.1. Lipid-Mediated Delivery System (Lipoplex)


A lipid-mediated delivery system (lipoplex), which is usually assembled from mixtures of cationic liposomes and DNA, was first reported in 1987 by Felgner et al. [64]. In the present day, it has become one of the most common strategies for nonviral gene therapy. Lipoplex laid the first stone for the development of cationic LNPs.



Lipoplexes form between genetic materials and LNPs because of the electrostatic interaction between the negatively charged nucleic acids and the positively charged lipids [37,38,41,45,46,47,48]. Other genetic materials were also employed with the lipoplex protocol or variations of it. Jin et al. successfully created an siRNA−polyethylene glycol−solid nanoparticle, which was proven to be able to cross the blood−brain barrier (BBB) to reach brain tumors with no apparent toxicity [65]. In another study, Kranz et al. reported in vivo experiments using intravenously injected mRNA−lipoplexes based on DOTMA/phospholipid dioleoylphosphatidylethanolamine (DOPE) and/or DOTAP/DOPE formulations; by optimizing the mRNA/cationic lipid ratio, then self-assembled LNPs were obtained [66]. Following the development of DOTAP, ionic interactions between the core and the shell were reported; these interaction drastically affected their entrapment efficiencies and capacity for intracellular delivery [66]. Toxicity issues resulting from the cationic LNPs’ permanent positive charge and non-biodegradable nature, plagued these initial lipoplex-like formulations. LNPs are neutral at physiological pH, thus reducing potential toxic effects compared with positively charged liposomes. In contrast, the effectiveness of lipoplexes for targeted gene delivery in vivo has been disappointing. It is known that their high cationic-charge density aids their rapid clearance from circulation by the reticuloendothelial system and that their tendency to form large aggregates enhances their accumulation in the microvasculature of ‘first pass’ organs such as the spleen, the liver, and particularly the lungs. The ability to manipulate the composition and structure of LNPs is crucial for optimizing gene delivery. LNP formation influences the amount of nucleic acid material encapsulated, the release rate, and ultimately the transfection efficiency. Figure 4 shows that modifying lipid composition can affect LNP stability and efficiency. For example, modifying the head groups of phospholipids can influence the particle size and its interaction with the external environment. Smaller particles often exhibit better cellular uptake, resulting in a higher transfection rate [67]. Another example is increasing the proportion of cationic lipids in a formulation, thus enhancing the binding of nucleic acids and loading capacity. However, an excessive amount of cationic lipids may reduce transfection efficiency due to aggregation.




3.2. LNP Surface Decorations


Due to the PEG-transformable end –OH- group, which can transform into various active functional groups, the uses of PEG and PEGylated lipids for LPNs have been one of the most efficient chemical modifications enabling conjunction for target delivery of micro- and nanoparticles [68]. Moreover, PEG can be used as a surfactant that promotes the formation of the hydrated layer of LNPs in solution, thus preventing aggregation of LNPs and enhancing LNP stability [69]. A typical LNP formulation contains four ingredients (Figure 1): ionizable lipids, PEGylated lipids, phospholipids, and cholesterol, in which the ionizable lipids are protonated to encapsulate negatively charged nucleic acids by electrostatic interactions. PEGylated lipids, phospholipids, and cholesterol contribute to the LNPs’ structure and stability [70]. Upon administration of LNPs, PEGylated lipids disrupt the equilibrium of surface-lipid compositions, promoting the adsorption of LNPs to serum proteins [69,70,71,72]. For the delivery of nucleic acid materials for gene therapies, LNP surfaces with PEGylated lipids are often decorated with targeting ligands. Lipid-DNA nanoparticles (Genospheres™) were made to effectively target specific cells by the addition of an antibody−lipopolymer (anti-HER2 scFv (F5)-PEG-DSPE) conjugate into the highly PEGylated lipid particles. It was reported that Genospheres could be stably stored under a variety of conditions and were able to achieve a high degree of transfection activity [73].



Ligands can be polymer or lipid molecules, drug-lipid conjugates, and protein− or peptide−lipid conjugates. They are often synthesized and incorporated into LNPs by the “in-lipid mixing” or the “post-insertion” methods. Notably, Dilliard and coworkers reported a strategy termed Selective ORgan Targeting (SORT) for tissue-specific mRNA delivery using LNP-SORT molecule conjugates that could direct LNPs to the lungs and the spleen. The SORT lipids of choice were mixed with other LNP lipid components. The factors that define their organ-targeting properties include the chemical nature of the SORT molecule and the biodistribution, pKa, and serum-protein interactions of the SORT nanoparticles. Moreover, the SORT organ-targeting mechanism was proven to function via PEG−lipid, protein−SORT LNP surfaces, and protein−receptor conjugates [74]. The post-insertion technique using ligand−PEG−lipid conjugates was initially developed to produce liposomes for immunotherapy but was later adapted to produce LNPs for targeted delivery [75]. Kasiewicz et al. reported the preparation of N-acetylgalactosamine (GalNAc)-LNPs that can deliver CRISPR-based gene-editing therapy to the liver [76]. Interestingly, GalNAc-siRNA conjugates have played a major role in vaccines and gene therapies and have been used to help cure several life-threatening diseases [6,76]. Sward et al. described a robust and simple “post-insertion” method for the preparation of targeted or fluorescently labeled siRNA LNPs using a copper-free strain-promoted azide-alkyne cycloaddition [77]. The “post-insertion” method is superior to direct surface modification because it preserves the physicochemical parameters of the LNPs. Dibenzocyclooctyne (DBCO)-azide copper-free reaction-based conjugation, along with other reaction-based conjugationsis termed “in situ conjugation”; the ligands are not pre-synthesized [77]. It is very important to remove the unattached molecules and the excess ligands after “in situ conjugation” to yield only surface-decorated LNPs. Figure 5 is a schematic representation of different ligand-targeted LNP decorations.





4. Preparation Methods of LNPs for the Encapsulation of Genetic Materials


A variety of techniques are available for the synthesis of LNPs (Figure 6). Several traditional physical methods with reasonable modifications to their methodologies have been optimized for the controlled synthesis of LNPs. LNP-preparation methods can be classified by energy input and solvent usage. The concentration ranges of the organic solvent used to prepare genetic-material-loaded LNPs were chosen based on the ability of the aqueous/organic solvent monophase to independently solubilize the nucleic acids and the lipid components before their combination. Notably, the use of organic solvents is sometimes unfavorable due to the possible interaction of organic solvents with shell and core materials and the extra production steps needed to remove the organic solvent. This extra step is crucial, as the leftover solvent can be a source of toxicity.



4.1. High-Energy-Input Methods


Although homogenization, ultrasonication techniques, and supercritical-fluid technology are very dispersive, these methods might not be compatible with delicate genetic materials. In applications for gene delivery, these methods can get involved with the process of making cationic lipid particles before the formation of a complex with the genetic materials.



4.1.1. Homogenization


Homogenization remains one of the most common, scalable, and cost-effective methods used to produce LNPs. High-pressure homogenization is a very dispersive technique, but the intense energy input and heat generated during the process might harm the thermolabile pharmaceutical ingredients. Further modifications of homogenization techniques, such as hot homogenization and cold homogenization, were eventually introduced. Hot homogenization causes bubbles to form due to the sudden decrease in pressure. In addition, thermal exposure also induces drug degradation. Cold-homogenization techniques are considered more advanced as they are more suitable for hydrophilic drugs and avoid the drug degradation associated with high processing temperatures. The disadvantages of cold homogenization have been reported to be large particle sizes ranging from 50 to 100 µm and a broad size distribution [78].



Ultrasonication, high-speed homogenization, or high-speed stirring methods can also be used in LNP preparation. Still, the application of these methods is often restricted due to unavoidable metal contamination, which results in large particle sizes.




4.1.2. The Supercritical-Fluid Technique


The supercritical-fluid technique can produce solvent-free products under mild temperature and pressure conditions. This newer, greener technique has the significant advantage of using CO2 as a solvent for LNP production and has thus drawn a lot of attention from researchers [79]. Several polymer−lipid hybrid formulations modified by DNA/RNA aptamers and antibodies have been developed for cancer treatment [80]. Various biomolecules including proteins, nucleic acids, peptides, and phospholipids were successfully encapsulated in or conjugated to polymer−lipid hybrid nanoparticles. Ge et al. presented a general method using microemulsion precipitation in supercritical CO2 for producing biodegradable nanoparticles that can be loaded with nucleic acids. The advantages of this method are ease of scalability, lack of residual organic solvents, and the formation of dry nanoparticles that can be placed in long-term storage [81]. However, questions regarding this method remain, including how to increase the loading capacity of the nanoparticles, how to facilitate nanoparticle entry to the target cell, and how to target specific cell types.



Another LNP-preparation method that is derived from the application of supercritical fluid is gas-assisted melting atomization. In this method, the lipids or protein/lipid mixtures are loaded into a mixing chamber, where they are melted with supercritical CO2 under proper temperature and pressure conditions. Then, the lipid-saturated fluid is forced through a nozzle by opening a valve at the bottom of a chamber to produce micron and sub-micron particles. It is claimed that this method produces fine and non-agglomerated low-density powders. It is also suitable for protein-loaded-lipid submicron-particle preparation, which is used to obtain solid colloidal formulations with high protein-loading efficiency and a controlled release profile [82].





4.2. Low-Energy-Input Methods


The original design of LNPs was based on liposomes and emulsions. A wide range of emulsion-based techniques has been applied to the preparation of LNPs, including microemulsion and different types of solvent-emulsification methods, each of which possesses advantages and disadvantages.



4.2.1. Microemulsion-Based Method


The microemulsion method was first proposed in 1943 by Hoar and Shulman. The mechanism of the microemulsion method is based on the achievement of spontaneous reduction in interfacial tension via the use of surfactants. This technique requires low energy input and results in a thermodynamically stable emulsion [83]. The microemulsion cooling technique, in which emulsification is followed by cooling, leads to particle precipitation and was perfected based on the same principle. The microemulsion method is reproducible, simple, and easily scalable and can result in solvent-free nanoparticle formation. This is one of the most traditional, yet still one of the most popular, novel carrier systems for encapsulating active moieties and has many applications for gene therapies. pDNA−nanoparticles have been synthesized by encapsulating hydrophobized pDNA from oil-in-water (o/w) microemulsion precursors [84]. In the work of Carrillo et al. mentioned above, solid LNPs were obtained by dispersing the hot microemulsion in cold water [45]. McAllister et al. were the pioneers in the application of microemulsion methods for non-viral gene-based formulations. They developed a cationic nanogel−DNA monodispersed complex that exhibited improved deposition of oligonucleotides in the culture medium.



Some microgel and nanogel formulations were developed via microemulsion polymerization [85]. In cancer immunotherapy, as proof of crossing paths between gene therapy and chemotherapy, some hydrogel systems loaded with genetic materials and chemicals were prepared by microemulsion [86,87]. However, after many attempts, it is still quite difficult to obtain an adequate concentration of LNPs in the resulting emulsion. This might be due to the dilution of the particle suspension during the emulsification process.




4.2.2. Solvent-Emulsification Methods


Solvent-emulsification methods such as the solvent-emulsification−evaporation method, solvent-emulsification−diffusion method, and solvent-injection/solvent-displacement method normally result in LNPs with a narrow size distribution. The solvent-emulsification method is widely used because it is appropriate for thermolabile drugs. In solvent-emulsification methods, lipids are first dissolved in an aqueous immiscible solvent, forming a low-viscosity system. An additional step such as ultrafiltration, lyophilization, or evaporation is required to eliminate the organic solvent used in the earlier step. The organic solvent may remain in the final preparation, which can cause toxicity. A double-emulsion−solvent-evaporation protocol for the preparation of siRNA-loaded lipidoid−polymer hybrid nanoparticles for delivery to the cytosol was described by Thanki et al. [88]. Physicochemical characterization was performed, and the gene-silencing effect was confirmed at the mRNA level by reverse transcription polymerase chain reaction.



Phase-inversion techniques are often used for the spontaneous inversion of o/w emulsions to w/o emulsions via an increase in temperature, with the assistance of additional molecules that influence the inversion phenomenon. Previous studies have shown that LNPs can be formed using the phase-inversion technique [89]. Solid LNPs and LLCs produced using this method were suitable for the topical application of bioactive ingredients. It was suggested that they may be suitable colloidal delivery systems for transporting lipophilic bioactive agents across the blood−brain barrier (BBB). A reported disadvantage of this method is emulsion instability.



Examples of commonly used solvents are water, ethanol, methanol, and acetone. The ethanol-injection method is one of the most notable solvent-injection methods. The ethanol-injection method was developed as an improved alternative to the thin-film hydration method, after the use of which sonication is necessary to produce siRNA-containing liposomes [90]. In contrast, in the ethanol-injection method, a solution of lipids in ethanol is directly injected through a syringe into a solution. This method is quick and easy to grasp. When ethanol is quickly diluted in aqueous buffer, lipid vesicles self-assemble due to a rise in solvent polarity.




4.2.3. Double-Emulsion Method


The double-emulsion method is an emulsion-based method for the preparation of LNPs. It can also be considered a novel method based on solvent emulsification−evaporation. Both hydrophilic and hydrophobic drugs, but mainly hydrophilic drugs, are dissolved in an aqueous solution and then emulsified in melted lipid. A stabilizer is incorporated to increase emulsion stability and protect against phase separation. Then, the stabilized primary emulsion is dispersed in an aqueous phase containing hydrophilic emulsifiers. Thereafter, the double emulsion is stirred and isolated by filtration. Xie et al. prepared a hydrophilic protein-loaded solid LNP by w/o/w double emulsion followed by solvent evaporation. The results showed that PLGA was essential for the primary w/o emulsification [91]. In addition, the stability of the w/o emulsion, the encapsulation efficiency, and the loading capacity of the nanoparticles were enhanced by an increase in PLGA concentration. Furthermore, increasing the PLGA concentration decreased zeta potential significantly without influencing particle size. In vitro release studies demonstrated that PLGA significantly affected the initial burst release, i.e., the higher the content of PLGA, the lower the burst release.




4.2.4. Coacervation Technique


A decrease in the pH of a micellar solution of alkaline salts of fatty acids by acidification in the presence of a polymeric stabilizer causes proton exchange, thus resulting in lipid precipitation (coacervation). This technique is suitable for use with lipophilic drugs (by solubilizing the drug in the micellar solution after coacervation) and with hydrophobic ion pairs of hydrophilic drugs. Despite being a simple, solvent-free technique that results in monodispersed nanoparticles, the coacervation technique is not appropriate for use with pH-sensitive active pharmaceutical ingredients.




4.2.5. Membrane-Contactor Method


In this method, a membrane contactor is used to prepare LNPs, and lipid materials are pressed through a porous membrane at a temperature above their melting point. Water circulated beyond the pores flows alongside the produced droplets of melted lipid which are then cooled to room temperature. The advantages of this method are the ability to control particle size by the choice of membrane and the scalability. Due to limits in the pore size of commercially available membranes, this method is more commonly employed in making micro-sized particles and has not yet been utilized to create nanoparticles.





4.3. Microfluidic Methods


Following the revelation of the relationship between the size of nanomedicines and their penetration efficiency in tumor tissues, controlling the size of LNPs has proven to be another challenge in the development of efficacious LNPs [92]. The particle size distribution of LNPs can be controlled using manufacturing methods such as extrusion, sonication, and homogenization. More recently, microfluidic methods have been successfully used for LNP manufacture and size control [93]. Microfluidics refers to the precise manipulation of fluids on a small scale at which volumetric forces are dominated by surface forces. Therefore, microfluidic systems represent the optimal method for producing size-controlled LNPs, as the microfluidics technique offers a simple, scalable, high-throughput continuous-flow process.



Mitchell and colleagues engineered a high-throughput screening transwell platform for the BBB specialized for mRNA−LNPs [94,95]. The same principles that apply to the conventional method are used for LNP production using a microfluidic device. The lipid phase (stream 1), including cationic components, is dissolved in ethanol (solvent) and the genetic material solution (stream 2) is prepared using an acid buffer. The LNPs are then self-assembled in the mixing chamber at the liquid−liquid interface where the two streams meet. Microfluidic devices for LNP production can be classified into different types depending on the flow type (Y- or T-shaped, chaotic mixer device).



Scaled-up RNA encapsulation can be accomplished via impingement jets mixing technology, in which two streams containing lipid and mRNA solution collide at high velocity in a jet mixing chamber, as shown in Figure 7. Table 4 lists the advantages and challenges of microfluidic applications for LNP production.





5. Future Scopes and Prospects


In this section, we discuss strategies for the use of LNPs and opportunities associated with their use.



Nano-encapsulation and conjugation are the main strategies employed for drug delivery. In this review, we focused on the application of nano-encapsulation and conjugation to LNP-based delivery of nucleic acid materials to enable gene therapies. LNPs and LNP-production technologies allow the encapsulation and targeted delivery of a variety of genetic materials, including but not limited to siRNAs, mRNAs, and DNAs, as well as undruggable proteins [96], growth factors promoting tissue regeneration, and other bioactive molecules.



There are a variety of available techniques for LNP production, and each has its advantages and disadvantages. Compared with conventional LNP-production methods, microfluidic approaches can produce homogeneous-sized LNPs with high encapsulation efficiency and high reproducibility. Additionally, optimized approaches to generating LNP-encapsulated genetic materials with surface decorations suggest that LNPs have accelerated the development of targeted delivery and, ultimately, of further gene therapies. Multifunctional LNPs can be developed by incorporating multiple functionalities such as imaging agents or therapeutic molecules into LNPs. LNP production should be improved so that techniques can be expanded, and scalable manufacturing processes enabled. The next generation of RNA, cell, and gene therapies and combinations thereof, delivered via LNPs, will become essential in personalized nanomedicine for both diagnostic and therapeutic purposes.
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Figure 1. A typical LNP for mRNA delivery contains 4 lipid ingredients: ionizable lipids, PEGylated lipids, phospholipids, and cholesterol. 
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Figure 2. A liposomal vesicle and a liposome loaded with active compounds. 
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Figure 3. A cubosome exhibiting internal and cubic structures with active compounds encapsulated. 
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Figure 4. LNP modifications that can influence genetic material loading and transfection. 
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Figure 5. Schematic representation of different ligand-targeted LNP decorations. 
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Figure 6. Available methods for LNP preparation. Methods based on emulsion and nanoprecipitation principles. 
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Figure 7. A schematic representation of flow-based production of LNPs. 
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Table 1. Challenges in LNP delivery.
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	LNP Delivery Issues
	Potential Solutions





	1. Cellular Uptake
	
	
Modifying lipid composition, particle size and shape, and surface properties



	
Attaching ligands that bind to specific cell-surface receptors








	2. Tissue Distribution
	
	
PEGylation coatings to reduce immune recognition



	
Incorporating immunomodulatory agents to suppress the immune response



	
Minimizing immunogenicity and toxicity








	3. Degradation
	
	
Coatings



	
Using self-amplifying RNA, increasing nucleic acid concentration








	4. Endosomal Trapping
	
	
Incorporating protonatable lipids or peptides to promote endosomal escape



	
Incorporating pH-sensitive polymers to trigger release at endosomal pH








	5. Inflammatory
	
	
Modifying lipid composition to decrease the concentration of ionizable lipids used








	6. Off-Target Effects
	
	
Reducing particle size to reduce non-specific interactions and improve targeting



	
Employing formulation optimization, coatings, ligand conjugation, and surface decorations to enhance specificity



	
Minimizing immunogenicity and toxicity, dose optimization















 





Table 2. Interactions between nucleic acid materials (mRNAs, siRNAs, and pDNAs) and LNPs.
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	Nucleic Acid
	Size
	Interaction with LNP





	mRNA
	a few hundred to several thousand nucleotides in length
	
	
Electrostatic attraction between the negatively charged phosphate backbone of mRNAs and the positively charged head groups of cationic lipids in LNPs.



	
Hydrophobic interaction between the hydrophobic regions of mRNAs and the hydrophobic cores of LNPs.








	siRNA
	20–25 nucleotides in length
	
	
Electrostatic attraction



	
Hydrophobic interaction








	pDNA
	a few thousand to several thousand base pairs (one base pair consists of two nucleotides)
	
	
Electrostatic attraction



	
Hydrophobic interaction



	
Complex formation















 





Table 3. Advantages and disadvantages of lipid-based nanocarriers.
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	Lipid-Based Nanocarrier
	Advantages
	Disadvantages





	Liposomes
	
	
Easy preparation



	
Biodegradable



	
Biocompatible



	
Well-established technology



	
Various formulations with approved products on the market





	
	
Large mRNAs, regions of RNA with higher levels of secondary structures with strong hydrophobic interaction may not be encapsulated



	
Lower encapsulation efficiency for nucleic acids



	
Instability, premature release



	
Limited tissue penetration








	LNPs

polymer−lipid hybrid nanoparticles
	
	
High encapsulation efficiency



	
Efficient cellular uptake



	
Versatile for various nucleic acids



	
Controlled release



	
Increased stability compared to liposomes





	
	
Off-target effects, limited tissue penetration








	Solid LNPs

Nanostructured lipid carriers
	
	
High protection from degradation



	
High encapsulation efficiency



	
Increased loading capacity



	
Increased stability compared to liposomes



	
Controlled release





	
	
Aggregation of highly concentrated nucleic acids and crystallization of solid lipids.



	
Off-target effects, limited tissue penetration








	Cubosomes
	
	
Unique cubic structure



	
Increased loading capacity



	
Enhanced stability



	
Sustained release



	
Reduced immune response





	
	
Challenges in scaling up



	
Off-target effects



	
Limited clinical data



	
Large nucleic acids may not be encapsulated















 





Table 4. Advantages and challenges of microfluidic applications for LNP production.
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	Advantages
	Challenges





	
	
Same principles as an emulsion (conventional) method, including hydration, solvent injection, emulsification, and solvent-evaporation steps in one process



	
Controlled droplet (vesicle) sizes through power (manipulation of liquid flows)



	
Various types of channels and chips.



	
High surface-to-volume ratio



	
Small particle-size distribution.



	
Efficient mixing



	
High encapsulation efficiency



	
Reproducibility



	
Easy set-up



	
Scaled-up production using microfluidic jetting/mixing





	
	
Microfluidic channel clogs



	
Compatibility between solvent used and channels



	
Specialized equipment



	
Difficult fluid handling with multiple operation parameters
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