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Abstract. Gene therapy has been experiencing a breakthrough in recent years, targeting
various specific cell groups in numerous therapeutic areas. However, most recent clinical
studies maintain the use of traditional viral vector systems, which are challenging to
manufacture cost-effectively at a commercial scale. Non-viral vectors have been a fast-paced
research topic in gene delivery, such as polymers, lipids, inorganic particles, and combinations
of different types. Although non-viral vectors are low in their cytotoxicity, immunogenicity,
and mutagenesis, attracting more and more researchers to explore the promising delivery
system, they do not carry ideal characteristics and have faced critical challenges, including
gene transfer efficiency, specificity, gene expression duration, and safety. This review covers
the recent advancement in non-viral vectors research and formulation aspects, the challenges,
and future perspectives.
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INTRODUCTION

Twenty-twenty marks another milestone in the advance-
ment of the gene therapy field. The first cell-based gene
therapy with a white blood cell enrichment step, Tecartus,
was approved by the FDA in July (1). From the momentum
of the first successful clinical trial of gene therapy in 1990 to
the tragic death at the University of Pennsylvania in 1999 that
caused a cool-down of work on the technology, gene therapy
went a long way to rise again in 2017 with three FDA
approvals in 1 year. At present, there are a total of ten gene
therapy products on the U.S. market and more than 100
clinical trials recruiting patients in clinicaltrials.gov. The
turbulence of gene therapy in the past 30 years has built
many lessons-learned opportunities and paved a solid foun-
dation for the recently renewed excitement about the ability
of gene delivery systems to tackle some of the most
devastating diseases. While a few recent clinical studies have
applied non-viral vectors, most recent clinical studies main-
tain traditional viral vector systems, which are challenging to
manufacture cost-effectively at a commercial scale (2, 3). As
we know, a vector is a carrier for the genetic material to reach

its targeted destination. It plays a vital role in the efficacy and
safety of the product. Using a viral vector has historically
been controversial. Even though viral vectors are not known
to cause any harm to patients, the small potential to trigger
immunogenic responses and transgene mis-insertion risks,
etc., has led many in the field to keep seeking a non-viral
delivery system (4, 5).

In recent years, the frequently researched non-viral
vectors are polymers, lipids, inorganic particles, or combina-
tions of different types (Fig. 1). Compared with a viral vector,
non-viral vectors are low in their cytotoxicity, immunogenic-
ity, and mutagenesis, attracting more researchers to explore
the promising delivery system and move the gene therapy
field forward. However, non-viral vectors do not carry ideal
characteristics and have faced critical challenges, such as gene
transfer efficiency, specificity, gene expression duration, and
safety. Non-viral vectors have been a fast-paced research
topic in gene delivery. The review covers the recent
advancement in non-viral vectors research and formulation
aspects. The challenges and future perspectives are also
discussed (4–6).

MATERIALS

Polymers

Gene therapy comprises the delivery of the genetic
material into cells, transfection, and modulation of gene
expression. Cationic polymers have been an essential type
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of non-viral gene therapy vector and have appealed to
researchers over the years due to their versatile chemical
structure and potential high loading capacity. They can
neutralize the negatively charged genetic material to form a
complex (polyplex) and carry the payload to targeted cells.

Non-biodegradable Polymers

Polyethylenimine (PEI) was the first polycationic poly-
mer, synthesized both in linear and branched forms for gene
therapy in 1995. It has uniquely arranged amine groups on
the backbone of the polymer chain, allowing only partial
protonation in the physiological pH range. However, in a
more acidic compartment of the endosome, additional amine
groups are protonated. The presence of the charged PEI
generates an osmotic effect (“proton sponge effect”) to
induce endosome burst, which is believed to enhance the
transfection efficiency. The high buffer capacity of PEI is also
beneficial for the endosomal escape of the gene payload (7).
Today, PEI remains the gold standard for measuring the
transfection efficiency of non-viral vectors (8).

Despite being considered a high transfection non-viral
vector, PEI may still suffer from insufficient specificity and
transfection. In addition, it is a non-biodegradable polymer
that accumulates around the cell and triggers cytotoxicity. In
the past several years, scientists have made significant
progress in understanding the mechanisms behind those
limitations. The ability of PEI to escape from late endosomal
vesicles during intracellular delivery, including its interaction
with endosomal lipids under osmotic stress, were studied by
Clark et al. using model systems of monolayers and vesicles

derived from a mixture of neutral and negative lipids 1,2-
d i p a lm i t o y l p h o s p h a t i d y l c h o l i n e (DPPC ) a nd
bis(monoacylglycerol)phosphate (BMP), respectively (9).
The results confirmed the adsorption of PEI to DPPC/BMP
membranes, an important factor contributing to the
endosomal escape of polyplexes. The model has provided a
new tool to study the subsequent effects of the non-viral
vectors on the stability and permeability of the membranes.

In addition to PEI, amine-terminated PAMAM is
another cationic dendrimer. In fact, PAMAM is one of the
most used dendritic carriers in biological applications and the
first to be used for gene delivery. A major disadvantage of
those common dendrimers is their toxicity, associated mainly
with the chemistry of the surface amine groups. Furthermore,
polymethacrylates and polymethacrylamides are the two
large varieties of important synthetic vinyl-based cationic
polymers with the ability to mimic the pH sensitivity, proton
sponge theory, and buffering properties of PEI (10). They
have been continually modified over the past 20 years in an
attempt to improve gene delivery efficiency and lower toxicity
(8, 11–13). Although polymethacrylates are less cytotoxic
than PEI, their application in gene therapy is currently
limited due to their low ability to interact with membranes
(5, 14).

Poly(vinylimidazole) (PVI) is a water-soluble polymer
synthesized as poly(1-vinylimidazole) and poly(4-
vinylimidazole). Its imidazole group is protonated at acidic
pHs and alters the conformation of PVI chains. PVI has
additional properties of biocompatibility, non-toxicity, and the
ability to escape the endosome by activating the proton
sponge mechanism, which makes it an emerging non-viral

Fig. 1. Vehicle materials
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vector (15). Recently, the alkylated poly(1-vinylimidazole)
with different chain lengths has been investigated for DNA
complexation and transfection. Among them, butylated PVI
was found to be the most effective in HepG2 liver cancer
cells. Furthermore, a folic acid–conjugated amine-containing
poly(1-vinylimidazole) was also discovered to effectively
complex DNA and transfect cancer cells (16).

Biodegradable Polymers

Given that repeated administration is often necessary for
gene therapy and less cytotoxicity is preferred, biodegradable
polymeric vectors, either synthetic or natural, have a defini-
tive advantage over non-biodegradable ones. The synthetic
polymers have excellent chemical structure versatility and
batch consistency, but may lack sufficient interaction with
cells (17). In contrast, the natural polymers have high
biocompatibility but pose batch to batch variation problems
due to the origin difference. Hence, to assure product quality,
control strategies on the key attributes of natural polymers
need to be put in place. The excipient companies sometimes
use blending to meet the excipient specifications. In addition,
appropriate tests and specifications are used to ensure
consistent quality and reliable performance. For example,
gel permeation/size exclusion chromatography (GPC/SEC)
may be applied to measure the characteristics of the
polymers. It will take a collaborative effort among pharma
companies, excipient suppliers, the US Pharmacopeial Con-
vention (USP), regulators, and the International Pharmaceu-
tical Excipients Council (IPEC) to control, reduce, or
minimize the possible negative impact of excipient variability
on the natural excipients, including polymers (18).

Chitosan (CS) is a linear polysaccharide and one of the
most abundant natural carbohydrate polymers. It is highly
biodegradable, biocompatible, and non-toxic. With an appar-
ent pKa of 6.5, it is only soluble in acidic conditions where
most of the amino groups are protonated to form a complex
with the genetic material. It was found that chitosan with a
high degree of polymerization (>50) could induce a significant
opening of the tight junction between cells (19). The surface
of a chitosan carrier can also be modified or decorated with
ligands to enhance cellular entry and specificity (20). These
properties have made chitosan an attractive non-viral vector
for gene therapy. In recent years, chitosan-coated nanoparti-
cles are actively studied as carriers for brain cancer gene
therapy, where enhanced particle uptake was evidenced by
human blood-brain barrier cerebral microvessel endothelial
cells (hCMECs) via receptor-mediated endocytosis (21).

Poly(β-amino ester)s (PBAEs) are a class of evolving
non-viral vectors that have made significant advancements in
the past 20 years. The class was first developed into linear
PBAEs in 2000, but the development of this class transitioned
to branched PBAEs in 2016 (22, 23). These amphiphilic
polymers have shown robust transfection capabilities under
challenging conditions as well as efficient endosomal escape
properties. However, their application is limited due to
forming self-assembled nucleic acid nanoparticles. Thus, they
are insufficient to encapsulate proteins of various surface
charges. In 2019, Green et al. synthesized a new
hyperbranched PBAE containing both cationic and anionic
charges. The structural change has offered the differentiation

of polymer end-group hydrophobicity, affected protein com-
plexation capabilities, as well as nanoparticle internationali-
zation, and endosomal escape (24). In the same year, Liu et al.
synthesized highly branched PBAE containing biodegradable
disulfide units in the HPAE backbone and guanidine moieties
at the extremities. Those polymers delivered a minicircle
DNA to multipotent adipose-derived stem cells and astro-
cytes, achieving high transfection efficiency (25).

Traditionally, polylactide (PLA) is a synthetic biodegrad-
able polymer extensively applied to drug delivery. Its
carboxylic acid hydrolyzes into lactic acid in vivo and rapidly
converts to glucose eliminated from the body without adverse
effects. In 2013, Jones et al. synthesized a cationic polylactide
with tertiary amines to make it suitable for gene therapy (26).
Nowadays, PLA draws continued interest in targeted delivery
through continual structure modifications (27, 28).

The full potential of polymer-based delivery systems has
yet to be realized. In 2020, aminoglycosides, a class of
naturally occurring and semi-synthetic antibiotics, have been
investigated as new cationic polymeric vectors to facilitate the
transfer of genes into cells (29).

Lipids

Lipids have been used to deliver genes for a long time.
Most lipids consist of positively charged headgroups which
bind with the anionic phosphate groups of nucleic acids via
electrostatic interactions to form lipoplexes. Due to the self-
assembling lipid tail structures, lipoplexes are often present as
liposomes, solid lipid nanoparticles, or lipid emulsions.
Compared with other carrier materials, lipids are biodegrad-
able, less toxic, and can incorporate hydrophilic and hydro-
phobic substances. The first FDA-approved small interfering
ribonucleic acid (siRNA) treatment (Onpattro) utilized a
lipid-based vector (30). Another promising lipid-based
siRNA therapy (inclisiran) for hyperlipidemia treatment was
approved in the EU in December 2020 (31, 32). Phase 3
clinical trials have shown that inclisiran lowered the low-
density lipoprotein cholesterol levels by 50% by subcutane-
ous administration every 6 months (33).

Conventional Lipids

Conventional lipids possess one head group on each
molecule, which can be permanently or temporarily charged.
The common head groups are ammonium, imidazolium,
pyridinium, lysine, or arginine, etc. Meanwhile, the hydro-
phobic tails can be two saturated or unsaturated hydrocarbon
chains or steroids (31). The ability of hydrocarbon chain
lipids to deliver nucleic acids has been widely explored,
especially those with ammonium as head groups. Common
examples include monovalent lipids such as N-(1-(2,3-
dioleyloxy)propyl)-N,N,N-trimethylammonium (DOTMA),
2,3-bis[[(Z)-octadec-9-enoyl]oxy]propyl-trimethylazanium
(DOTAP), 2,3-di(tetradecoxy)propyl-(2-hydroxyethyl)-
dimethylazanium (DMRIE), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), or multivalent lipids such as 2,5-
bis(3-aminopropylamino)-N-[2-[di(heptadecyl)amino]-2-
oxoethyl]pentanamide (DOGS). While those lipids remain
dominant as gene carriers due to their positive charges, they
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are relatively toxic and exhibit less than optimal in vivo
behavior, e.g., short half-life. Therefore, the surface-modified
i o n i z a b l e l i p i d s , s u c h a s 1 , 2 - d i o l e o y l o x y - 3 -
(dimethylamino)propane (DODAP) or 1,2-dilinoleyloxy-3-
dimethylaminopropane (DLin-DMA), were developed to
overcome those shortcomings and achieve better efficacy.
Those materials are neutral at physiological pH, allowing
systemic delivery but can be positively charged to facilitate
lipoplex formation with DNA and promote endosomal
escape. It is worth noting that heptatriaconta-6,9,28,31-
tetraen-19-yl 4-(dimethylamino)butanoate (DLin-MC3-
DMA) is the “gold standard” for siRNA delivery because
of its superior gene silencing activity relative to its compar-
ators (34) and was successfully applied in Onpattro, the first
FDA-approved siRNA treatment (30). In addition to those
hydrocarbon chain lipids, cholesterol and its derivatives are
another category of lipids that can be used for gene delivery.
One of the derivatives, DC-Chol, is now commercially
available and has been utilized for cancer gene therapy in
clinical trials (35).

Gemini Surfactants

Gemini surfactants have more recently emerged as a
group of lipids useful for gene delivery. They are two
surfactant monomers with head groups linked by a spacer
group via covalent bonds. Gemini surfactants typically have
lower CMC than corresponding surfactant monomers,
resulting in lower surface tension, higher solubilization
capacity, etc. Therefore, the amount of this carrier needed
in the delivery system is reduced, and correspondingly so is
the toxicity. Recently, research has been focused on the
elucidation of the structure of gemini surfactant in relation to
bioactivity. For example, Jin et al. has compared three
structurally similar gemini surfactants, 16-3-16, 16(Py)-S-2-S-
16(Py), and 16-7N(G.K.)-16, which all possess the same
number of carbon in their tails (36). It was found that with
the head group being a glycyl-lysine di-peptide, 16-7N(G.K.)-
16 exhibited much higher transfection efficiency than either
the unsubstituted 16-3-16 or the pyridinium containing
16(Py)-S-2-S-16(Py).

Lipidoids

Lipidoids are lipid-like materials synthesized by conju-
gation of amines with lipophilic acrylates, acrylamides, or
epoxide (37). Lipidoids have become attractive due to their
solvent- and catalyst-free synthetic process. This rapid and
simple synthesis allows for the screening of an extensive
library of lipidoids with diverse structures. Early in 2008,
Aknic et al. synthesized over 1200 lipidoids and demonstrated
effective gene transfer and expression in mice, rats, and
nonhuman primates (38). Recently, Molla et al. prepared 13
lipidoids by applying the one-pot synthetic methodology
using thiolactone chemistry. Those materials were formulated
as liposomes to deliver siRNA and tested on HeLa-GFP cells.
Five of the formulations showed superior knock-down
efficiency than the commercial reagents, emphasizing the
importance of lipidoid structure for transfection capability as
well as the liposome formulation attributes such as particle

size (39). These findings may pave a foundation for further
exploration of lipidoids for gene delivery in the future.

Helper Lipids

Lipid-based gene delivery systems oftentimes utilize
“helper lipids” to enhance transfection efficiency, stabilize
particles, or improve intracellular trafficking (40, 41). In
contrast with cationic and ionizable lipids, helper lipids are
n e u t r a l ma t e r i a l s . 1 , 2 -D i o l e o y l - s n - g l y c e r o - 3 -
phosphoethanolamine (DOPE) is one of the most used
helper lipids due to its cone-like molecular shape, favoring
membrane fusion and/or bilayer disruption. In addition,
cholesterol is also used as a helper lipid because it can
enhance cell membrane fluidity and stabilize bilayer lipids in
liposome formulations, resulting in improved efficacy and
stability (40). Sasayama et al. have employed cholesterol to
develop a nanoparticle formulation LNPK15 based on 1,2-
distearoyl-sn-glycero-3-phosphatidylethanolamine-N-(poly-
ethyleneglycol-2000). This formulation showed extended half-
lives in mice and monkeys as 15.2 h and 27.0 h, respectively,
and also exhibited potent knock-down efficiency (42).

Peptides

Peptides are short chains of 2–50 amino acid residues
linked via peptide bonds. They are biocompatible and
biodegradable and also can be rationally designed to serve
as building blocks for self-assembling nanoscale structures
(43). The genetic material interacts with peptides either via
conjugation or electrostatic forces to form peptiplexes which
facilitates delivery.

Peptide nucleic acid (PNA) conjugates are comprised of
peptide moieties and nucleic acid moieties linked via covalent
bonds. They are stable uncharged molecules, able to resist
nuclease degradation and less labile to acidic and basic pH, as
well as high temperature. Recently, Altrichter and Seitz
prepared an antisense module based on peptide nucleic acids
comprising a Smac mimetic compound (SMC) (44). By
incorporating cell-penetrating peptides, the SMC-PNA re-
sulted in nearly complete downregulation of the cellular
FLICE-like protein.

Polypeptides are a major class of peptides used for gene
delivery, including poly(L-lysine) (PLL), poly(L-arginine)
(PLR), and poly(L-glutamate) (PGA). The most widely used
PLL possesses a high charge density of its side chains,
allowing effective DNA condensation. The easy uptake of
PLL/plasmid DNA (pDNA) complex by endocytosis has
been reported with a size of around 100 nm (45). However,
its low transfection efficiency and suboptimal endosomal
escape have limited its application. PLL has been modified
with various functional groups, such as PEI or palmitic acid,
to improve efficacy. It has also been combined with other
peptides to overcome the poor endosomal escape. Zhang
et al. prepared the PLL/DNA polyplex with a glutamic acid–
modified peptide (AR-23), promoting endosomal escape and
enhancing the lytic activity (46).

Polypeptides can further be designed into dendrimers,
which use amino acids as building blocks in the core, the
branches, the dendrimer surface, or any combination of the
three units. Peptide dendrimers may provide the necessary
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positively charged groups to complex with the genetic
material, the likelihood to pass the cellular membrane, and
the buffering capacity needed to escape endosomes. For
example, a PLL dendrimer may utilize the flexible branched
dendrimer structure and the amino acid lysine in its core (47).
Recent studies have expanded the choice of amino acid from
lysine to arginine or other substitutions, bringing additional
benefits to the PLL dendrimer as a gene delivery vector.
These efforts have changed the flexibility and charge
distribution of the dendrimer, providing additional interac-
tions with nucleic acids and increasing cellular uptake (48).
Dendrimer systems can also incorporate lipid or polymers to
obtain greater efficacy. It has been demonstrated that
transfection was enhanced by the addition of a polyol to the
lipid/dendrimer hybrid (49) or a polymer excipient, such as
Polyvinylalcohol 18 (PVA 18) (50).

In addition to polypeptides, a number of functional
peptides have also been developed. These peptides possess
certain sequences in their structure, resulting in various
benefits such as enhanced cell penetration or targeting. For
instance, cell-penetrating peptides (CPP) are small peptides
that can easily move across cell membranes and facilitate
genetic material transport. As a commonly used CPP, trans-
Activator of Transcription (TAT) protein was recently
evaluated on solid tumors using the multicellular tumor
spheroids as cell models. It showed that higher TAT
concentrations significantly increased peptide uptake (51).
In addition to TAT, penetratin, GALA, transportan, and its
derivatives such as PepFect and NickFect have also received
attention for their cell penetration abilities (52). Some other
peptides can target specific cells by recognizing receptors at
the cell surface, resulting in enhanced efficiency and reduced
toxicity. Various targeting peptides have also been discovered
or synthesized, such as the RGD peptide and transferrin (Tf).
Additional Tf receptor–binding peptides are drawing interest
to improve targeting capability, such as the T7 peptide. Gu
et al. applied T7-modified polypeptide nanoparticles, CRD-
PEG-T7, to deliver the pDNA pPMEPA1 for bone metastatic
prostate cancer treatment. They found the incorporation of
T7 inhibited tumor growth and extended survival time of
tumor-bearing mice (53).

Inorganic Materials

Inorganic materials are more stable than organic mate-
rials and have also been used as gene carriers. In fact, the first
reported non-viral gene delivery was based on calcium
phosphate, back in the 1960s (54). Nowadays, the more
commonly reported inorganic carriers include silica-based
systems, such as mesoporous silica nanoparticles, gold nano-
particles, magnetic nanoparticles, carbon nanotubes,
graphene, upconversion nanoparticles, and quantum dots
(55, 56). Gold nanoparticles are relatively less toxic and can
be prepared with polymeric and lipid carriers. Liu et al.
constructed a gold nanoparticle composite for Parkinson’s
disease treatment, where pDNA was adsorbed onto the
surface of positively charged gold nanoparticles and encap-
sulated into liposomes, followed by attaching a targeting NGF
and DHA. It was noticed that this system exhibited significant
neuroprotective effects for mice by improving both motor and
non-motor dysfunction (57). Carbon nanotubes are another

attractive carrier, composed of single or multiple graphene
sheets that can range in size from hundreds of nanometers to
tens of microns. Carbon nanotubes facilitate gene penetration
through the cell membrane independent of the endocytosis
process of mammalian cells. With the help of molecular
dynamics simulation, Liang et al. found that carbon nanotubes
assisted nucleotide penetration through a lipid membrane by
decreasing the free energy of this process (58). In 2020, a
single-walled carbon nanotube linked with siRNA from
Caspase3 was synthesized to treat cardiovascular diseases.
This gene carrier significantly improved transfection effi-
ciency, resulting in greater Caspase3 gene silencing (59).

HYBRID VECTOR SYSTEMS FOR TRANSFECTION
ENHANCEMENT AND CYTOTOXICITY REDUCTION

Non-viral vectors having an efficient gene transfection
and low cytotoxicity have been a double-edged sword at the
forefront of gene delivery. Some of these recent attempts to
enhance transfection efficiency while lowering the cytotoxic-
ity include inorganic-organic hybrid vectors, modified PEI
vectors, inorganic-lipid vectors, and peptide-lipid vectors.

Inorganic-Organic Hybrid Vectors

Inorganic-organic hybrid vectors have been identified as
an increasing trend in the new class of non-viral vectors, with
either a platform or targeted gene deliveries, to various cell
types. One attempt was to incorporate a mannitol-group into
the vector. In 2020, Ma et al. were inspired by multi-hydroxyl
compound mannitol being used as an osmolyte in the clinic
(60). They constructed biomimetic non-viral vectors with a
controlled cellular uptake and consequent intracellular traf-
ficking for the gene delivery and introduced for the first time
mannitol-based calcium phosphate mannitol-alendronate
(CaP-MA) organic-inorganic non-viral vectors. The new
vectors with mannitol groups may simulate caveolae-
mediated cellular update and transfer the genetic payload in
a non-destructive pathway and subsequently avoid gene
degradation in the lysosome. As a result, these vectors are
shown to be superior to the unmodified CaP nanoparticles in
transfection, biocompatibility, and toxicity.

Another attempt at cytotoxicity reduction was to use
amine-free vectors to counter amine-associated toxicity (61).
Choi et al. have developed a non-conventional non-viral
vector, using mesoporous silica nanoparticles (MSNs) as a
biocompatible agent, to load siRNA in a sequential, cumula-
tive, and directional way. It was established through calcium
ion–mediated interconnection (calcium gluing) between phos-
phates of siRNA and the non-positively charged bare surface
of MSN. The results suggested the potential of the non-
positively charged MSN-based calcium-gluing strategy as a
general non-viral vector platform for RNAi delivery, which
may open the door for additional investigation of its
application in gene delivery.

Modified PEI Vectors

The most significant challenge for PEI vectors is
cytotoxicity due to the presence of non-degradable amide
bonds, causing accumulation and disruption of metabolic
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activity in normal cells. It is also known that the extent of
cytotoxicity has a positive relationship with polymer molec-
ular weight. Hence, a promising strategy to reduce toxicity
lies in ligand-modified low molecular weight PEIs, such as
those incorporating folic acid (62) or various functional
peptides (63). Yu et al. have demonstrated that self-
assembled nanoparticles (SNPs) prepared from cyclodextrin-
grafted low molecular weight PEI (CD-PEI800) presented
low cytotoxicity and a high transfection efficiency to Jurkat
cells. They postulated that the cationic hydrogel generated
from CD-PEI800 contributed to SNPs’ enhanced gene
encapsulation efficiency (64).

The first trisaminocyclopropenium-crosslinked linear
PEI (PEI/TAC) nanoparticle vector was synthesized by
Steinman et al. to lower the PEI toxicity in 2020 (65). The
vector particles with DNA were found to be smaller than
those prepared with the unmodified PEI, which positively
influenced cellular uptake. The cross-linking by TAC in-
creased the cationic charge of the polymer, allowing binding
to the genetic material and promoting endosomal escape, and
resulting in enhanced overall transfection efficiency. Mean-
while, the decrease in the amount of polymer introduced to
the cell further reduced the toxicity effects.

Another way to keep the PEI biocompatible and lower
toxicity is through a combination of poly lactic-co-glycolic
acid (PLGA) nanoparticles with arginine-modified PEI
polymers (AnPn) (66). The addition of AnPn significantly
improved the nuclear localization of pDNA and successful
gene expression in primary human astrocytes.

Inorganic-Lipid or Peptide-Lipid Vectors

One challenge of using a lipoplex is the low transfection
efficiency. Lebrón et al. generated cationic metallo-liposomes
of Ruthenium (Ru) and phospholipid complexes to increase
polycation and enhance transfection (67). They also discov-
ered that transfection was impacted by the length of the Ru-
lipid and hydrophobicity. A positive transfection efficiency
obtained with those vectors indicated a possibility of using
them as nano-vectors in gene therapy. Additionally, their size
and superficial charge impacted compaction using different
mass ratios of lipid to DNA, further preventing the nucleic
acid from degradation. Interestingly, the Ru-lipid vectors
exhibited less cytotoxicity to normal cells than cancer cells,
which shows promise for targeted gene therapy.

Peptide-based cationic lipids are another class of prom-
ising non-viral vectors for nucleic acid delivery into cells.
Zhao et al. synthesized two peptide lipids containing a tri-
ornithine head (LOrn3) and a mono-ornithine head (LOrn1)
and studied the interaction kinetics of the liposome-mediated
gene delivery (68). Both lipoplexes were used as vectors to
deliver the green fluorescent protein (GFP) into Hela and
Hep-2 cells. The transfection efficiency was significantly
impacted by the charge ratios of the peptide lipids. LOrn1
and LOrn3 had the highest transfection efficiency and lowest
toxicity to Hela cells at charge ratios of 4:1 and 3:1,
respectively. Although both peptide-lipid vectors have similar
chemical structures, LOrn3 contained more amino groups,
which produced both cellular internalization and higher
proton buffering capacity. As a result, LOrn3 led to enhanced
endosome escape and DNA release and more efficient

transfection than LOrn1. The study provided theoretical
insight into further research directions to advance peptide-
lipid vectors in the future.

EFFECTS OF GENE VECTOR PROPERTIES AND
FORMULATION FACTORS ON IN VITRO AND IN
VIVO PERFORMANCE

In order to have a therapeutic effect in target cells, gene
delivery systems need to be stable enough in blood vessels to
be transported to the intercellular site of action. Subse-
quently, they must attach to the cell membrane, enter the cell,
escape from endosomes into the cytoplasm, and release the
therapeutic gene from vehicle material (Fig. 2). In addition, if
the pDNA is delivered, it must also diffuse through the
cytoplasm and enter the nucleus. Therefore, to design a
proper gene delivery system with sufficient efficacy, it is
critical to understand the effects of the properties of gene
vehicle and delivery systems on gene transfection efficiency
(Fig. 3).

Vehicle Material

Chemical structures and properties of vehicle materials
are major considerations for successful gene delivery. Interest
has been drawn to establish the structure activity relationship
(SAR) to understand the effects of molecular structures and
facilitate the design of gene vectors. There have been
investigations on SAR for polymer and lipid materials. For
example, Buck et al. combined short-chain aminolipids to
DOTAP:chol-based lipoplexes, finding that the longer lipid
tails (C12) improved transfection efficiency of minicircle DNA
as compared with the shorter ones (C10) (69). By constructing
a series of α-cyclodextrin-threaded polyrotaxanes using
polyethylene glycols (PEG) with different molecular weights,
Ghodke et al. exhibited that the composite containing the
largest PEG in the study (PEG 1500) had the least silencing
efficiency on Turbo GFP siRNA as compared with smaller
PEG (PEG 200, 400, and 600) (70). Ionization status is one of
the critical properties of vehicle material. Lipid materials
having pKa of 5.5–6.5 are favored for in vivo potency (40).
For polymer-based vectors, a generalized rule has not been
established, as investigations are ongoing. For instance,
Routkevitch et al. recently reported that use of poly(β-amino
esters) (PBAE) with a narrower buffering range led to
transfection levels that were more sensitive to pH (71).

The Ratio of Vehicle Material to Gene

The ratio of vehicle material to gene plays a crucial role
in transfection efficiency, since it can affect the complexation
ability and physicochemical properties of the vehicle-gene
complexes. Neves et al. have characterized the peptide
RALA/p53 encoding pDNA vectors at different nitrogen to
phosphate groups (N/P) ratios. They found that, in compar-
ison with N/P as 2, systems with N/P from 5 to 10 had smaller
particle size, more positively charged surfaces, and higher
pDNA encapsulation capacity (72), which in turn led to better
cell internalization, higher p53 protein expression levels, and
large extent of apoptosis when tested using HeLa cells. Sainz-
Ramos et al. have developed 2,3-di(tetradecyloxy)propan-1-
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amine (DTPA)-based nioplex formulations with three differ-
ent lipid to DNA ratios to deliver the CFTR gene for treating
cystic fibrosis (73). They indicated that the formulation with
the lipid to DNA ratio as 5/1 exhibited much greater
transfection efficiency than either 2/1 or 10/1.

Nanoparticle Size

The nanoparticle size is a key factor that affects all steps
in the delivery process. Generally, a larger size of around
100 nm is favored for long circulation time in blood, but a
relatively smaller vector can more efficiently permeate cells.
Particles less than 5 nm can be cleared by renal filtration,

while those greater than 200 nm are cleared by spleen and
liver filtration (74). Particle size can also affect the cellular
uptake mechanism and rate. For example, particles larger
than 1 μm are taken up by phagocytosis, while those around
200 nm are more prone to the clathrin- or caveolae-mediated
uptake pathways (40). However, it is difficult to define a
particle size range for optimal transfection efficiency because
the size effect is highly dependent on the vector type and
cellular uptake pathway. Xia et al. compared cellular uptake,
cytotoxicity, and biodistribution for commercially available
gold nanoparticles with a size range of 5–50 nm. It was
observed that the increase in particle size led to greater
cellular uptake by the HepG2 cancer cells but less by L02

Fig. 2. Delivery mechanism for non-viral gene vectors
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normal cells. Gold nanoparticles of 5 nm showed the highest
toxicity, while 50 nm nanoparticles sustained the longest
circulation in the blood (75). Additionally, Haddick et al.
prepared various mesoporous silica nanoparticles with a size
range of 60–160 nm. They noted that the nanoparticles with a
size of 160 nm displayed the fastest cellular internalization
and best knock-down efficacy (76). It was postulated that the
larger size could result in greater contact surface area
between particle and cell membrane, leading to greater
endocytosis.

Medium pH and Ionic Strength

When the carrier-gene complexes are formed based
on their electrostatic interactions, the medium pH and
ionic strength can shift the complexation equilibria.
Therefore, the complex physicochemical properties and
their efficacies can be greatly affected. Chivu et al.
evaluated the poly(hexamethylene biguanide)/pDNA
nanoparticles prepared in either pH 7.4 or 12 phosphate
buffer (77). Their findings revealed that nanoparticles had
higher zeta potential at pH 7.4 due to the higher charge
density of the biguanide group (pKa ≈ 12). As a result,
w h e n l o a d e d w i t h fl u o r e s c e n t l y l a b e l e d
oligodeoxynucleotides, the polyplex presented enhanced
cellular uptake by the HepG2, HEK293T, HeLa cell lines
at pH 7.4 than that at pH 12. Chroni et al. synthesized a
magnetopolyplex incorporating a diblock copolymer, hy-
drophilic anionic magnetic nanoparticles, and short deoxy-
r i bonuc l e i c a c i d ( 78 ) . The in t en s i t y o f t h i s
magnetopolyplex measured through dynamic light scatter-
ing was constant at low NaCl concentrations followed by a
gradual decrease as ionic strength increased because a
higher ionic strength produced a weaker interaction
between DNA and carrier, reducing the amount of
complexes.

Other Effects

The excipients used in a drug delivery system are
anticipated to affect formulation performance. Keil et al.
designed a nano-embedded microparticle (NEM) powder of
gene therapy for localized pulmonary disease treatment (79).
The NEM was prepared by spray drying the polyplex
containing PEI and nucleic acids in inert excipients, mannitol,
or trehalose. Mannitol was found to produce dried particles
with a much larger aerodynamic diameter and also to increase
the particle size of the polyplex after reconstitution. More-
over, compared with trehalose, mannitol-containing dry
powders exhibited low solubility, preventing evaluation of its
biological properties. Wickline et al. recently discovered that
the use of hyaluronic acid unexpectedly provided a more
uniform nanoparticle size distribution without aggregation to
a cationic amphipathic peptide and RNA formulation (80).
The novel hyaluronic acid nanoparticles also offered a more
potent effect than other nanoparticle formulations, as dem-
onstrated by the ability of a 10-fold lower dose of siRNA to
suppress abdominal aortic aneurysms. Additionally, the
hyaluronic acid nanoparticles were also complexed with
mRNA structures to form stable nanoparticles that are small
enough to penetrate cartilage, thus enabling delivery and
translation of the mRNA in that tissue. Collectively, the
evidence may indicate that the selection of formulation
compositions is another aspect to investigate for improved
transfection to the cells and improved stability in gene
delivery systems.

In addition to formulation composition, the nanoparticle
preparation method can also impact its properties. Pezzoli
et al. applied two approaches to preparing the PEI-pDNA
polyplexes (81). One is the DROPPING mode, where pDNA
was added to the polymer solution as one single drop
followed by leaving the complex solution standing. The other
is the MIXING mode, where pDNA was mixed with the
polymer solution by vigorous pipetting up and down. The
study demonstrated that the DROPPING mode generated
larger nanoparticles, resulting in remarkably higher transfec-
tion efficiency.

CHALLENGES AND PROSPECTS

Gene therapy has been experiencing a breakthrough in
recent years, targeting a variety of specific cell groups in
numerous therapeutic areas. The mechanistic challenges of
delivering gene therapy using a non-viral vector have been
well-reviewed by Yin and Anderson et al. in 2014 (82). While
a non-viral vector needs to achieve the characteristics of
protecting the genetic material from endonuclease degrada-
tion to provide transport to the nucleus and nuclear uptake,
and vector unpacking, it often requires a customized system.
Also, the delivery systems should be designed according to
different mechanisms of action for therapeutic modalities.
The transport of DNA into the nucleus is necessary for its
therapeutic effect, so the relatively larger particle size poses
an additional challenge for efficacy. RNA does not need to
enter the cell nucleus for expression, but it is less stable
compared with DNA. Furthermore, the interaction between
cell and vector varies with different modalities, which greatly
affects transfection efficiency. To date, a one size fits all

Fig. 3. Effects of gene vector properties and formulation factors on
non-viral gene delivery systems
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approach to select a non-viral vector delivery system has not
been feasible. As presented in all three recently FDA-
approved or emergency use authorized gene delivery prod-
ucts that incorporated lipid nanoparticles as the vector, each
product customized its own lipid system (Table I), even
though both Moderna and Pfizer/BioNTech delivered an
mRNA vaccine for the same purpose of COVID-19 preven-
tion. Moreover, the vector systems can be quite complicated.
For example, Pfizer/BioNTech vaccine had to use a package
of 4 lipids; an ionizable cationic lipid to encapsulate the
negatively charged mRNA, a PEGylated lipid to help control
particle size, distearoylphosphatidylcholine (DSPC), a phos-
pholipid, and cholesterol to contribute to forming the
structure of the lipid nanoparticles (83). Due to the complex-
ity of vector formulations, it takes a tremendous effort to
screen a successful vector. It is reported that more than 300
ionizable lipids had to be screened during the development of
patsiran, an siRNA drug (84). Recently, GuidTx has devel-
oped a high throughput technology to screen lipid nanopar-
ticle systems, which would potentially improve the efficiency
of selecting non-viral vectors for gene delivery with improved
precision (85).

The development of an effective and safe gene vector
requires comprehensive knowledge of physicochemical and
biological properties of the genetic material and carrier, the
physiology of the target cells, and a mechanistic understand-
ing of vector-induced transfection at the molecular level. For
example, differences between cell membrane electrical charge
among various targeted cell types create many research
opportunities to investigate and modify non-viral vectors for
a specific genetic payload to achieve the desired efficacy in a
particular cell type. In addition to efficacy, developers should
also pay attention to toxicity. While non-viral gene vectors
possess lower immunotoxicity than viral vectors, it should not
be neglected that the nanoparticles can trigger immune
reactions (86). For example, chitosan was found to induce
the IL-1β response in mouse dendritic cells, peritoneal
macrophages, and human peripheral blood mononuclear cells
(87). Silica nanoparticles led to an increase in pro-
inflammatory cytokine secretion. They were also shown to
activate macrophages to secrete IL-1β (88). The
immunotoxicity depends on vector materials and cells. Hence,
it needs to be evaluated on a case by case basis.

It is not surprising thatmost of the recent researchpublications
on new non-viral vectors have focused on the improvement of
vector performance characteristics, such as size, surface charge,
transfection, cytotoxicity, and inter- and intra-cellular trafficking.
Meanwhile, fewer publications reported research from a product
development perspective, especially relating to a vector’s physical
and chemical stability during formulation preparation and product
storage. For instance, it would be worth investigating the effect of
ionic strength and pH of the formulation buffer on the stability of
non-viral vectors, since those factors could impact the transfection
efficiency of the vector or alter its potential clinical applications.
Furthermore, freezing or refrigeration is commonly used to store
gene therapy formulations. Thus, the freeze-thaw stress and impact
of temperature elevations before administrationmay impair a gene
therapy’s effectiveness, such as by triggering changes in the
nanoparticle size distributions, aggregation potential, or chemical
degradation. On the other hand, stability-indicating techniques for
gene therapy product characterization have not been well
established, limiting the tools available for research in this area (89).

Moreover, the non-viral gene delivery systems also
present complexity in bringing the medicine from bench to
bedside. In light of quality-by-design principles, it is impor-
tant to define the appropriate critical quality attributes and
critical process parameters not only to assure product quality
but also to accelerate product development (90). Since the
gene vectors inherently are variable and the manufacturing
process involves living cell, it is challenging to control
material impurity and ensure lot-to-lot consistency. When
establishing specification acceptance criteria, it is also neces-
sary to understand the relationship between product attri-
butes and their safety and efficacy (91). Lastly, the
formulation design of a non-viral vector gene therapy is still
in its infancy. Various approaches are quickly evolving. Chen
et al. recently incorporated hydrophobic prodrugs into a lipid-
based nanoparticle gene delivery system, which provided a
convenient way to avoid the immunostimulatory conse-
quences of systemic administration of genetic drug formula-
tions (92). Many more research opportunities lie ahead to
investigate and understand the properties and impacts of non-
viral vector gene therapy formulations on clinical
applications.

Among the 110 upcoming gene therapy trials cur-
rently registered at ClinicaltTrials.gov under either

Table I. Current Approved/Emergency Use Authorized Genetic Material Products in the USA with Non-viral (Lipid) Vectors

Generic name Genetic
material

Non-viral vector composition

Patisiran siRNA DLin-MC3-DMA,
PEG2000-C-DMG

Pfizer/BioNTech Covid-19 vaccine mRNA (4-hydroxybutyl)azanediyl)bis(hexane-6,1-diyl)bis (ALC-3015),
(2- hexyldecanoate),2-[(polyethylene glycol)-2000]-N,N-ditetradecylacetamide
(ALC-0159),
1,2-distearoyl-snglycero-3-phosphocholine (DPSC),
cholesterol

Moderna COVID-19 vaccine mRNA SM-102,
1,2-dimyristoyl-rac-glycero3-methoxypolyethylene glycol-2000 (PEG2000-DMG),
1,2-distearoyl-snglycero-3-phosphocholine (DSPC),
cholesterol

The AAPS Journal (2021) 23: 78 Page 9 of 12 78



recruiting or not yet recruiting status, viral vectors are still
the dominant gene delivery systems in those trials; only
one phase I/II trial by Sigilon Therapeutics applies a non-
viral vector to deliver a genetically modified cell line (93).
Meanwhile, there are many preclinical research and
publications on various non-viral vectors in recent years,
which undoubtedly demonstrated a quickly evolving field
in gene delivery.

Despite many challenges, both the Moderna and Pfizer-
BioNTech emergency use COVID-19 vaccines successfully
used mRNA-based lipid nanoparticles and reached 94.5%
and 95% effectiveness in preventing COVID-19, respectively
(94, 95). Significantly, both were developed under such a
short timeline. These recent successes have ushered in
excitement and hope for discovering additional effective and
safe non-viral vector-based gene therapy products in the
future.
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