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Abstract

Nucleic acid delivery provides effective options to control intracellular gene expression and
protein production. Efficient delivery of nucleic acid typically requires delivery vehicles to
facilitate the entry of nucleic acid into cells. Among non-viral delivery vehicles, cationic materials
are favored because of their high loading capacity of nucleic acids and prominent cellular uptake
efficiency through electrostatic interaction. However, cationic moieties at high dosage tend to
induce severe cytotoxicity due to the interference on cell membrane integrity. In contrast, non-
cationic materials present alternative delivery approaches with less safety concerns than cationic
materials. In this Progress Report, principles of non-cationic material design for nucleic acid
delivery are discussed. Examples of such non-cationic platforms are highlighted, including
complexation or conjugation with nucleic acids and self-assembled nucleic acid structures.

Graphical Abstract

Non-cationic design provides a class of materials for nucleic acid delivery with reduced toxicity
profiles. These materials are designed via either neutralizing the cationic moieties within the
materials, or directly formulating with non-cationic materials. The high biocompatibility of non-
cationic materials allows more flexibility on material dosage, broadening their applicability to
resolve challenges in therapeutic delivery.
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1. Introduction

Exogenous nucleic acids provide versatile options for the development of therapeutics.
Efficient intracellular delivery of nucleic acids initiates specific biological process based on
the type of nucleic acids.[!] Common choices of nucleic acid-based therapeutics include
plasmid DNA, messenger RNA (mRNA), and small interfering RNA (siRNA). Briefly,
successful delivery of either plasmid DNA into the nucleus?l or mRNA into the cytosol[3]
results in the production of the protein of interest. Delivery of siRNA into the cytosol
introduces the process of RNA interference (RNAI), achieving gene specific knockdown.[4]
Overall, nucleic acid delivery offers a robust toolkit for gene regulation, as well as
contributing to the progress of research areas including small-moleculel®! and protein-based
therapeutics.[®]

Nucleic acids generally require carriers to facilitate their delivery into cells. Because of the
hydrophilic nature and large molecular weight, nucleic acid itself can hardly pass across the
cell membrane.l”] Moreover, viral vectors[®] and synthetic materials[®! as carriers protect
nucleic acids against nuclease degradation in the extracellular environment. Among these
delivery carriers, viral vectors such as lentivirus!'% and adeno-associated virus[!l have been
engineered to efficiently pack and deliver nucleic acids into cells. However, due to the
possible immunogenic issues arising from the viral capsid proteins,[12] synthetic materials
are introduced as alternative approaches for nucleic acid delivery. Since nucleic acids have
phosphate-containing anionic backbones, the most straightforward material design for
delivery carriers is to complex nucleic acids with cationic materials through electrostatic
interaction. Cationic materials based on liposomes, 23] polymers,[14] and inorganic
nanoparticles(!%] have been extensively explored for nucleic acid delivery.

Cationic materials also facilitate nucleic acid delivery by interacting with cell membrane via
electrostatic interaction. Since a majority of cell types shows net negative surface charge due
to the patches on their glycocalyx,[18] positively charged materials are thus favored for

therapeutic delivery applications. However, such electrostatic interaction is a “double-edged
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sword”. The dynamically assembled cell membrane can be disrupted when the dosage of
cationic materials increases, directly causing significant cytotoxicity.[17] Apart from the
damage on cell membrane, cationic materials have also been shown to affect the integrity of
mitochondrial membrane,[28] as well as inducing genotoxicity and pulmonary inflammation.
[19] Thus, developing delivery platforms with minimal safety concern is beneficial for the
development of nucleic acid delivery.

Non-cationic materials are promising candidates with reduced toxicity profiles. These
materials are designed via either neutralizing the cationic moieties within the materials, or
directly formulating with non-cationic materials. With minimized net positive charge, non-
cationic materials possess high biocompatibility comparing to cationic materials, allowing
more flexibility on the material dosage and broadened applicability. While enhancing their
biocompatible range, the removal or shielding of cationic moieties in non-cationic materials
may result in decreased interaction with cell membrane, potentially reducing the efficiency
of the delivery system. The design of non-cationic materials requires structural optimizations
to take the above pros and cons into account. In this Progress Report, we will focus on the
non-viral material design for nucleic acid delivery, specifically in non-cationic platforms.

2. Complexation with synthetic materials

The interaction between nucleic acids and synthetic materials is an essential aspect for the
material design to formulate non-cationic delivery systems. Electrostatic interaction is
mainly utilized to complex nucleic acids with synthetic materials, with additional steps to
ensure the overall non-cationic feature of the resultant complexes. The general design
principles of available techniques for such complexation will be discussed in this section.

2.1. Shielding cationic moieties

Limiting the exposure of cationic moieties will reduce the possibility of cell membrane
damage that caused by positively charged materials. When cationic materials are involved in
the formulation, the simplest approach to achieve the non-cationic feature is to shield these
cationic moieties by anionic or charge-neutral molecules, including poly(ethylene glycol)
(PEG) derivatives, anionic polysaccharides, and nucleic acids themselves.

PEG has been widely integrated into material design to increase their hydrophilicity, as well
as reduce their non-specific interactions with surrounding biological components.[29] Such a
stealth effect attributed to PEGylation can be utilized to develop carriers for nucleic acid
delivery. In an early example from Kataoka and coworkers, they designed PEG-poly(L-
lysine) block copolymers for plasmid DNA (pDNA) delivery (Figure 1a).[21] After forming
the polyelectrolytes between the lysine residues on polymers and phosphate groups on
pDNA, the PEG block was exposed on the surface to build up the shell of the complex,
shielding the positive charges inside. Note that cationic moieties were not completely
removed from these complexes. The PEG shell improved the stability of the complex,
meanwhile reducing the polymer cytotoxicity comparing to poly(L-lysine) (PLL)
homopolymers without the PEG block. Similarly, the PEG shell has also been incorporated
for a non-cationic formulation through a sequential addition step. Wang and coworkers
complexed siRNA with protonated doxorubicin through electrostatic interaction, followed
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by a coating step with PEG-polylactide (PLA) block copolymers (Figure 1b).[22] The PEG
shell was attached on the siRNA-containing complex presumably through the hydrophobic
interaction between PLA and doxorubicin. Such design resulted in a non-cationic platform
for the co-delivery of siRNA and hydrophobic drugs. Since PEG is charge neutral and
hydrophilic, non-covalently supplementing PEG as the shell material of delivery vehicles
usually requires the driving force that provided by an additional material segment, including
cationic or hydrophobic moieties.

Similarly, anionic polysaccharides can also shield the cationic moieties of delivery carriers.
Involving anionic polysaccharides as a shielding layer on cationic complexes was achieved
by either covalently conjugating polysaccharides with cationic materials, or directly
incorporating polysaccharides on nucleic acid-containing complexes through electrostatic
interaction. One unique advantage of polysaccharide coating is that certain type of
polysaccharides has high binding affinity towards specific cell surface receptor,[23] e.g.
hyaluronic acid (HA)-CD44 pair.[24] These negatively charged polysaccharides inherently
bring cell surface targeting capability to the shell layer of nucleic acid-containing
complexes. For example, Amiji and coworkers conjugated a series of amine derivatives on
the carboxylate group of HA.[2%] The conjugated amine moieties electrostatically interact
with siRNA to initiate the assembly between HA derivatives and siRNA, which is not
feasible for the anionic HA itself without chemical modifications. For tumors with similar
vascular architecture, the sSiRNA-HA derivative assemblies demonstrated more efficient gene
specific knockdown in CD44-overexpressing tumors than CD44-deficient tumors,
confirming the contribution of HA backbone on the targeting of CD44 receptors. Other than
synthesizing HA conjugates for nucleic acid binding, HA can also be involved to shield
cationic moieties through electrostatic interaction. As an example, Cheng and coworkers
first condensed pDNA with cationic polypeptide to form positively charged polyelectrolytes,
followed by an HA-coating step on these polyelectrolytes (Figure 2).[26] The HA-coating
reduced the cytotoxicity of the cationic polyelectrolytes and enhanced the transfection
efficiency of pDNA towards CD44-positive cells. Thus, the design of delivery carriers for
nucleic acids can benefit from anionic polysaccharides to achieve non-cationic feature and
reduce the material toxicity. With suitable polysaccharide selection, using polysaccharide as
the shield layer also improves the targeting capability of the delivery system.

Nucleic acids themselves can shield cationic moieties through electrostatic interaction to
reduce the cytotoxicity of delivery carries. In a gold nanoparticle (AuNP)-based siRNA
delivery system, ljiro and coworkers coated siRNA onto the surface of (16-
mercaptohexadecyl)trimethylammonium bromide (MTAB)-stabilized cationic AuNPs.[27]
After coating with siRNA, the surface charge of AuNPs was converted from positive to
negative, ensuring high biocompatibility of the delivery system. With the help of an
amphiphilic ligand anchored on the siRNA-coated AuNPs, these AuNPs efficiently entered
HelLa cells and achieved gene specific knockdown. Gene specific knockdown mediated by
siRNA is a commonly practiced assay to evaluate the efficiency of a nucleic acid delivery
system. The siRNA of interest has two strands: a sense strand and an antisense strand. The
antisense strand is designed to be complementary to the mRNA that is transcribed by the
target gene. When siRNA enters the cytosol, with the help of Argonaute proteins, the target
MRNA is recognized by the antisense strand and subsequently cleaved, causing the
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knockdown of the target gene expression. This is the RNA interference process as mentioned
before.[28] RNAI is one of the most commonly used and successful technique for gene
regulation. Recently, the first RNAi-based therapeutic has been approved by the US Food
and Drug Administration (FDA) for hereditary ATTR amyloidosis treatment.[2°]

Metal ion-induced coordination

Metal ions including Mg2*, Ca?*, and Zn2* can be utilized to form a coordination network
between nucleic acid and delivery vehicles. These metal ions simultaneously interact with
the phosphate backbone of nucleic acids and the coordination site on the delivery vehicle,
forming a nucleic acid-containing complex. Upon the formation of the tri-component
complexes, the metal cations are expected to be embedded inside the complex, with either
the nucleic acid or the delivery vehicles exposed on the outside. The variation of such metal
cation-induced coordination design lies in the choice of coordination site on the delivery
vehicle. In an recent example, the high affinity between Zinc(I1)-dipicolylamine (DPA) and
phosphate derivatives3%] was utilized to design polymeric vehicles for pDNA delivery
(Figure 3a).[31 Zinc(11)-DPA derivative was decorated on the polymeric side chain and
utilized to complex with pDNA. The metal coordination-induced complexes showed
negligible cytotoxicity, while PEI at the same dosage resulted in more than 60% cell death.
This non-cationic formulation achieved comparable transfection efficiency comparing to
Lipofectamine 2000 and PEI. Note that since these non-cationic complexes do not interact as
strongly as cationic materials to serum proteins, the non-cationic complexes achieved better
transfection efficiency than Lipofectamine 2000 and PEI in high fetal bovine serum
environment (> 10%). The interaction between Zinc(11)-DPA derivatives and nucleic acids
has also been applied to develop non-cationic delivery materials for nucleic acids, including
lipid-based[32] and hyaluronic acid-based[33] materials.

Metal ion coordination also facilitates amine-free anionic materials for nucleic acid delivery.
Calcium ion has been used as a bridge between the phosphate group on nucleic acids and
negatively charged delivery vehicles,[3°] forming non-cationic materials for nucleic acid
delivery. For instance, silica nanoparticles (SiNPs) can be synthesized as an anionic form,
displaying silicate groups on the surface. Using CaCl, as the source of calcium ions, SIRNA
was coated on the surface of SiNPs through the interaction with the Ca2* ions that
immobilized on the SiNP surface (Figure 3b).[34] Before coating with siRNA, negatively
charged SiNPs and CaZ*-immobilized SiNPs demonstrated higher biocompatibility than
PEI-coated SiNPs and primary amine-coated SiNPs. The siRNA-Ca2*-SiNP complexes
successfully delivered siRNA into cells and accomplished gene specific knockdown.
Moreover, the mesoporous feature of these silica nanoparticles allows the loading of small
molecule drugs inside the non-cationic complexes, enabling a co-delivery platform for
siRNA and small molecules. Similarly, Burgess and coworkers reported that anionic
liposomes based on 1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) (DOPG) were
complexed with siRNA through their interactions with CaZ* ions.[3¢] The non-cationic
formulation achieved more efficient gene silencing than Lipofectamine 2000 at low lipid
concentrations (< 0.5 pg-mL™1 lipid), as well as showing high cell viability (~100%) when
the lipid concentration reaches 32 ug-mL~1. Meanwhile, the Lipofectamine 2000-based
cationic formulation had an ICs value of 22.9 ug-mL ™1, denoting 50% cell viability at this

Adv Ther (Weinh). Author manuscript; available in PMC 2021 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiang and Thayumanavan Page 6

concentration. The safe range of Ca?* dosage was also confirmed to be within 4.8 mM,
indicating the biocompatibility of such non-cationic formulations at a wide range of dosage.

2.3. Entrapping with crosslinked polymers

One ideal non-cationic material design for nucleic acid complexation is to eliminate the
existence of cationic moieties in the final formulation. For example, Lopez-Berestein and
coworkers successfully utilized neutral lipid-based liposomes for nucleic acid delivery.[37]
These neutral lipids are zwitterionic phosphocholine derivatives, with a positively charged
quaternary amine group and a negatively charged phosphate group displayed on the same
molecule. Although the interaction between neutral lipids and nucleic acids were not clearly
mentioned, it is reasonable to believe that quaternary amine group may have played a role in
the interaction with the phosphate backbone of nucleic acids. Meanwhile, more options are
available to result in platforms without cationic moieties in the final delivery formulation.

Crosslinked polymeric materials[38] present a covalently connected network to physically
entrap nucleic acids, rather than complexing nucleic acids via electrostatic interaction. The
versatile functionality on polymers allows a palette of methods to develop crosslinked
polymers. Among several crosslinking methodologies,[3% disulfide crosslinking is a
favorable option for intracellular therapeutic delivery.[40] Glutathione (GSH) is a cysteine-
containing tripeptide that is highly involved in the intracellular redox regulation processes.
[41] Because of the intracellular abundance (2~10 mM) of GSH comparing to the
extracellular environment (2~20 uM),[42] cleavage of disulfide bonds within delivery
vehicles can be refined within the cytosol, ensuring the intracellular release of cargos. For
example, Park and coworkers developed thiol-functionalized HA derivative for sSiRNA
delivery.[43] The non-cationic platform was carried out through a water-in-oil emulsion
approach, where the HA-thiol derivatives and siRNA cargos were confined within the water
droplet. The thiols conjugated on HA were crosslinked upon ultrasound treatment, forming
disulfide crosslinks to trap siRNA cargos. As expected, the HA-based anionic delivery
vehicles did not exhibit detectable cytotoxicity while PEI and PLL showed high cytotoxicity.
Successful knockdown of transiently expressed green fluorescence protein (GFP) was
achieved by the HA-based system. Note that the water-in-oil emulsion approach requires
water-immiscible organic solvents and surfactants. These organic solvents and surfactants
need to be carefully washed away to prevent their side effects on cell-based assays.

Crosslinked polymer for nucleic acid entrapment and delivery was also conducted
completely in agueous solutions, without involving organic solvents and surfactants. Very
recently, Thayumanavan and coworkers designed a two-step approach to formulate non-
cationic RNA-polymer complexes for RNA delivery (Figure 4).[44] The design starts with
the complexation between cationic polymers and RNA to form RNA-polymer
polyelectrolytes. The positive charge was contributed by the A-methylated pyridyl disulfide
derivative on the polymer side chains. Next, dithiothreitol (DTT) was added into the
polyelectrolytes to remove the cationic moieties, meanwhile crosslinking the polymers to
lock the RNA molecules within the crosslinked complexes. Removing positive charge from
the formulation has significantly reduced the cytotoxicity of the complex. The non-cationic
RNA-polymer complexes showed gene specific knockdown in preimplantation mouse
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embryos, confirming the RNA interference capability of these non-cationic RNA-polymer
complexes. Later, a post-functionalization approach was introduced to further develop this
method. After the formation of RNA-polymer polyelectrolytes, DTT was added to partially
crosslink the complex, followed by a post-PEGylation step using thiol-terminated PEG.[4%]
The post-functionalized RNA-containing complex was demonstrated to protect RNA from
enzymatic degradation. By varying the DTT dosage, the density of disulfide bonds within
the complex was controlled, allowing a tunable RNA release rate upon the GSH-triggered
cleavage of disulfide bonds. Moreover, these non-cationic complexes delivered siRNA into
human cervical cancer cells and specifically knocked down the targeted gene expression.

3. Conjugation with synthetic materials

Conjugating synthetic materials to nucleic acids requires structural modifications on nucleic
acids as the first step.[46] The structural variation is typically designed on the 3’- or 5°- end
of the nucleic acid strand, ensuring minimal interference on the overall activity of the
nucleic acid.[47] Synthetic materials are conjugated with nucleic acids to facilitate their entry
into cells. The choice of such synthetic materials includes small molecules, polymers, and
inorganic nanoparticles (as summarized below). To obtain non-cationic delivery platforms,
the conjugation approach does not require the involvement of electrostatic interaction, thus
circumventing the need of cationic materials to bind with nucleic acids. However, if the
biological process requires the participation of both exogenous nucleic acids and
intracellular enzymes (e.g. the Argonaute protein during RNAI), the steric effect of
conjugated materials must be carefully evaluated.

3.1. Small molecules

A majority of small molecule conjugation for nucleic acid delivery is based on lipophilic
molecules. Lipid conjugation is one of the most effective and well-developed methods for
nucleic acid delivery in non-cationic platforms.[48] Conjugation with lipids generally
enhances the cell membrane permeability of nucleic acids.[4%! Lipophilic molecules such as
cholesterol,[59] fatty acid derivatives,[1] and a-tocopheroll52] have been successfully
conjugated on siRNA, achieving RNA interference without the use of transfection reagent.
The absence of transfection reagents reduces the cytotoxicity concern of delivery vehicles,
while it also renders nucleic acids exposing to nucleases in biological fluids. Thus, the
stability of nucleic acids needs to be improved against enzymatic degradation before lipid
conjugation. One solution is to chemically modify the sugar, phosphate groups, or the entire
backbone of nucleic acids, reducing their nuclease susceptibility. The detailed chemistry for
such modifications has been summarized in previous review articles.[72 48. 53] Within these
modifications, peptide nucleic acids (PNAS) are representative materials with the original
sugar-phosphate backbone in nucleic acids replaced by N-2-aminoethylglycine repeating
units, offering enhanced stability and scalability for nucleic acid-based materials.[>4]

Nucleic acid modifications in combination with the lipid conjugation results in efficient non-
cationic systems for nucleic acid delivery. For example, Stoffel and coworkers developed a
library of lipid-conjugated siRNA for 7 vivo delivery (Figure 5a).[55] Before the lipid
conjugation, the siRNA were chemically modified with a partial phosphorothioate backbone
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and 2’-O-methyl sugar modifications on both strands, enhancing their resistance to
degradation by nuclease. The study showed that lipid-conjugation mediated efficient cellular
uptake of siRNA without the requirement of cationic materials. Moreover, upon tuning the
hydrophobic-hydrophilic balance of the conjugates, the incorporation of lipophilic
molecules into nucleic acids allows the formation of micellar structures, broadening their
applications in therapeutic delivery.[56]

Apart from lipids, conjugation of water-soluble small molecules also helps the delivery of
nucleic acids. One representative class of molecules is cell penetrating peptides (CPPs).[%8]
CPPs are typically positively charged due to the lysine and arginine residues, inherently
having the similar cytotoxicity concerns with cationic delivery vehicles. Alternatively,
conjugation of non-cationic small molecule ligands improves the cellular uptake of nucleic
acids. Recently, Manoharan and coworkers reported the conjugation of an N~
acetylgalactosamine (GalNAc) derivative with SiRNA to improve their delivery into
hepatocytes (Figure 5b).[57] GalNAc is a ligand that has high affinity towards the
asialoglycoprotein receptor (ASGPR), which is a highly expressed receptor on hepatocytes.
[59] A triantennary GalNAc ligand was synthesized and conjugated on the 3’-end of the
SiRNA sense strand. Note that the small molecule-conjugation is generally designed on the
sense strand. Minimal modifications on the antisense strand allows the antisense strand to
bind with Argonaute proteins without elevated steric interference, subsequently initiating the
RNA interference process. The GalNAc-conjugated siRNA resulted in significantly
enhanced cellular uptake in mouse hepatocytes than the unconjugated siRNA. Meanwhile,
cellular uptake of the GalNAc derivative-conjugated siRNA was almost diminished in
ASGPR-deficient cells, suggesting the effect of ligand-receptor binding on improving the
cellular uptake. From the /n vivo evaluation, the GalNAc-conjugated siRNA accumulation
and gene specific knockdown was observed in mouse liver, further confirming the targeting
capability that introduced by the conjugation.

Polymers

Conjugating nucleic acids with synthetic polymers improves the stability of nucleic acids by
hindering nucleic acids from nuclease degradation. The structure of synthetic polymers
needs to be rationally designed to improve the cellular uptake of nucleic acids. Meanwhile,
intracellular cleavage of nucleic acids from the polymer conjugates is also important to
initiate the upcoming biological process, avoiding the hinderance from polymers. In an
example from Maynard and coworkers, PEG was synthesized with a pyridyl disulfide unit at
the end of the polymer backbone, enabling their conjugation with thiol-modified sSiRNA
through thiol-disulfide exchange reaction.[6%] With the charge-neutral PEG conjugated on
the siRNA, the overall charge of the delivery platform is maintained as non-cationic. Later,
the PEG-siRNA conjugates demonstrated increased serum stability comparing to unmodified
siRNA.[%1] With significantly high biocompatibility presented, the PEG-siRNA conjugates
were capable of gene specific silencing. After further formulating the non-cationic
conjugates with a cationic peptide, a twofold increase in gene silencing efficiency was
observed.
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Likewise, block copolymers with both PEG and azide-functionalized block were conjugated
with a dibenzocyclooctyne (DBCO)-functionalized DNA strand. The conjugation was
initiated between the DBCO and azide group,[®2] a well-known click reaction pair.[83] The
resulted conjugates showed enhanced stability against enzymatic degradation and improved
cellular uptake efficiency. However, the triazole linkage formed between DBCO and azide
cannot be easily cleaved inside the cell. Thus, a disulfide-containing linker was developed to
ensure the release of nucleic acids from the nucleic acid-polymer conjugates after the click
reaction.[820] As mentioned in the previous section, the intracellular GSH is expected to
cleavage the disulfide linkage among the delivery vehicles. A largely improved gene specific
knockdown efficiency was observed within siRNA-polymer conjugates that formed with the
disulfide linkage, outperforming the uncleavable siRNA-polymer conjugates without
disulfide linkages (Figure 6a).

DNA-polymer conjugate can also be used as a protective scaffold for sSiRNA delivery. In a
recent report, a DBCO-terminated DNA strand was grafted on azide-decorated
polycaprolactone (PCL) to form DNA-PCL conjugates (Figure 6b).[64] Next, the conjugates
were complexed with siRNA via the nucleic acid hybridization between the DNA strand and
the pre-designed single-stranded overhang at both end of the siRNA. The complexation
embeds siRNA inside and provides a steric shield for siRNA against the degradation of
ribonuclease. The gene silencing result and antitumor activities showed that Lipofectamine
2000 is more efficient than such non-cationic platform, suggesting that improvement is still
needed for the material design to enhance the therapeutic efficacy.

Inorganic nanoparticles

Anchoring nucleic acids onto inorganic nanoparticles through metal-ligand interactions
boots the stability of nucleic acid-particle conjugates.[85] Take gold nanoparticles (AuNPs)
as an example, the Au-S interaction was analyzed to be a mixture of electrostatic (~65%)
and covalent (~35%) character.[%6] The partially covalent character of Au-S was utilized to
construct AUNP-based conjugates with thiolated small molecules and biomacromolecules.
[150] One representative class of materials is the nucleic acid-AuNP conjugates (Figure 7).
(671 In an example, Mirkin and coworkers started the material formulation from citrate-
stabilized AuNPs, followed by a conjugation step with thiol-modified oligonucleotides.[68]
The platform is ensured to be non-cationic because both the citrate-AuNPs and
oligonucleotides are negatively charged. These conjugated nucleic acids were antisense
oligonucleotides, a type of nucleic acid strand that is complementary to the target gene-
transcribed mRNA. Once entering the cytosol, the antisense strand will bind with target
MRNA and suppress the expression of the target gene, denoted as antisense therapy.
Comparing to the unmodified oligonucleotide counterparts, the oligonucleotides conjugated
on AuNPs demonstrated enhanced stability against enzymatic degradation, as well as higher
binding affinity constants with the complementary sequence. Such conjugation on spherical
nanoparticles lead to a spherically packed orientation of nucleic acids, decreasing the
accessibility of nucleases. Cellular uptake efficiency of these nucleic acid-conjugated
particles is correlated to the density of nucleic acids on each particle, as more efficient
delivery was observed with higher density. The design of nucleic acid-AuNP conjugate was
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also successfully applied with other type of inorganic nanoparticles (e.g. iron oxide),[69]
expanding the non-cationic platform toolkit for nucleic acid delivery.

4. Engineered nucleic acid-based structures

Engineered nucleic acid-based structures can be employed for nucleic acid delivery.[701 As
these materials are completely constructed by nucleic acids, their overall charge is going to
be guaranteed as anionic, inherently presenting less cytotoxicity than cationic materials.

4.1. Programmed nucleic acid structures

With specifically designed DNA/RNA sequences, based-pairing initiates the recognition and
hybridization of single-stranded ends on two or multiple nucleic acid pieces, resulting in the
self-assembly of nucleic acids.[”] Artificially programmed assemblies of nucleic acids
create a large library of DNA/RNA nanostructures for biomedical applications.l”2] Several of
these nucleic acid architectures feature enhanced stability in presence of serum than linear
nucleic acids.[73] Such stability advantage is presumably attributed to the densely packed
morphology of engineered nucleic acid structures, similar to the nucleic acid-inorganic
nanoparticle conjugates mentioned above.

One straightforward material design strategy is to incorporate nucleic acid cargos into
nucleic acid-based delivery vehicles. The unique base-pairing interaction among nucleic
acids allows the hybridization and complexation between vehicles and cargos. From an
example from Anderson and coworkers, they designed six DNA single strands with
complementary overhangs at the 3’ ends to self-assemble into a tetrahedron structure, with
double-stranded DNA formed on each edge (Figure 8).[741 Once the DNA assembly forms,
each edge has an overhang in the middle that is complementary to the overhang of cargo
siRNA strands, allowing six sSiRNA molecules anchored on each DNA tetrahedron. The
SiRNA cargo was later modified to conjugate with a folic acid derivative, improving the
cellular uptake and gene silencing efficiency of the complex. By varying the overhang
sequence of siRNA, the number and location of hybridized siRNA on the DNA tetrahedron,
consequently tuning the number and location of folic acid ligands. With such a precise
control on ligand decoration, the design notably revealed the threshold number and optimal
spatial orientation of targeting ligands for efficient nucleic acid delivery. The precise control
on nucleic acid sequence enables a tunable control on the size and morphology of
programmed nucleic acid structures, offering multiple design choices for nucleic acid-based
delivery vehicle.

4.2. Rolling circle amplification

Rolling circle amplification (RCA) is an amplification process of nucleic acid based on
circular DNA or RNA templates.[”5] Inspired by the rolling circle replication processes in
viruses and bacteria,[8] the RCA process produces long single-stranded nucleic acids with
periodic sequence, where each repeat unit is complementary to the template sequence. The
design of RCA process can also benefit from the strategies of programmed assembly,
resulting in folded scaffolds for therapeutic delivery applications.[’7] For example, initiated
with the RCA process, Sleiman and coworkers developed a nucleic acid-based nanotube
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structure.[78] With an improved nuclease resistance, these nanotubes were internalized by
cells more efficiently than regular double-stranded DNA.

Folding the long chain of RCA products creates substantial space for cargo encapsulation,
including small molecule drugs and proteins.[”%]1 Meanwhile, during the delivery process, the
RCA product itself can act as a functional nucleic acid.[8%] With a suitable cargo release
mechanism designed, a synergistic therapeutic effect can be achieved by these cargos. For
example, Gu and coworkers reported an RCA-based design for programmed delivery of
nucleic acid and protein (Figure 9).[811 The choice of nucleic acid and protein were selected
for cancer immunotherapy. In detail, the nucleic acid was produced by RCA process with
CpG sequence and enzyme-cleavable region encoded into the DNA template. The CpG
oligonucleotides within the nucleic acid act as potent immunostimulants by triggering Toll-
like receptor 9-expressing cells, inducing enhanced anti-cancer activities in several reported
cancer treatments.[82] The controlled release of CpG oligodeoxynucleotide (ODN) was
designed to be triggered by a caged enzyme that is liberated at inflammatory conditions.
Meanwhile, the folded nucleic acid functions as a delivery vehicle to load an antibody
against programmed cell death protein 1 (anti-PD-1). The natural ligand of PD-1 (PD-L1/2)
are highly expresses on multiple cancer cells.[83] These ligands interact with PD-1 on
immune cells to prevent immune system from eliminating cancer cells. As a result, the anti-
PD-1 antibodies are immune regulatory checkpoint inhibitors by recognizing PD-1 on
immune cells, blocking its interaction with PD-L1/2 on cancer cells. Therefore, RCA
product-based delivery of CpG oligonucleotides and anti-PD-1 antibodies boosts the
immune response against cancer cells.

4.3. Aptamer

Aptamers are single-stranded short nucleic acids or peptides with high affinity and
specificity towards targets.[34] Common targets of aptamers widely range from small
molecules to biomacromolecules. Nucleic acid-based aptamers are produced through a
selection process in test-tube known as SELEX (systematic evolution of ligands by
exponential enrichment).[83] Starting from a library of random nucleic acid sequences,
SELEX recognizes and specifically amplifies the nucleic acid that has high affinity with the
target molecule.

Incorporating aptamers into material design ideally will facilitate the delivery vehicles to
recognize target of interest (e.g. cell surface receptor proteins), improving the specificity of
nucleic acid delivery system. In an example, Sullenger and coworkers devised aptamer-
siRNA chimeric structures to mediate RNA interference without the need of transfection
reagent.[88] Within the chimeric nucleic acid structure (Figure 10), the aptamer was designed
to specifically bind with an over-expressing cell surface receptor on prostate cancer cells,
enabling cell type-specific SiRNA delivery. Meanwhile, the siRNA region was designed to
target at overexpressed survival genes, inducing cell apoptosis once being successfully
involved in the RNAI pathway. The low immunogenicity of aptamers and siRNA adds up
another advantage of the design for /n vivo applications.[87] For example, such a chimeric
design between aptamer and siRNA has also been used to develop liver fibrosis treatment.
[88] Moreover, double-stranded RNA can also be engineered and self-assembled into
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organized structures with enhanced stability.[89] Other than utilizing transfection reagents,
conjugating targeting ligands or recognition units for cell surface proteins may provide
options to improve the delivery efficiency of engineered nucleic acid structures. The
incorporation of small-molecule drugs[® or other synthetic materials such as lipids and
inorganic particles®l is also an option to improve the therapeutic efficacy of aptamer-based
delivery system.

5. Cellular uptake mechanism of non-cationic materials

Initiating the cellular internalization of non-cationic materials is not as straightforward as
cationic materials. Non-cationic materials lack electrostatic interaction with the cell
membrane as the driving force for their cellular internalization. Therefore, non-cationic
delivery systems may be limited due to low cellular internalization. Understanding the
cellular uptake mechanism will provide insights of how materials design affects the cellular
uptake, and how to potentially improve the efficiency of non-cationic delivery systems. To
elucidate the cellular uptake mechanism of new materials, the most common approach is the
pharmacological approach. The pharmacological approach employs specific inhibitors for
representative endocytic pathways.[93] Upon the treatment of inhibitor, the cellular uptake of
delivery system is evaluated. Subsequently, the cellular uptake pathway is indicated based on
the level of effect from different inhibitors. Next, it is ideal to consolidate the conclusion
from the pharmacological approach with the genetic approach. The genetic approach refers
to mutating or modulating the expression of a protein that is specifically involved in the
pathway of interest, or a protein that is considered as the target of the pharmacological
inhibitor.[94] Meanwhile, the protein should be selected with one that causes minimal
interference on other pathways. Finally, referencing the results from two approaches will
help rule out the results that caused by the off-target effect of inhibitors.[95]

Three major cellular uptake pathways are regularly investigated for materials less than 500
nm in size: macropinocytosis, clathrin-mediated endocytosis, and caveolae-mediated
endocytosis.[%] Briefly, macropinocytosis describes an actin-driven non-selective process
for cells to internalize extracellular fluid and its contents.[97] Clathrin-mediated endocytosis
contains a key step in which clathrin proteins are coated on endocytic pits, with a series of
proteins involved in the process.[%8] As a clathrin-independent process, caveolae-mediated
endocytosis is dependent on the cholesterol- and sphingolipid-rich fractions on cell
membrane.[%9] Since caveolae-mediated endocytosis shares similar signatures with lipid raft-
mediate endocytosis, it can also be referred as caveolae/lipid raft-dependent endocytosis.
[100] For materials with large size (= 500 nm), their engulfment by the cell membrane is
defined as phagocytosis,[191] a process that generally happens in phagocytes such as
neutrophils, monocytes and macrophages.[202] Commonly used pharmacological inhibitors
for these endocytic pathways are summarized in previously published articles.[103] The
cellular uptake evaluation of materials uptake upon the treatment of pharmacological
inhibitors has been frequently employed to study the process of therapeutic materials.

Reflected from different systems (Table 1), the non-cationic nucleic acid delivery materials
are majorly internalized by cells through clathrin-mediated and caveolae-mediated
endocytosis, while macropinocytosis was not as significantly involved. Combining with the

Adv Ther (Weinh). Author manuscript; available in PMC 2021 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiang and Thayumanavan Page 13

results from non-cationic nanomaterials in which nucleic acid is not involved,[104] the
general resemblance is that the cholesterol within the cell membrane plays an important role
in the cellular uptake of non-cationic materials. When cells were treated with methyl-g-
cyclodextrin, a cholesterol-depletion reagent,[19] the cellular uptake of several non-cationic
nucleic acid systems was effectively downregulated.

Since cholesterol has a relevant role in cell membrane fluidity and permeability,[111] one
method to potentially improve the cellular uptake efficiency of non-cationic systems is to
incorporate moieties with lipid affinity. For example, previous studies have reported
therapeutic delivery systems with fusogenic feature.[112] While being internalized by cells,
delivery vehicles with such feature will fuse with the cell membrane and efficiently deliver
the cargos into the cytosol. From the material design perspective, the fusogenic feature can
be tuned by using lipophilic molecules,[213] peptides,[114] or proteins (e.g. SNARE proteins,
[115] Sendai virus accessory proteins[116l). Meanwhile, decorating delivery systems with
known ligands (Table 2) towards cell surface receptors is also an effective method to
improve the cellular uptake of non-cationic materials.

Unlike the membrane fusion process, a majority of therapeutic delivery systems face the
barrier of endosomal entrapment during their cellular internalization, limiting the delivery
efficiency of therapeutics.[118] The fate of entrapped delivery vehicles and cargos is either
degradation within endosomes/lysosomes or exocytosis. Therefore, sufficient endosomal
escape will possibly reduce the required dosage for realizing the desired therapeutic effect of
a delivery system. Strategies to initiate the endosomal escape of delivery systems are mainly
focused on the disruption of endosomal membrane, releasing the cargos after endosomal
rupture. Detailed strategies are summarized in previous review articles.[1191 One
representative hypothesis for endosomal escape is the proton sponge effect.[120] After
entering the acidifying environment of endosomes/lysosomes, materials with amine groups
are able to sequester endosomal protons and slow down the pH drop. As a result, increased
protons are pumped into the endosomes by cells to reach the target pH, resulting in an
increased influx of counterions (e.g. CI7) into endosomes. The ion influx elevates the
osmotic pressure within endosomes and consequently ruptures the endosomal membrane
rupture, eventually leading to the endosomal escape of the delivery system. However, the
hypothesis of proton sponge effect is debated in recent reports.[121] Currently, methods for
efficient endosomal escape are still needed in therapeutic delivery systems, and such need is
not limited to non-cationic material design.

6. Clinical relevance of non-cationic delivery carriers

So far, we have summarized multiple non-cationic materials design for nucleic acid delivery
(Table 3). Several of these materials (not limited to non-cationic platforms) have been
involved in preclinical and clinical trials,[*24] including hyaluronic acids,[125] aptamers,[126]
lipid-based,[127] and GalNAc-decorated nucleic acid therapeutics.[128] For non-cationic
carriers, the pursuit for clinical trials is still in its early stage, specifically regarding nucleic
acid delivery.[129] Readers are referred to the above references for detailed information.
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7. Conclusions and outlook

Non-cationic systems for nucleic acid delivery present materials with less cytotoxicity
concerns than cationic materials, primarily due to the reduced interference of non-cationic
materials on cell membrane integrity. Meanwhile, the absence of net positive charge is
inherently compromising the material-cell interaction that contributed by electrostatic
interaction, therefore reducing the cellular internalization of the delivery system.
Considering that the majority of synthetic platforms for nucleic acid delivery are based on
cationic materials, one possible solution is to formulate the delivery vehicle with a
“cocktail” approach, incorporating non-cationic components into a cationic delivery
platform.[230] Other than modulating the material toxicity, combination of components also
provides variables in the efficacy, stability, and circulation time of the delivery system.
Synthetic materials that are not commonly used for nucleic acid delivery may also contribute
with their unique mechanical and biologically relevant properties.[!31] From translational
perspective, several aspects need to be explored to further understand the non-cationic
delivery systems. First, apart from reduced cytotoxicity, the effect of non-cationic systems
on immune systems is not well understood. Recent literatures have revealed the immune
response against polyethylene glycol derivatives from animal studies,[132] suggesting that
potential complications could arise from the immunological standpoint. Second, the
efficiency of the delivery system can benefit from improved targeting capability. The
incorporation of antibodies have demonstrated promising results to target the delivery of
SiRNA at diseased cells.[133] Last, in vivo evaluation of non-cationic formulations is
certainly required regarding their pharmacokinetics, carcinogenesis, genotoxicity, and
efficacy. While non-cationic synthetic materials for nucleic acid is a comparatively less
explored area, in-depth understanding of their cellular uptake and improved delivery
efficiency will advance their development, eventually providing prominent tools for nucleic
acid delivery.
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Figure 1.

Schematic illustration of poly(ethylene glycol) shielding cationic moieties. (a) The poly(L-
lysine) block was partially thiolated, initiating the complexation with plasmid DNA via
electrostatic interaction as well as crosslinking the complex with disulfide linkage. PEG- 6
PLL, poly(ethylene glycol)-poly(L-lysine) block copolymers. Adapted with permission.[21]
Copyright 2004, American Chemical Society. (b) Hydrophobic anticancer drug was used to
electrostatically complex with siRNA, followed by an encapsulation step using PEG-4-PLA
block copolymers. PEG-6-PLA, poly(ethylene glycol)-polylactide block copolymers.
Adapted with permission.[22] Copyright 2019, American Chemical Society.
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Figure 2.
Schematic illustration of plasmid DNA-cationic polypeptide polyelectrolytes with

hyaluronic acid (HA) coating. Cellular uptake process of HA-coated complexes: (a) Binding
with cell surface CD44 receptor; (b~c) Endocytosis; (d) Disruption of endosomal membrane
by cationic polypeptide and subsequent release of content. Adapted with permission.[26]
Copyright 2016, American Chemical Society.
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Figure 3.
(a) Complexation between plasmid DNA and dipicolylamine-containing polymer through

Zn(11) coordination. DPA, dipicolylamine. Adapted with permission.[31] Copyright 2018,
American Chemical Society. (b) Complexation between siRNA and anionic mesoporous
silica nanoparticle through their interaction with Ca2* ion. MSN, mesoporous silica
nanoparticle. Adapted with permission.[341 Copyright 2019, Elsevier Ltd.
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Figure 4.
Scheme of non-cationic crosslinked polymer for RNA complexation. DTT, dithiothreitol.

Adapted with permission.[44] Copyright 2019, American Chemical Society.
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Figureb.
Small molecule modifications are generally designed on the 3’-end of the siRNA sense

strand. (a) Molecular design of representative lipid-conjugated siRNAs. Adapted with
permission.[>5] Copyright 2007, Springer Nature. (b) Schematic illustration of triantennary
N-acetylgalactosamine-conjugated siRNA. GalNAc, N-acetylgalactosamine. Adapted with
permission.[>7] Copyright 2014, American Chemical Society.
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Figure®6.

Polymer-conjugated nucleic acid via the click reaction between dibenzocyclooctyne
(DBCO) and azide. (a) Conjugation between DBCO-functionalized RNA and azide-
containing block copolymer. Adapted with permission.[8201 Copyright 2019, American
Association for the Advancement of Science. (b) Formulation process of the hybridized
complex between siRNA and DNA-grafted-polycaprolactone (PCL) (DNA-g-PCL). Before
the hybridization step, DBCO-functionalized DNA was first conjugated with azide-
decorated PCL. Adapted with permission.[64] Copyright 2018, Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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Figure7.
Synthesis of nucleic acid-gold nanoparticle conjugates. Adapted with permission.[67a]

Copyright 2012, American Chemical Society.
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(a) One-step self-assembly of oligonucleotide nanoparticles. Six single-stranded DNA
altogether self-assemble into tetrahedral structure. Arrowhead stands for the 5’-end of each
DNA strand, with each color corresponding to one of the six edges of the tetrahedron.
Meanwhile, the design allows site-specific hybridization of sSiRNA to the tetrahedron edge.
(b) Atomic force microscopy image of the tetrahedral oligonucleotide nanoparticles. (c)
Folic acid (FA) density on the oligonucleotide nanoparticle affects the GFP gene silencing
efficiency of the particle. LF, Lipofectamine RNAIMAX formulated with siGFP (siRNA of
GFP). 0, 1, 2, 3, or 6 FA represent oligonucleotide nanoparticles with same siGFP
concentration and varied number of folic acid. *~< 0.003, **P < 0.001 compared with
control (siGFP only). NS, not significant. Adapted with permission.[74] Copyright 2012,
Springer Nature.
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Figure.
Schematic illustration of rolling circle amplification-assisted DNA assembly for CpG

oligodeoxynucleotide (CpG ODN) and anti-PD-1 antibody (aPD1) delivery. (a) CpG-
sequence containing DNA assembly was loaded with aPD1 and caged restriction enzyme.
Under inflammation condition, proteolytic enzyme degrades triglycerol monostearate
(TGMS) and releases the restriction enzyme, triggering the fragmentation of DNA assembly.
As aresult, CpG ODN and aPD1 are released at the inflammation site. (b) With aPD1 for
PD 1 blockade, released CpG ODN activates dendritic cells (DCs) to drive T cell response,
enhancing the immune response against cancer cells. Adapted with permission.[8]
Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 10.
Schematic representation of aptamer-siRNA chimeric structure. Reproduced with

permission.[92] Copyright 2011, American Association for the Advancement of Science.
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Figure 11.
(a) Schematic comparison between membrane fusion and endocytosis using liposomes as the

delivery vehicle. Adapted with permission.[122] Copyright 2011, American Chemical
Society. (b) Confocal microscopy images of siRNA delivery via membrane fusion process.
After the delivery, Cy5-labeled siRNAs are homogenously distributed in the cytosol of most
cells. The scale bar represents 20 um. Adapted with permission.[123] Copyright 2018,
Elsevier Ltd. (c) Confocal microscopy images of the cellular internalization of DNA via
endocytosis. When Cy3-labeled DNA overlaps with the Lysotracker Green (a fluorescent
stain for cellular lysosomes), it is denoted in yellow and represents the endosomal
entrapment of DNA. The scale bars represent 10 pm Adapted with permission.[110]
Copyright 2015, American Chemical Society.
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Table 1.

Summary of endocytic pathways in different non-cationic nucleic acid delivery systems.

Page 33

Clathrin-mediated

Caveolae-mediated

Materials Macropinocytosis endocytosis endocytosis Reference
Polyethylene glycol-coated siRNA - + + [22]
Hyaluronic acid-coated plasmid DNA - + + [26]
Polymer-Zn(l1)-plasmid complex + - + [31]
Zn(11)-DNA complex - + + [106]
Anionic lipid-Ca(Il)-siRNA complex + - - [107]
RNA-polymer complex - - + [45]
Polyethylene glycol-DNA conjugate - + + [108]
Self-assembled DNA nanostructure - + - [109]
Rolling circle amplification product (DNA) + + - [79]
Rolling circle amplification product (DNA) - + + [110]
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Table 2.

Cell surface protein receptors involved in the uptake of non-cationic nucleic acid delivery systems.

Materials Specific receptor (s) Reference

Hyaluronic acid-siRNA complex (23]
Hyaluronic acid-Zn(11)-siRNA complex CD44 receptor [33]
Hyaluronic acid-crosslinked complex [43]

. . Lipoprotein receptors [55]
Lipid-siRNA conjugate (including Scavenger receptor class B, type 1)
N-Acetylgalactosamine-siRNA conjugate Asialoglycoprotein receptor [57]
Gold nanoparticle-DNA conjugate Scavenger receptors [117]
DNA tetrahedron-folic acid conjugate Folate receptor [74]
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Table 3.

Summary of non-cationic materials design for nucleic acids in the Progress Report.

Category Sub-category

Shielding cationic moieties of synthetic materials (polymer, inorganic nanoparticle)

Complexation with synthetic materials Metal-ion induced coordination (polymer, lipid, inorganic nanoparticle)

Entrapping nucleic acids with crosslinked polymer

Small molecule (Lipid-, sugar- derivatives)

Conjugation with synthetic materials Polymer

Inorganic nanoparticle

Programmed nucleic acid structure
Engineered nucleic acid-based structures  Rolling-circle amplification product

Aptamer
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