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Abstract: The field of gene therapy has experienced an insurgence of attention for its widespread
ability to regulate gene expression by targeting genomic DNA, messenger RNA, microRNA,
and short-interfering RNA for treating malignant and non-malignant disorders. Numerous nucleic
acid analogs have been developed to target coding or non-coding sequences of the human genome
for gene regulation. However, broader clinical applications of nucleic acid analogs have been limited
due to their poor cell or organ-specific delivery. To resolve these issues, non-viral vectors based on
nanoparticles, liposomes, and polyplexes have been developed to date. This review is centered on
non-viral vectors mainly comprising of cationic lipids and polymers for nucleic acid-based delivery
for numerous gene therapy-based applications.
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1. Introduction

Gene therapy has gained considerable attention in the last few years for treating myriads of
devastating diseases. Gene therapy relies on the introduction of nucleic acids or their synthetic analogs
(also called nucleic acid analogs) or genome editing proteins (especially nucleases), in the cells to
regulate gene expression with minimal off-target toxicity. Thus, gene therapy resolves the problem at
its source. Though many advances have been made in the field of gene therapy, the delivery of nucleic
acid analogs (NAA), as well as genome editing proteins to the target site, continues to be an unresolved
issue for the broad utility of gene therapy-based applications. The delivery must be assisted with
synthetic biocompatible nanocarriers to overcome the biological barriers and to deliver the cargo at the
site of action [1]. A summary of the physiological barriers that nanocarriers must overcome following
systemic circulation is illustrated in Figure 1. Synthetic polymer-based nanocarriers have shown
promise in this regard. They are easy to synthesize and scale up for clinical applications. However,
delivery systems possess inherent challenges, including low payload [2], endosomal entrapment [3],
enzymatic degradiation [4], and short bioavailability time [5]. Hence, to overcome these limitations,
cationic carrier systems have been tested. In general, the cationic carrier enables the optimal entrapment
and condensation of small molecules as well as nucleic acids, and it forms stable complexes without
affecting their integrity [6]. Presently, two widely used cationic carrier systems, cationic lipids and
cationic polymers, are being examined [7]. This review exclusively summarizes a new generation of
cationic lipids and cationic polymers and their conjugates for the delivery of nucleic acids, their analogs,
as well as genome editing proteins for diverse therapeutic applications.
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Figure 1. Physiological barriers for nanocarrier delivery following systemic administration. 1.
Nanocarriers predominately accumulate in liver due to their size and velocity of blood flow. Nanoparticle
accumulation in liver and rapid clearance is mainly governed by liver Kupffer cells that form the
mononuclear phagocytic system (MPS) [8]. 2. Renal clearance is due to their small particle size (less
than 8 nm). Larger nanocarriers are redirected for hepatic clearance [8]. 3. Spleen is the other organ
that constitutes MPS and causes accumulation as well as nanocarrier clearance [8]. 4. The presence of a
thick mucosal layer in the lungs acts as a barrier for targeted pulmonary delivery. Macrophages in
the lungs also contribute to the accumulation and clearance of nanoparticles. 5. Nanocarriers of small
particle sizes (<200 nm) target the tumors due to enhanced permeability and retention (EPR) effect
caused by leaky vasculature [9]. 6. Macrophages that reside in bone marrow are also a part of the MPS
system, leading to nanocarrier accumulation and clearance [8].

2. Lipid-Based Vectors

Liposome formulations have been used widely for the delivery of small molecules and
macromolecule-based therapeutics [10]. Liposomes are spherical delivery systems with hydrophilic
polar head groups and hydrophobic tails. Liposomes can efficiently encapsulate water-soluble
agents in their hydrophilic core and water-insoluble agents in their lipid membrane [10].
N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA) was the first cationic
lipid used to form liposomes. It showed approximately 100% entrapment of plasmid DNA with 5
to 100-fold transfection efficiency as compared to calcium phosphate and diethylaminoethyl-dextran
in a variety of cell culture assays [11]. DOTMA-based liposomes form complexes with nucleic acids
due to electrostatic interaction and are also known as lipoplexes. Several efforts have been made
to understand the entrapment and release of nucleic acids from the lipid bilayers [12] alongside the
optimization of lipid chemistry to form stable optimum sized liposomes [13]. However, due to their
cationic nature, liposomes bind non-specifically to serum proteins and cause toxicity [14]. This has
led to the use of helper lipids such as 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) [15],
cholesterol (CHO) [16,17], phosphatidylcholines (PCs) [18,19], and polyethylene glycol (PEG)ylating
lipids [20,21] which tend to reduce the surface charge of cationic lipids, provide stability to lipid
nanoparticles (LNPs), and reduce reticuloendothelial system (RES) uptake to increase their blood
circulation time [22].

Liposomal vectors based on DOTMA were the first generation of lipid-based vectors utilized
to deliver plasmid DNA in vitro. However, DOTMA-based formulations also caused cellular
toxicity along with the activation of the immune system because of their cationic charge [23].
Hence, DOTMA-based formulations cannot be applied to various in vivo studies [24]. This further
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led to the exploration of helper lipids and lipids other than phospholipids to achieve smaller
particle size and acceptable tolerability. Lipid nanoparticles (LNPs) are different than liposomes
as they incorporate ionizable lipids to entrap nucleic acids and do not have an aqueous core.
Wheeler et al. first explored LNPs using stabilized plasmid lipid particles (SPLPs) using a
detergent dialysis method. Dioleoyl-dimethyl-ammonium chloride (DODAC) as a cationic lipid
with 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) as a helper lipid and polyethylene glycol
(PEG) were used to encapsulate plasmid cytomegalovirus chloramphenicol transferase (pCMVCAT).
This generated small uniform particles (approximately 70 nm) with optimal encapsulation efficiency
(70%) [25]. A thorough exploration of different PEG lipids yielded SPLPs with longer blood circulation
time. Similarly, SPLPs encapsulating pLuc (plasmid luciferase) avoided organs exhibiting first-pass
effect (liver and spleen) that resulted in 100 to 1000-fold gene expression levels in distal tumor tissues
following intravenous (IV) administration in a murine tumor model [26]. Furthermore, in a comparative
study between liposomal complexes and SPLPs, SPLPs exerted superior efficacy and minimal toxicity
at a 175 µg plasmid dose. In contrast, significant toxicity was observed for doses above 20 µg for
liposome complexes following intravenous administration in mice [27]. Altogether, these results show
the potential of SPLPs as a promising delivery platform for gene therapy. However, their challenging
detergent dialysis formulation technique raised concerns over their manufacturability and scalability.
This led to the development of the ethanol injection method wherein lipids dissolved in ethanol
and pDNA in the acidic buffer are mixed and further diluted in an aqueous solution, leading to
the spontaneous formation of LNPs [28]. Currently, LNPs are formulated using various methods;
T-junction mixing, microfluidic hydrodynamic focusing (MHF), and staggered herringbone mixing
(SHM) that contains ethanol as a phase to solubilize the lipids [29].

Optimal amounts of cationic lipids are required for high encapsulation efficiency that can lead
to an increase in cationic surface charge and subsequently cause toxicity. Hence, ionizable lipids
containing an amino head group with an acid dissociation constant (pKa) below 7 are employed [30,31].
Low pKa allows ionizable lipids to be positively charged at acidic pH (<6.0) and neutral at physiological
pH (7.4), which results in high encapsulation efficiencies for nucleic acids at acidic pH. Ionizable lipids
and other helper lipids also interact with negatively charged membranes of the endosome that results
in their membrane disruption and the release of nucleic acids [32]. Thus, ionizable amino lipids, along
with helper lipids, comprise the lipid components of LNP formulations (Figure 2). Figure 3 depicts
chemical structures of lipid components for the LNPs and liposome formulation along with recently
developed novel ionizable amino lipids.

Molecules 2020, 25, x FOR PEER REVIEW 4 of 25 

 

 

Figure 2. Structure of lipid nanoparticles (LNPs) comprising of all the components. An overall 112 
structural arrangement of lipid components used to formulate LNPs is shown. LNPs comprise of 4 113 
main lipid components namely, ionizable lipids (pink), phospholipids (light yellow), polyethylene 114 
glycol (PEG)ylated lipids (light blue), and cholesterol (orange) encapsulating nucleic acid cargo such 115 
as double-stranded siRNA or single-stranded mRNA or antisense oligonucleotide (ASO). 116 

. 

Figure 3. Chemical structures of cationic and neutral lipids for the preparation of LNPs for nucleic 117 
acid delivery. LNPs are formulated using cationic lipids that have an ionizable cationic amino head 118 
group and neutral helper lipids. Cationic lipids play an important part as they are essential for the 119 
stability and encapsulation of nucleic acids, whereas helper lipids tend to stabilize the lipid bilayers. 120 
DOTMA (N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride), DLin-MC3-DMA 121 
([6Z,9Z,28Z,31Z]-heptatriacont-6,9,28,31-tetraene-19-yl 4-(dimethylamino)butanoate, C12-200 122 
((1,1‘-((2-(4-(2-((2-(bis(2-hydroxydodecyl)amino)ethyl)n(2-hydroxydodecyl)amino)ethyl)piperazin-1123 

Figure 2. Structure of lipid nanoparticles (LNPs) comprising of all the components. An overall
structural arrangement of lipid components used to formulate LNPs is shown. LNPs comprise of 4
main lipid components namely, ionizable lipids (pink), phospholipids (light yellow), polyethylene
glycol (PEG)ylated lipids (light blue), and cholesterol (orange) encapsulating nucleic acid cargo such as
double-stranded siRNA or single-stranded mRNA or antisense oligonucleotide (ASO).
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Figure 3. Chemical structures of cationic and neutral lipids for the preparation of LNPs for nucleic
acid delivery. LNPs are formulated using cationic lipids that have an ionizable cationic amino head
group and neutral helper lipids. Cationic lipids play an important part as they are essential for the
stability and encapsulation of nucleic acids, whereas helper lipids tend to stabilize the lipid bilayers.
DOTMA (N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride), DLin-MC3-DMA
([6Z,9Z,28Z,31Z]-heptatriacont-6,9,28,31-tetraene-19-yl 4-(dimethylamino)butanoate, C12-200 ((1,1′-((2-
(4-(2-((2-(bis(2-hydroxydodecyl)amino)ethyl)n(2-hydroxydodecyl)amino)ethyl)piperazin-1-yl)ethyl)azan
ediyl)bis(dodecan-2-ol)) and heptadecan-9-yl 8-((2-hydroxyethyl)(8-(nonyloxy)-8-oxooctyl)amino)octanoate
(Lipid 5), 3-(dimethylamino)propyl(12Z,15Z)-3-[(9Z,12Z)-octadeca-9,12-dien-1-yl]henicosa-12,15-dienoate
(DMAP-BLP), (2Z)-non-2-en-1-yl 10-[(Z)-(1-methylpiperidin-4-yl)carbonyloxy]nonadecanoate (L101)
are all cationic ionizable lipids. Cholesterol, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) are neutral helper lipids.

2.1. Messenger RNA (mRNA) Delivery by Lipid Based Vectors

The first demonstration of mRNA therapy was performed in 1992 where the intrahypothalamic
delivery of vasopressin mRNA led to the temporary reversal of diabetes in rats for 5 days [33].
mRNA-based therapy has excellent potential as it requires only cytosolic delivery for efficacy without
the risk of mutagenesis, as it cannot integrate into the host genome. However, mRNA delivery to target
cells and tissues remains a significant challenge. With the recent progress on LNPs to deliver short
interfering RNAs (siRNA), they have also been explored for mRNA delivery. However, to achieve the
optimum in vivo efficacy, it is necessary to evaluate the translation of mRNA into protein in conjunction
with its route of delivery. Pardia et al. established that LNPs can deliver luciferase mRNA and also
compared their efficiency to translate into luciferase protein in a comprehensive in vivo study [34].
A molar ratio of DLin-MC3-DMA:PC:CHO:PEG-lipid (50:10:38.5:1.5) was used to encapsulate luciferase
mRNA. After systemic delivery, protein levels were detected even after 6–10 days. The highest mRNA
translation and amount of luciferase protein were observed after intravenous administration of 1–5 µg
doses at 4 h, with levels reaching baseline expression on day 3.

In another study, novel lipid libraries were generated for erythropoietin (EPO) mRNA delivery.
The formulation components included C12-200 (1,1′-((2-(4-(2-((2-(bis(2-hydroxydodecyl) amino)
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ethyl)n(2-hydroxydodecyl) amino) ethyl) piperazin-1-yl) ethyl) azanediyl) bis(dodecan-2-ol) as
an ionizable lipid, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DOPE) as a helper lipid,
cholesterol (CHO), and C14-PEG2000 as a lipid-anchor PEG. Using a design of experiment
(DOE) approach, different libraries of varying C12-200:mRNA weight ratio, molar compositions
of lipid components, and phospholipids were tested. The optimized C35 formulation contained
C12-200:DOPE:CHO:C14-PEG2000 (35:16:46.5:2.5) as lipid components with a C12-200:mRNA weight
ratio of 10:1. The C35 formulation displayed a sevenfold increase in EPO protein expression as
compared to the conventional formulation. Further, LNPs were tested to achieve the highest serum
EPO levels after systemic delivery in mice. The optimized C35 formulation demonstrated threefold
increase in EPO-based luciferase expression in the liver as compared to control groups [35].

Similarly, LNPs have been used for mRNA delivery to treat genetic diseases. Friedreich’s ataxia
(FRDA) is a rare autosomal recessive neurodegenerative disease that leads to impaired motor functions.
Reduced levels of frataxin (FXN), an essential protein found in sensory neurons, is associated with
Friedreich’s ataxia patients. This leads to the degeneration of nerve tissue in the spinal cord and
progression of the pathological disease state. Nabhan et al. delivered LNPs containing human FXN
mRNA to supplement FXN protein and to specifically target dorsal root ganglia, which are most
affected in FRDA. A molar ratio of DLin-MC3-DMA:DSPC:CHO:DMG-PEG2000 (55:10:32.5:2.5) was
used to formulate LNPs. FXN mRNA delivered intravenously in mice yielded efficient FXN mRNA
translation in the liver. Further, the intrathecal administration of LNPs produced optimal levels of
human FXN in dorsal root ganglia as compared to the control group [36].

Although LNPs are good candidates for mRNA delivery, there are still concerns regarding
their efficiency and safety profile from a clinical standpoint. Currently, DLin-MC3-DMA, an amino
lipid, has shown great promise for mRNA delivery in clinical trials. DLin-MC3-DMA belongs to the
class of ionizable lipids that constitute a significant component of LNP formulation for nucleic acid
delivery [22]. Moderna Therapeutics has generated a novel series of amino lipids for LNP formulations
for mRNA delivery and compared their pharmacokinetic and toxicity profile with DLin-MC3-DMA
LNPs. A detailed exploration of the structure activity relationships of amino lipids have displayed
an approximately threefold higher expression of luciferase mRNA delivered by LNPs based on lipid
5 (heptadecan-9-yl 8-((2-hydroxyethyl) (8-(nonyloxy)-8-oxooctyl) amino) octanoate) as an ionizable
lipid as compared to DLin-MC3-DMA-based LNPs in mice. LNPs made from lipid 5 also showed
higher liver clearance during in vivo studies. Further studies were performed in non-human primates
(Cynomolgus monkeys), where lipid 5 and DLin-MC3-DMA-based LNPs encapsulating human EPO
mRNA and anti-human immunoglobulin G (IgG) influenza A antibody mRNAs (0.01 mg/kg via
IV fusion) were injected systemically. It was noted that lipid 5-based LNPs showed fivefold higher
mRNA expression (for both EPO and anti-human IgG influenza A) as compared to DLin-MC3-DMA
LNPs. Lipid 5-based LNPs also demonstrated superior pharmacokinetic profile with decreased liver
accumulation at clinically relevant doses (1–2 mg/kg dose per week over 5 weeks) in both rats and
cynomolgus monkeys [37]. Thus, ionizable lipids as components of LNPs have shown great potential
for mRNA delivery.

LNPs have also been explored for the delivery of mRNA-based vaccines. There has been a
considerable interest in developing a vaccine for the ZIKA virus [38–40]. Richner et al. evaluated
the LNP-based formulation to deliver mRNA of ZIKA viral proteins [41]. A modified mRNA was
chosen that can translate precursor membrane (prM) and Envelope (E) surface protein genes from
the Asian ZIKA viral strain along with the signal sequence of human IgE (IgEsig-prM-E mRNA).
3-(dimethylamino)propyl(12Z,15Z)-3-[(9Z,12Z)-octadeca-9,12-dien-1-yl]henicosa-12,15-dienoate
(DMAP-BLP) based lipid was used in the LNP formulation. A molar ratio of DMAP-BLP:DSPC:
CHO:PEG-lipid (50:10:38.5:1.5) was used to generate LNPs containing IgEsig-prM-E mRNA.
The intramuscular administration of LNPs with booster doses at 8 and 14 weeks in immunocompetent
mice led to increased serum neutralizing titers (1/10,000). Immunized mice also displayed superior
survival post-infection with the ZIKA virus as compared to the control group. Furthermore, modified
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vaccines based on Japanese encephalitis viral IgE sequence (JEVsig-prM-E LNPs) administered at a
dose of 2–10 µg displayed neutralizing titers of approximately 1/100,000 with minimal viremia.

2.2. siRNA Delivery by Lipid Based Vectors

One of the earliest discoveries of RNA interference (RNAi) is a biological process was noted in
Caenorhabditis elegans, where RNA controls the gene expression by targeting mRNA strands [42,43].
Further studies led to the identification of small interference RNA (siRNA) having shorter sequences of
about 21–23 nucleotides in length, which are generated from the cleavage of longer double-stranded (ds)
RNA and are capable of silencing various genes [44]. In RNAi, a series of silencing protein complexes
bind to siRNA forming an RNA-induced silencing complex (RISC), which cleaves the complementary
mRNA transcript, leading to gene silencing and suppression [45–47]. siRNA delivery has been
challenging due to inadequate in vivo stability and cellular uptake issues. Patisiran (Onpattro®) is
the first LNP–siRNA formulation to have been approved by the U.S. Food and Drug administration
(FDA) for the treatment of hereditary transthyretin (hTTR) amyloidosis. hTTR amyloidosis is a
hereditary disorder that results in neuropathy as well as cardiomyopathy. TTR is an essential protein
that is responsible for the transportation of thyroxine and retinol. TTR protein contains β strands
that become folded due to single point mutations in the TTR gene and which results in deposits of
insoluble TTR protein, causing amyloidosis [48,49]. Patisiran treatment improved the polyneuropathy
scores in patients and led to the reversal of disease progression [50]. Patisiran formulation contains
ds siRNA (ALN-18328), wherein each strand has 21 nucleotides. Further, siRNA is encapsulated
in LNPs composed of DLin-MC3-DMA as the ionizable lipid, DSPC and CHO as helper lipids,
and PEG2000-C-DMG [α-(3′-{[1C-di(myristyloxy)proponoxy] carbonylamino}propyl)-ω-methoxy,
polyoxyethylene]) as a lipid PEG anchor [51]. Patisiran formulations target liver hepatocytes, which is
the primary site for the synthesis of TTR protein. Post IV infusion of Patisiran in 29 patients, there
was a 20–30% reduction in TTR protein levels 24 h after the first dose, followed by an 85% reduction
after the second dose, and maximum knockdown of 96% of TTR was observed after the third dose at
0.3 mg/kg [52].

In another promising finding, LNPs have been shown to co-deliver both mRNA and siRNA
with optimal efficacy, wherein the other RNA acts as a helper. The LNP formulation consisted of a
molar ratio of ionizable lipid:DSPC:DOPE:CHO:C14-PEG2000 (38.8:3.6:10.9:44.5:2.25) with a lipid to
RNA weight ratio of 8.75:1. siRNA targeting Factor VII gene and mRNA for luciferase protein were
encapsulated in LNPs. siRNA silencing was increased twofold, whereas luciferase expression due to
mRNA delivery increased three times following tail vein injection in mice. The substitution of either
RNA by a negatively charged polymer (polystyrene sulfonate) as a helper RNA did not affect the
efficacy [53].

LNPs must show a superior pharmacokinetic profile with reduced toxicity. Therefore, the
careful selection of ionizable lipids is critical for the success of LNP formulations. This led
to the development of biodegradable LNPs, which show good hepatic clearance along with
functionality to achieve superior efficacy. A biodegradable ionizable lipid (2Z)-non-2-en-1-yl 10-[(Z)-(1-
methylpiperidin-4-yl)carbonyloxy]nonadecanoate (L101) was used to formulate biodegradable
and effective LNP formulations. Biodegradable LNPs were made with a molar ratio of
L101:DSPC:CHO:PEG-DMG (60:8.5:30:1.5) encapsulating an siRNA targeting proprotein convertase
subtilisin/kexin type 9 (PCSK9). PCSK9 is a protein majorly synthesized in the liver that binds to the
LDL receptor and regulates the transport of lower-density lipoprotein (LDL) particles. Irreversible
binding of the PCSK9 protein to the LDR receptor leads to their loss of function to internalize the LDL
particles. This process leads to elevated LDL levels in the plasma, followed by an increasing risk for
cardiovascular disease [54,55]. PCSK9-targeted siRNA LNPs displayed high efficacy with more than
90% protein silencing following IV administration in non-human primates. This particular formulation
also showed higher hepatic clearance and therefore exhibited a superior safety profile [56].
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2.3. Antisense Oligonucleotide Delivery by Lipid Based Vectors

Antisense oligonucleotides (ASOs) are synthetic nucleic acids that hybridize and bind to mRNA
by Watson–Crick base pairing and lead to the formation of an ASO–mRNA heteroduplex. Antisense
strategy was first reported by Zamecnik et al., where they explored a 13 nucleotide sequence to
target 35S RNA of Rous sarcoma virus, which led to the inhibition of viral replication [57]. Although
ASOs possess enormous potential for gene therapy, certain challenges need to be addressed to
achieve high therapeutic efficacy as well as clinical application. ASOs are often susceptible to rapid
degradation by enzyme nucleases, display poor cellular uptake and pharmacokinetic profile, as well
as moderate efficacy in vivo [58–60]. This lead to the development of a new generation of ASOs:
phosphorothioates (PS), locked nucleic acids (LNA), morpholinos, and peptide nucleic acids (PNA)
based on either chemical modifications in phosphodiester linkage or in the ribose sugar moiety to
overcome aforementioned challenges [61]. More recently, Inotersen (TegsediTM), a second generation
2′-O-methoxyethyl modified ASO, received global approval for the treatment of hTTR in 2018 [62].

PS are synthetic nucleic acids that possess a modified chemical structure wherein the oxygen atom
is replaced with sulfur in the phosphodiester linkage, which prevents their enzymatic degradation by
nucleases and improves the bioavailability [60]. LNA display a pre-organized helical conformation
due to O-methyl bridge at the 2′ and 4′ carbon in the ribose sugar. This bridge provides an ideal
conformation and increases the binding affinity of LNAs with complementary target sequence [63].
Morpholinos show the presence of morpholine and phosphorodiamidate instead of ribose sugar and
phosphodiester linkage, respectively [64]. PNA contain chiral N-(2-aminoethyl)-glycine units as a
backbone [65]. They demonstrate higher binding affinity to complementary DNA and RNA sequences
due to their neutral charge [2].

Furthermore, the encapsulation of ASOs, as mentioned above in carrier systems, grants them
further protection from nucleases and improves their cellular uptake and biodistribution. In general,
ASOs demonstrate their efficacy by one of the following mechanisms: (1) recruitment of RNase H at an
mRNA–ASO heteroduplex site, which results in the cleavage of target mRNA [66], (2) the regulation
of mRNA splicing where ASOs binds to an aberrant pre-mRNA splicing site and restore protein
translation [67,68], and (3) ASOs bind to mRNA and result in steric hindrance between mRNA and the
ribosome [63,66,69–71].

However, the therapeutic delivery of ASOs always exerts an enormous challenge for their broader
clinical application. LNPs have made promising strides in the delivery of therapeutically active
ASOs. Yang et al. developed an LNP-based formulation for ASO delivery [72]. They generated a
library of bioreducible lipids and chose the best three candidates for in vitro testing of PS and 2′

modification-based ASOs in HEK cells. Lipid 306-O12B-3 was chosen to formulate LNPs at a weight
ratio of lipid/CHO/DOPE/DSPE-PEG2000 (16/4/1/1) to encapsulate ASOs targeting PCSK9 mRNA. After
the systemic delivery of ASOs in mice, significant PCSK9 mRNA silencing was noted with minimal
toxicity at a dose of 5 mg/kg.

In conjunction with the optimal delivery strategy, ASOs have shown tremendous potential
for targeting oncogenic mRNA for cancer therapy [73]. Cheng et al. delivered ASO G3139
(Oblimersen) using LNP-based formulations. LNPs were formulated using the molar ratio of
DOTAP:eggPC:CHO:Tween 80 (25:50:20:5) to encapsulate G3139 ASOs to target BCL-2, which is
an anti-apoptotic gene overexpressed in a variety of cancers. An initial screen of LNP formulation
was performed on A549 (epithelial adenocarcinoma) cell lines. LNPs delivered G3139 efficiently and
downregulated BCL-2 expression to approximately 40% and approximately 83% for mRNA and protein,
respectively. G3139–GAP LNPs, in combination with Paclitaxel, were tested in vivo in xenograft mice.
Systemic treatment with G3139-GAP LNPs yielded the highest median survival time (approximately
57.3 days) at a dose of 5 mg/kg in mice along with highest reduction in BCL-2 expression in tumors as
confirmed by immunohistochemistry staining compared to control groups [74].
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3. Cationic Polymers

Carrier systems containing cationic polymers have an added advantage of formulating smaller
uniform particle size, which leads to improved transfection efficiency. Cationic polymers tend to
condense and pack the negatively charged nucleic acids [75]. Poly-L-lysine (PLL) was the first cationic
polymer investigated for DNA transfection [76]. Further, Boussif et al. synthesized and tested
poly-ethylenimine (PEI), which is a novel branched cationic polymer having the highest cationic charge
density [75]. PEI consists of a highly branched network that is capable of undergoing protonation
due to its charged amino group [75]. The higher transfection efficiency of PEI is attributed to the
buffering capacity of multiple amino groups on PEI, which can quench protons pumped by the
vesicular ATPase proton pump present on the endosomes [77]. This ‘proton-sponge effect’ of PEI
leads to an influx of chloride ions and water in the endosome, which eventually leads to osmotic
swelling and endosomal disruption [75]. Vermeulen et al. explored essential factors that govern the
endosomal escape of PEI formulations in different cell lines. Using JetPEI polyplexes utilizing plasmid
DNA, endosomal compartment size, and leakiness were reported as the factors to facilitate higher
endosomal escape and transfection [78]. Recently, Wojnilowicz et al. studied different polyplexes for
the delivery of siRNAs and tracked the trafficking of siRNAs following internalization in prostate
cancer cells (PC3 cells) using stochastic optical reconstruction microscopy (STORM). The snapshots
from STORM indicated that only rigid and highly branched polyplexes such as glycoplexes, PEI,
and solid silica nanoparticles displayed a proton sponge effect and thereby endosomal disruption,
suggesting them to be important pre-requisites for facilitating endosomal escape [79]. Figure 4 shows
the fate of cationic polymeric nanoparticles as they undergo cellular uptake and the delivery of cargo
by endosomal disruption. However, PEI-based formulations exert cytotoxicity because of binding to
serum proteins and erythrocytes due to their high positive charge, thereby causing plasma membrane
disruption [14,80,81]. Moreover, it has been established that cell lines treated with PEI polymers show
autophagy, necrosis, and apoptosis [82]. Hence, to resolve the aforementioned issues, next-generation
cationic-based polymers—poly[(2-dimethylamino) ethyl methacrylate] (pDMAEMA), polyamidoamine
(PAMAM) dendrimers, and biodegradable poly(β-amino ester) (PBAE) polymers—were developed [5].
Due to tertiary amine end groups, pDMAEMA and PBAE also aid in endosomal escape and demonstrate
superior transfection efficiency. Although PBAE shows less toxicity as compared to PEI, still caution
needs to be exercised considering their surface charge density [83]. Hence, to increase the transfection
efficiency and decrease the non-specific binding, novel, new generation poly(amino-co-ester)
(PACE)-based polymers were developed and optimized for nucleic acid delivery [84]. Figures 5 and 6
depict the chemical structures of cationic polymers commonly used for the delivery of nucleic acids.

The primary foundation of PACE polymers is based on the presence of branched amino groups to
aid in endosomal disruption and have a cleavable ester moiety that can readily hydrolyze in biological
conditions [85]. PACE-based cationic polymers show minimal cytotoxicity as compared to other classes
of cationic polymers. Higher molecular weight (MW) PACE polymers were synthesized using more
hydrophobic moieties, thereby reducing the cationic charge and reducing systemic cellular toxicity [86].
High MW PACE possesses superior transfection efficiency because of the significant condensation of
DNA and the formation of stable DNA complexes [87].
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Figure 4. Schematic showing cellular uptake of cationic polymeric nanoparticles by endocytosis and
delivery by endosomal disruption. Mechanism for delivery of nucleic acids follows 4 crucial steps.
STEP I is the initialization of cellular uptake of polymeric nanoparticles via endocytosis. Cationic
polymers having a positive charge helps in improving the cellular uptake, as it facilitates interaction
with the negatively charged cellular membrane. STEP II is the endosomal uptake of nanoparticles,
which is the fate for any foreign particles entering the cell. STEP III is endosomal disruption, which
leads to release of the nanoparticles. Cationic polymers facilitate the disruption of endosomes as they
act as proton quenchers, owing to their positive charge. This facilitated endosomal disruption aided
by cationic species is called the ‘Proton sponge effect’. STEP IV is release of the encapsulant into the
cytoplasm following degradation of the polymer. The encapsulant has now access to cellular machinery
to show efficacy.
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3.1. mRNA Delivery by Cationic Polymeric Vectors

Poly (β-amino esters) are biodegradable polymers that show higher transfection efficiency owing
to endosomal escape and show lower toxicity as compared to PEI cationic polymers. However,
to reduce the overall surface charge of PBAEs, hyperbranched PBAEs (hPBAEs) were developed.
hPBAEs of hDD90-118 were made to encapsulate luciferase mRNA and delivered in mice by inhalation.
hPBAEs-treated mice showed optimal luciferase protein levels (101.2 ng/g) after 24 h of inhalation [88].

Similarly, poly(amino-co-ester) (PACE) has been extensively used for the mRNA delivery.
In general, polymeric materials for gene delivery are synthesized by the “bottom–up” approach.
However, the “bottom–up” approach can be difficult and possesses numerous challenges, especially
on a commercial scale-up level. Saltzman lab has developed next-generation actuated PACE (aPACE)
by the “top–down” approach [89], which involves simultaneously changing the functional end group
compositions and molecular weight (MW) of the polymer. The approach mentioned above involves
an actuation process that leads to mild temperature and air exposure to initiate the hydrolysis of the
ester backbones to generate different MW PACE polymers containing generations of –COOH and
–OH terminal end groups. Overall, it was demonstrated that MW of 5 kDa is sufficient to enable the
complexation of aPACE with the mRNA and their subsequent optimal release. aPACE possess superior
mRNA delivery (with up to a 106 fold increase) properties as compared to regular PACE in vitro.
In addition, aPACE efficiently delivered mRNA coding for erythropoietin (EPO) in vivo and produced
high levels in the blood for up to 48 h without inducing any systemic toxicity. This study explains the
overall versatility of PACE polymers wherein their chemistry could be optimized for a wide range of
mRNA delivery-based therapeutic applications. Further, a library of PACE polymers with different end
groups was tested to assess their superior endosomal escape and transfection efficiency. It was noted
that mRNA encapsulation efficiency and endosomal escape plays an essential role in determining
the transfection efficiency of PACE polymers [90]. aPACE constitutes a new delivery strategy for
mRNA-based treatments that provides safe and potent protein production.

3.2. siRNA Delivery by Cationic Polymeric Vectors

Tissue transplantation is a vital therapeutic area that has been explored for treating various
devastating diseases. Though successful, still, the host adaptive immunity to the grafted tissues is a
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major challenge for the transplantation-based therapies. Human endothelial cells containing class II
transactivator (CIITA) major histocompatibility complex (MHC) molecules regulate immune activation
and therefore are considered as important components of the host rejection response. Hence, the
treatment of graft endothelial cells with siRNA targeting CIITA would reduce the expression of MHC
class II molecules and thereby lead to immunosuppression with better allograft acceptability. To achieve
this, PACE-based formulations were explored as a carrier system for siRNA targeting of CIITA. A series
of PACE polymers were synthesized based on increasing the composition of 15-pentadecanolide (PDL)
to achieve higher hydrophobicity, which generated solid nanoparticles and were tested in the HUVEC
(human umbilical vein endothelial cells) cell line for cytotoxicity. PACE 90 (containing 90% PDL
content) nanoparticles were chosen for further ex vivo study as they displayed minimal cytotoxicity.
It has been demonstrated that the single ex vivo transfection of PACE containing siRNA weakens the
MHC class II expression in human arteries for approximately 4 to 6 weeks after transplantation into
immunodeficient mice. This study concludes the advantage of PACE polymers to modulate the release
and excellent encapsulation efficiency of siRNA [91].

siRNA delivery has been limited due to challenges such as poor in vivo stability and membrane
penetration. The upregulation of Nogo-B protein is seen as a biomarker for hepatic fibrosis and
alcoholic liver disease. The subsequent knockdown of Nogo-B protein would thereby lead to healthy
liver function, suggesting a suitable starting point for their siRNA-based therapy. A range of PACE
polymers were synthesized to achieve the maximum transfection of pLucDNA (plasmid Luciferase
DNA), and cytotoxicity was evaluated in HEK293 and HUVEC cell lines followed by in vivo studies.
PACE 70 (solid PACE nanoparticles made from 70% 15-pentadecanolide (PDL)) showed increased
uptake in Kupffer cells, liver sinusoidal endothelial cells, and hepatic stellate cells when administered
systemically. Subsequently, PACE 70 siRNA nanoparticles injected in spleen showed >60% knockdown
of Nogo-B protein in the liver. The direct injection of nanoparticles in the spleen was conducted as
it displays the same biodistribution of nanoparticles in the liver when compared with intravenous
administration [92].

3.3. Antisense Oligonucleotide Delivery by Cationic Polymeric Vectors

Cationic carriers have been extensively deployed for the delivery of ASOs. Chitosan is a
naturally occurring cationic biodegradable polymer used for the delivery of nucleic acids. It was
demonstrated that chitosan-coated poly(lactic-co-glycolic acid) (PLGA) nanoparticles possess positive
surface charge that assist to condense nucleic acid cargo and display their burst release kinetics at
pH 7 with an acceptable safety profile [93]. In this study, chitosan-coated PLGA nanoparticles were
used to deliver 2′-O-methyl-RNA (OMR) to target human telomerase RNA for the treatment of lung
cancer. Human telomerase is a ribonucleoprotein that initiates the addition of TTAGGG repeat units
onto the end of chromosomes [94]. Although telomerase activity is associated with aging and cell
proliferation, the overexpression of telomerase leads to cancer [95]. 2′-O-methyl-RNA is a second
generation oligonucleotide that contains a phosphorothioate backbone and substantially inhibits
human telomerase activity [96]. Chitosan-coated PLGA nanoparticles showed higher cellular uptake
of OMR-based ASOs in A549 cell line as compared to PLGA nanoparticles [97].

MicroRNAs (miRNA) were first identified in 1993 in Caenorhabditis elegans [98]. miRNA belong to
a class of non-coding RNA (ncRNA) that controls the gene expression by targeting mRNAs [99–101].
It has been well established that the abnormal expression of miRNAs leads to cancers [102]. In particular,
miR-21 is known to be upregulated in glioblastoma (GBM). Hence, anti-miR-21 based ASOs were
loaded into PACE polymers and explored for GBM therapy [103]. Furthermore, apolipoprotein
E was conjugated with PACE nanoparticles to improve its stability as well as brain penetration
properties. Anti-miR-21 PACE nanoparticles showed improved uptake in RG2 cells and optimal
miR-21 knockdown in U87 cells with increased PTEN upregulation, which is a downstream target of
miR-21. Furthermore, anti-miR-21 PACE nanoparticles, in combination with temozolomide, showed a
significant knockdown of miR-21 and improved survival in rats with U87 intracranial tumors when
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administered by convection-enhanced delivery [103]. This study highlights the robustness of PACE
polymers to deliver and release anti-miRs in combination with other chemotherapeutic agents for
improved therapy for GBM and for intra-tumoral delivery.

4. Conjugate Delivery Systems

Surface modifications are often employed on gene delivery vectors to ensure cell/site-specific
targeting and to improve the stability of nucleic acid cargo [104]. The cationic polymers when used to
coat negatively charged nanoparticles increase their cytosolic delivery. Lee et al. demonstrated that
PBAE-coated gold nanoparticles conjugated with siRNA targeting luciferase expression displayed >90%
luciferase gene silencing in HeLa (cervical cancer cell line) cells as compared to control group [105].

Antibody-based therapy has seen a major revolution as polyspecific monoclonal antibodies are
capable of targeting multiple tumor antigens with specificity without affecting normal bystander
cells [106]. More than 60 antibody–drug conjugates are currently undergoing clinical trials [107],
and 6 antibody–drug conjugates have received FDA approval for cancer therapy [108]. Similarly,
antibody-conjugated nanoparticles containing nucleic acids have been explored for site-specific
targeting [109]. Recently, Okamoto et al. established anti-heparin binding epidermal growth factor
(anti-HB-EGF) antibody-conjugated LNPs containing siRNA targeting polo-kinase 1 (PLK-1) for triple
negative breast cancer therapy. PLK-1 is associated with tumor cell growth and division for triple
negative breast cancer. Since triple negative breast cancer tumors display an overexpression of HB-EGF,
the conjugation of anti-HB-EGF antibody with LNPs (αHB-EGF LNP-siRNA) led to its increased tumor
accumulation in MDA-MB-231 (triple negative breast cancer cell line) xenografted mice as compared
to control LNPs after systemic administration. Moreover, the treatment of αHB-EGF LNP-siPLK-1
in mice yielded lower PLK-1 protein levels and tumor growth as compared to control groups [110].
This study highlights the use of antibody-conjugated non-viral carriers being able to deliver siRNA for
the treatment of triple negative breast cancer.

In addition to the coating of delivery systems, direct conjugation with chemical scaffolds such as
cholesterol to synthetic nucleic acid mimics such as siRNAs is also performed to increase their specificity
as well as decrease the enzymatic degradation after in vivo delivery [111,112]. Covalently linked
ligands are designed to facilitate receptor uptake and the delivery of nucleic acids to the target tissue.
N-acetylgalactosamine (GalNAc) conjugate (also known as enhanced stabilization chemistry) and
dynamic polyconjugate (DPC)-based technologies are the most explored conjugate delivery systems
and have been used clinically for the treatment of liver diseases by Alnylam Pharmaceuticals [113] and
Arrowhead Research Corporation [114,115] for siRNA delivery.

The GalNAc approach is widely used for siRNAs targeting liver hepatocytes. The GalNAc site
specifically targets asialoglycoprotein receptor (ASGPR), which is overly expressed in hepatocytes [116].
Givosiran (GivlaariTM), the second siRNA drug approved by the FDA for the treatment of
acute intermittent porphyria (AIP) developed by Alnylam Pharmaceuticals contains three GalNAc
residues covalently linked to the siRNA targeting delta-aminolevulinic acid synthetase 1 [117].
A number of GalNAc-conjugated siRNA drug candidates—Cemdisiran [118,119], Lumisiran [120],
Revusiran [121], Fitusiran [122,123] and Inclisiran [124–126]—have entered in clinical trials.
Similarly, IONIS-ANGPTL3-LRx [127], GSK3389404/IONIS-HBV-LRx [128], IONIS-FB-LRx [129],
and IONIS-PKK-LRx [130] are GalNAc-conjugated antisense oligonucleotides currently in clinical trials.

On the other hand, the first-generation DPC technology utilized an endosomolytic polymer PBAVE
(poly(butyl amino vinyl ether) where PEG-GalNAc (PEG-N-acetylgalactosamine) is conjugated on one
end and siRNA cargo is conjugated at other end by reversible disulfide linkage. In DPC technology,
PEG chains provide enzymatic stability during systemic circulation and GalNAc residues ensure
hepatocyte uptake through the asialoglycoprotein receptor. In an acidic environment, the PBAVE
polymer leads to endosomal disruption and the release of siRNA in the cytoplasm [131]. The second
generation of DPC relied on the co-injection of cholesterol-siRNA (Chol-siRNA) and PBAVE polymer
covalently linked with PEG and GalNAc [132]. The co-injection of Chol-siRNA targeting ApoE protein
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and PBAVE polymer led to a 500-fold improvement in efficacy as compared to the administration of
Chol-siRNA alone following systemic administration in mice. The above-mentioned technology was
further optimized by Arrowhead and utilized for the delivery of ARC-520, which is a lead candidate
for the treatment of hepatitis B virus (HBV) infection wherein 2 Chol-siRNAs were used along with
melittin peptide as the osomolytic polymer instead of PBAVE [114].

5. Genome Editing

Recent advances in genome editing technology possess a vast potential to treat genetic disorders
by correcting mutated genes by using cells’ own repair and recombination machinery [133]. Major
tools in nuclease-based genome editing research includes zinc-finger nucleases (ZFN), transcription
activator-like effector nucleases (TALENs), and more recently clustered regularly interspaced short
palindromic repeats/Cas9 (CRISPR/Cas9). All aforementioned technologies rely on the propensity
to generate double-strand breaks (DSB) at the target chromosomal DNA sequence and initiate cells’
endogenous repair mechanisms of non-homologous end joining (NHEJ) or homology-directed repair
(HDR) [134,135]. ZFNs contain engineered DNA binding domain designed to identify target DNA
sequence fused with DNA cleavage domain from Fok1 endonuclease [136]. Similarly, TALENs also
employ a customizable DNA binding domain consisting of transcription activator-like effectors
(TALEs) to bind to the DNA target fused with non-specific DNA cleavage domain from the Fok1
endonuclease [137]. On the other hand, the CRISPR/Cas9 system relies on synthetic single guide RNA
(sgRNA) to hybridize with a target DNA sequence, following which Cas9 initiates DSB [138,139].
However, the in vivo delivery of either of above-mentioned gene editing modalities to target tissues
has always been a major challenge and prevents their translation to the clinic.

Mahiney et al. employed chitosan-coated PLGA nanoparticles to deliver ZFN-mRNA with a
donor template in surfactant protein B deficient mice by intrathecal administration. The delivery
of ZFN-mRNA led to a correction of genes and improved survival for mice with low immune
response [140]. Conway et al. used LNP-based formulation to deliver ZFN-mRNA targeting TTR
(transthyretin) and PCSK9 gene in mice by systemic delivery. This led to 80% and 90% protein reduction
levels respectively at 10-fold lower mRNA doses [141]. CRISPR/Cas9 genome editing, a novel delivery
system developed by Sun et al., explored employing self-assembling nanoparticles comprising of DNA
nanoclews (NCs), which are designed to contain sequences that are partially complimentary to sgRNA
enabling the efficient loading of the sgRNA–Cas9 complex. To ensure endosomal escape, PEI coating
was applied to DNA NC nanoparticles. DNA NC nanoparticles loaded with RNP (ribonucleoproteins
such as Cas9) targeting the EGFP gene when administered intratumorally to U2OS.EGFP tumor
xenografted mice led to a 25% reduction in EGFP gene expression in U2OS.EGFP tumor cells after
10 days [142]. Further, Jiang et al. developed lipid-like particles (LLN) to deliver Cas9 mRNA and
sgRNA targeting the proprotein convertase subtilisin/kexin type 9 (PCSK9) gene for the treatment of
hypercholesterolemia. LLN when administered in C57BL/6 mice via tail vein displayed high Cas9
protein levels 6 h post injection with a rapid decline at 12 h and reduced levels in PCSK9 protein as
compared to control groups. The group also screened several sgRNAs and optimized a lead sgRNA
(sgRNA B5) targeting hepatitis B viral covalently closed circular DNA. sgRNA B5 when administered
post 6 h of Cas9 mRNA-LLN tail vein injection in C57BL/6 mice resulted in a significant reduction of
liver hepatitis B surface antigens [143].

6. Conclusions

Overall, numerous non-viral based strategies have been employed to improve nucleic acid delivery
for next-generation gene therapy. Cationic lipids and polymers have made significant progress in the
delivery of various classes of nucleic acids for therapeutic purposes (Table 1). Likewise, numerous
non-viral vectors are undergoing clinical trials for nucleic acid therapy (Table 2).
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Table 1. Brief summary of all the nucleic acid vectors.

SN Nucleic
Acid Gene/Target Vector Disease/Condition Route of

Delivery
Animal/Cell
Line Used Ref.

1 mRNA EPO LNPs - IV C57BL/6 mice [35]

2 mRNA Luciferase LNPs - IP, IM, SC, IV,
ID and ITr BALB/c mice [34]

3 mRNA FXN LNPs Friedreich’s ataxia ICV BALB/c mice [36]

4 mRNA Luciferase and
hEPO LNPs - IV

CD-1 mice, rats,
cynomolgus

monkeys
[37]

5 mRNA pRM and E LNPs Zika IM AG129 mice [41]

6 siRNA and
mRNA

Factor VII and
luciferase LNPs - IV C57BL/6 mice [53]

7 siRNA PCSK9 LNPs Elevated
LDL-Cholesterol IV C57BL/6 mice

and monkeys [56]

8 mRNA PCSK9 LNPs Elevated
LDL-Cholesterol IV BALB/c mice [72]

9 G3139-GAP Bcl-2 LNPs Lung cancer IV BALB/c mice [74]

10 mRNA Luciferase hPBAEs NPs - Inhalation C57BL/6 mice [88]

11 mRNA EPO PACE NPs - IV BALB/c mice [89]

12 siRNA CIITA PACE NPs Tissue
transplantation Incubation SCID/beige mice [91]

13 siRNA Nogo-B PACE NPs
Hepatic fibrosis

and alcoholic liver
disease

Spleen C57BL/6 mice [92]

14 ASO Human
telomerase

Chitosan-coated
PLGA NPs Lung cancer Cellular

uptake
A549 cancer cell

line [97]

15 ASO miR-21 PACE NPs Glioblastoma CED Fischer 344 rats [103]

16 siRNA PLK-1 EGF antibody
Anti-HB -LNPs

Triple negative
breast cancer IV BALB/c mice [110]

17 siRNA ApoB PBAVE NPs - IV ICR mice [132]

18 ZFN
mRNA SFTB Chitosan-coated

PLGA NPs Lung disease ITh SP-B transgenic
mice [140]

19 ZFN
mRNA

TTR and
PCSK9 LNPs

Elevated
LDL-Cholesterol
and amyloidosis

IV CD-1 mice [141]

20 Cas9 and
sgRNA EGFP PEI coated DNA

nanoclew Osteosarcoma IT Nude mice [144]

21 Cas9 and
sgRNA

PCSK 9 and
HBV LLNs

Elevated
LDL-Cholesterol
and Hepatitis B

IV C57BL/6 mice [142]

Abbreviations: EPO, erythropoietin; LNPs, lipid nanoparticles; FXN, frataxin; FVII, protein Factor VII; PCSK9,
proprotein convertase subtilisin/kexin type 9; bcl-2, B-cell lymphoma 2; prM, pre-membrane protein; E, envelope
protein; CIITA, class II transactivator; Nogo-B, Nogo-B gene, a part of Nogo/Reticulon-4B family; hPBAEs,
hyper branched poly-β-amino esters; PACE, poly(amino-co-ester); PLGA, poly(lactic-co-glycolic acid); miR-21,
microRNA-21; PLK-1, polo-kinase 1; ApoB, apolipoprotein; PBAVE; poly(butyl amino vinyl ether) polymer; PEI,
polyethylenimine; TTR, transthyretin; EGFP, epidermal growth factor protein; SFTB, surfactant B gene encoding for
surfactant B protein; sgRNA, single guide RNA; HBV, hepatitis B virus; IV, intravenous; IP, intraperitoneal; IM,
intramuscular; SC, subcutaneous; ID, intradermal; ITr, intratracheal; ICV, intracereboventicular; IT, intratumoral;
ITh, intrathecal; CED, convection enhanced delivery.
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Table 2. Non-viral vectors currently in clinical trials.

SN Nucleic
Acid Target Vector Disease Route of

Delivery Clinical Trial Status

1 mRNA OX40L LNPs Solid tumors and
lymphomas IT NCT03739931 Active

2 mRNA OX40L LNPs
Solid tumors,

lymphomas and
ovarian cancer

IT NCT03323398 Active

3 mRNA S-protein LNPs COVID-19 IM NCT04283461 Active

4 mRNA OTC LNPs OTC deficiency IV NCT03767270 Withdrawn

5 mRNA prM and E LNPs Zika IM NCT04064905 Active

6 mRNA
Pentamer
and T cell
antigen

LNPs CMV infection IM NCT03382405 Active

7 siRNA MYC LNPs Hematological
and solid tumors IV NCT02110563 Terminated

8 siRNA MYC LNPs Hepatocellular
carcinoma IV NCT02314052 Terminated

9 siRNA HSP47 LNPs Hepatic fibrosis IV NCT02227459 Completed

10 siRNA PLK1 LNPs Solid tumors Hepatic IA NCT01437007 Completed

11 saRNA CEBPA Liposomal
NPs

Hepatocellular
carcinoma IV NCT02716012 Active

12 siRNA TGF-β1
and Cox-2 NPs Hypertrophic scar ID NCT02956317 Unknown

13 siRNA KRAS PLGA
matrix Adeno-carcinoma SI NCT01676259 Recruiting

14 siRNA PKN3 Liposomes Pancreatic cancer IV NCT01808638 Completed

15 siRNA HBV
antigen LNPs Hepatitis B IV NCT02631096 Completed

16 siRNA KSP and
VEGF LNPs Solid tumors IV NCT01158079 Completed

17 siRNA PCSK9 LNPs Elevated
LDL-Cholesterol IV NCT01437059 Completed

18 siRNA Bcl-2 Gold NPs GBM IV NCT03020017 Completed

19 siRNA RRM2 Cyclodextrin
polymer Solid tumors IV NCT00689065 Terminated

20 siRNA GO LNPs
Primary

hyperoxaluria
type 1

IV NCT02795325 Terminated

21 ASO Grb-2 Liposomes AML, ALL, MDS,
CML IV NCT01159028 Active

Abbreviations: OX40L, ligand for OX40 receptor associated with tumor necrosis factor receptor superfamily; IT,
intratumoral; IM, intramuscular; S-protein, spike protein from SARS-Cov-2; SARS-Cov-2, severe acute respiratory
syndrome coronavirus 2; COVID-19, coronavirus disease-19; OTC, ornithine transcarbamylase; IV, intravenous;
prM, pre-membrane protein; E, envelope protein; CMV; cytomegalovirus; MYC, family of proto-oncogenes;
HSP47, gene encoding heat shock protein-47; PLK-1, polo-kinase-1; IA, intraarterial; CEBPA, gene encoding
CCAAT/enhancer-binding protein alpha protein; TGF-β1, transforming growth factor beta 1; Cox-2, cyclooxygenase-2;
KRAS, Kirsten rat sarcoma; SI, surgical implant; PKN3, protein kinase N3; KSP, kidney specific cadherin; VEGF,
vascular endothelial growth factor; PCSK9; proprotein convertase subtilisin/kexin type 9; RRM2, ribonucleotide
reductase M2; bcl-2, B-cell lymphoma 2; GO, glycolate oxidase; GBM, glioblastoma multiforme; Grb-2, growth factor
receptor-bound protein 2; CML, chronic myeloid leukemia; AML, acute myeloid leukemia; ALL, acute lymphoblastic
leukemia; MDS, myelodysplastic syndrome.

However, ligand-targeted delivery for cationic lipids and polymers still needs to be explored to
increase their applicability at the clinical level. The pros and cons of lipid-based vectors and cationic
polymeric vectors are summarized in Table 3. Nonetheless, with the advent of personalized medicine,



Molecules 2020, 25, 2866 16 of 23

non-viral vectors possess enormous potential to deliver therapeutically active drugs or drug candidates
to an organ of choice and treat myriads of devastating diseases.

Table 3. A summary of advantages and disadvantages of lipid based and polymeric based vectors.

Advantages Disadvantages

Cationic polymeric
vectors

• Control and sustained release kinetics • Scale up and manufacturing is difficult
• Functional group conjugation is
achievable for active targeting [104]

• High cationic charge favors endosomal
uptake but offers cellular toxicity

• Better stability for the encapsulation of
negatively charged nucleic acid cargo • Poor clinical translation

• Offers a wide range of polymeric systems
based on temperature, pH, light sensitive,
hydrolysis and enzyme degradation
• Optimization of chemical and physical
properties is highly achievable by use of
different polymer chemistries
• Offers biodegradable polymer options
such as PLGA [97,145]
• Offers several natural polymers such as
chitosan [97,141], hyaluronic acid and
collagen [146]

Lipid based
vectors

• Easy scale up and manufacturing [28,29] • Poor drug loading

• Good pharmacokinetic and safety
profile [147]

• Requires extensive formulation work to
optimize ideal concentration of lipid
components

• Excellent clinical translation
• Allows conjugated ligands to be designed
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