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RNA interference (RNAi) technology has become a powerful tool in application of
unraveling the mechanism of disease and may hold the potential to be developed for
clinical uses. Small interfering RNA (siRNA) can bind to target mRNA with high specificity
and efficacy and thus inhibit the expression of related protein for the purpose of treatment
of diseases. The major challenge for RNAi application is how to improve its stability and
bioactivity and therefore deliver therapeutic agents to the target sites with high efficiency
and accuracy. PEGylated lipid-based delivery system has been widely used for
development of various medicines due to its long circulating half-life time, low toxicity,
biocompatibility, and easiness to be scaled up. The PEGylated lipid-based delivery system
may also provide platform for targeting delivery of nucleic acids, and some of the research
works have moved to the phases for clinical trials. In this review, we introduced the
mechanism, major challenges, and strategies to overcome technical barriers of PEGylated
lipid-based delivery systems for advanced target delivery of siRNA in vivo. We also
summarized recent advance of PEGylated lipid-based siRNA delivery systems and
included some successful research works in this field.
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INTRODUCTION

Since antisense oligonucleotides (ASOs) have proven to be efficient drugs for treatment of certain
diseases by complementary base pairing to target mRNA to inhibit protein expression or splicing
pre-mRNA to mature mRNA (Stephenson and Zamecnik, 1978; Altman, 2012), till now, some of the
oligonucleotide drugs were approved for clinical uses, such as Vitravene (fomivirsen) for the
treatment of cytomegalovirus retinitis and Kynamro (mipomersen) for the treatment of familial
hypercholesterolemia, and the results are encouraging (Swayze, 2010; Castanotto, 2017; Geary,
2017). Small interfering RNA (siRNA), which is consisted of 21–23 nucleotides, has emerged as a
powerful tool either in fundamental research or potential medicines for clinical uses in recent
decades (Wittrup and Lieberman, 2015). These oligonucleotides may target mRNA with high
specificity and induce degradation of the targeted mRNA to regulate the expression of related protein
by RNA interfering (Reynolds et al., 2004; Bruno, 2012; Wittrup and Lieberman, 2015). However,
these oligonucleotides are unstable and easy to be cleared when exposed to body fluid after
administration, and also, the efficacy and accuracy of delivering siRNA to target site is another
challenge for its application. How to overcome these drawbacks and barriers is still challenging (Ho
et al., 2016). Lipid-based delivery system plays an important role in drug developing and may

Edited by:
Ke-Vin Chang,

National Taiwan University Hospital,
Taiwan

Reviewed by:
Baolin Guo,

Xi’an Jiaotong University, China
Zhenjun Yang,

Peking University, China
Bruno MDC Godinho,

University of Massachusetts Medical
School, United States

*Correspondence:
Bo Zhao

bozhao@sjtu.edu.cn
Weien Yuan

yuanweien@sjtu.edu.cn

Specialty section:
This article was submitted to
Translational Pharmacology,

a section of the journal
Frontiers in Pharmacology

Received: 24 August 2020
Accepted: 09 December 2020
Published: 20 January 2021

Citation:
Ge X, Chen L, Zhao B and Yuan W
(2021) Rationale and Application of
PEGylated Lipid-Based System for
Advanced Target Delivery of siRNA.

Front. Pharmacol. 11:598175.
doi: 10.3389/fphar.2020.598175

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 5981751

REVIEW
published: 20 January 2021

doi: 10.3389/fphar.2020.598175

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2020.598175&domain=pdf&date_stamp=2021-01-20
https://www.frontiersin.org/articles/10.3389/fphar.2020.598175/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.598175/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.598175/full
http://creativecommons.org/licenses/by/4.0/
mailto:bozhao@sjtu.edu.cn
mailto:yuanweien@sjtu.edu.cn
https://doi.org/10.3389/fphar.2020.598175
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2020.598175


encapsulate siRNA and offer a feasibility to help siRNA to reach
the desired targets. ONPATTRO™ (patisiran) has been approved
by the United States Food and Drug Administration (FDA) as the
first RNAi-based drug to be used clinically in 2018. More siRNA
candidates are now in clinical trials (Hu et al., 2019; Jayesh et al.,
2019; Leung et al., 2019).

Due to the nature of these bio-molecules and obstacles existing
in the delivery pathways, efficient delivery system is needed to
help these therapeutic agents to reach the target sites safely and
accurately (Raye et al., 2018). Many strategies were developed for
siRNAs delivery such as viral vectors, physical methods
(hydrodynamic injection, particle bombardment, and
electroporation), chemical methods, and polymer- or lipid-
based delivery systems (Liu et al., 1999; Davis, 2007; Patil and
Panyam, 2009). Lipid-based delivery system has proven to be
effective in delivering various kinds of drugs such as chemical
drugs, proteins, and oligonucleotides. It holds the advantages of
good biocompatibility, low toxicity, and easiness to be modified
by chemical reaction to immobilize functional components.
These nanoparticles are easy to be scaled up and used.
However, liposomes without further modification were easy to
be captured nonspecifically such as the reticuloendothelial system
(RES) after administration. Some lipid-based delivery systems for
siRNA involve in usage of cationic lipids, which may help with

cell up-taking and endosome escaping efficiency; these
nanoparticles can be attached to negatively charged cell
membrane surface and thus induce nonspecific absorption
(Bouxsein et al., 2007; Fitzgerald et al., 2019; Huang and Fish,
2019). In recent years, a variety of lipid-based nanoparticles were
developed to enhance the delivery efficiency of siRNA (Thi et al.,
2014; Li et al., 2020). To address this issue, PEGylation was widely
used to increase the circulation time and efficiency in vivo. In
previous work, the PEGylation on the surface of liposome for
siRNA was well introduced to illustrate the effects in different
kinds of liposomes (Yuen et al., 2013; Xia et al., 2015). It has
proven that conjugation of PEG on the surface of liposomes could
enhance the half-life time due to their sterical stabilization, which
could contribute to the van der Waals interactions between the
protein/lipid bilayer surface or steric repulsion of PEG polymer
layer. It could avoid nonselective adhesion, maximization of
selective uptake by conjugation of specific ligand. In this work,
we summarize the mechanism and delivery pathway of siRNA,
barriers of siRNA target delivery, rationale design of lipid-based
nanoparticles, and challenge and solution in siRNA delivery,
which were associated with PEGylation.

MECHANISM OF SIRNA

Mechanisms of RNA interference pathway begin with the
processing of double-stranded RNA (dsRNA) into short RNA
duplexes as shown in Figure 1. siRNA was derived from longer
precursor RNA, which may be processed in the cytoplasm by one
of the RNase III named Dicer with R2D2 dsRNA binding protein.
With this process, the siRNA molecules are introduced into the
RNA-induced silencing complex (RISC), the endonuclease
Argonaute-2 cuts the sense strand to produce reactive RISC
which contains antisense strand RNA. RISC complementarily
binds to target mRNA to induce the cleavage and inhibit the
expression of related protein. The formed siRNA-loaded RISC
could be recycled for several rounds in mRNA recognition,
mRNA cleavage, as shown in Figure 1 (Reynolds et al., 2004;
Miyagishi and Taira, 2005; Wolfrum et al., 2007). siRNA is not
easy to be delivered into target cells after administration due to
poor stability both in vitro and in vivo, larger molecular size, and
negative charges; these factors limit siRNA to be used for clinical
treatments. The development of efficient delivery system is the
keypoint for the successful application of siRNA (Akashi et al.,
2005; Abreu-Goodger et al., 2008; Dominska and Dykxhoorn,
2010).

DELIVERY PATHWAYS OF SIRNA BASED
ON LIPID

siRNA is unstable and easy to be cleared during the in vivo
circulation. It is reported that naked siRNA is subject to
degradation and the half-life is no more than 5 min in plasma
(Layzer et al., 2004). It has demonstrated that modification of
siRNA with lipid could improve plasma bioavailability. The
lipophilic molecules were conjugated to chemically modified

FIGURE 1 | Mechanism of siRNA in silencing target gene. Precursor
RNA was combined with Dice R2D2 binding protein to produce siRNA and
introduced into RISC. The active RISC containing antisense strand RNA
cleavages the target mRNA to induce the silencing effect with several
rounds of this action (Dominska and Dykxhoorn, 2010).
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siRNA targeting apolipoprotein B (apoB). The lipophile-
conjugated siRNA could bind to lipoprotein particles
efficiently to promote intracellular uptake. These conjugates
are stable in both human and mouse serum for over 48 h. The
fatty-acid conjugates with a longer, saturated, alkyl chain could
significantly lower apoB mRNA level(Wolfrum et al., 2007). The
gene silencing activity of lipophilic siRNAs was reported to also
affect by the length of the linker between siRNA and lipophilic
group (Petrova et al., 2012). The conjugation of lipid to siRNA
could provide a promising way for its therapeutic applications
(Kubo et al., 2013). Lipid-based system attracts much attention
to improve the stability of siRNA since the discovery of RNAi
technology and quite a lot of commercial lipid transfect reagents
were developed for research work (Felgner, 1991; Hamby, 1995;
Dalby et al., 2004). To achieve the efficient delivery of these
therapeutic siRNAs to the targeted cells, the delivery pathways of
the nanoparticles should be taken into consideration. Although
some siRNAs are injected locally, such as age-related macular
degeneration (AMD) treatment, most of these therapeutic agents
need to be administrated systematically to circulate and reach the
target cells (Fattal and Bochot, 2006; Nguyen et al., 2008;Whitehead
et al., 2009; Yang et al., 2013). PEGylation of lipid-based
nanoparticles is effective to help these vectors for high efficacy.

For efficient silencing effect of target mRNA, sufficient siRNA
needs to be delivered to the cytoplasm of the target cells; this is
different from plasmid which needs to be delivered to the nucleus.
The nanoparticles should meet the requirement when exposing to
the complicated in vivo environment, a series of delivery obstacles
should also need to be conquered to reach the target site (as
shown in Figure 2): firstly, the nano vector should be stable
enough before use and have the ability to shield from nonspecific
uptake of reticuloendothelial system. These nanoparticles should
have long half-life time and could recognize the disease cells with

high specificity when approaching the target site, which may
enable them to be taken in by these cells (Nguyen et al., 2008;
Whitehead et al., 2009). Secondly, these nanoparticles should be
easy to escape from the endosome (or by other biological
pathways) and to release enough siRNA into the cytoplasm.
Also, the released siRNAs should be combined with Dicer
enzyme to form RISC and cleave the target mRNA to induce
the desired silencing efficiency. These nanoparticles should have
low toxicity and immunogenicity to the human body for further
clinical applications (Fattal and Bochot, 2006; Yang et al., 2013).
Till now, the difficulty of siRNA delivery is that these
oligonucleotides need to be rationally and precisely designed
to conquer quite a lot of challenges along their delivery
pathway as described in the above research work for their
application. PEGylation could offer a mechanism to shield
from nonspecific uptake, conjugating various types of targeting
ligands due to the easiness of PEG functionalize as well as provide
sterical stability of lipid-based nanoparticles. Thus, how to utilize
these advantages of PEG is very critical for rational design of the
lipid-based nanoparticle for desired behavior after administrated.

DIFFERENT TYPES OF PEGYLATED
LIPID-BASED NANOPARTICLES

To achieve efficient delivery of siRNA to the cytoplasm, various
types of lipid-based nanoparticles were designed in recent
decades and some of them had led to clinical trials
(Whitehead et al., 2009; Semple et al., 2010; Kotelianski et al.,
2016). In this review, several kinds of lipid (most of them were
cationic lipid)-based delivery vesicle which also involved in
modification of PEG were introduced in this study; some
structures of lipid-based nanoparticle are as shown in Figure 3.

FIGURE 2 |Main biological delivery pathway of siRNA. siRNAs can be encapsulated into nanosize particles with desired sizes to avoid renal clearance as well as
reach the target tissues. It should be easy to prepare. The nanoparticle should be strong enough to avoid association and protect siRNA from degradation; before
reaching the cytoplasm, it should also offer the mechanism to escape from endosome and facilitate sufficient releasing of siRNA after uptake.
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Lipoplex
The PEG modified liposome and nucleic acid complex can be
formed by electrostatic interaction of anionic nucleic acids with
cationic liposomes by simply mixing cationic lipid bilayers and
siRNA at expected ratios as shown in Figure 3A (Zhang et al., 2005;
Huang, 2009). Lipoplex is easy to be formulated and can transfect
genes in cultured cells. However, the PEG on the surface of
nanoparticle may hinder the endosome escaping in vivo and the
fraction of PEG coupled on the surface of the lipid-based
nanoparticles was limited to maintain their physical stability
(Huang, 2009). Also, the extra positive charges of the surface of

the lipoplex could be shielded by PEG, rather than neutralized, is
still a concern for systematic delivery of these nucleic acids (Sakurai
et al., 2007; Muñoz-Úbeda et al., 2012; Kumar et al., 2015). Most of
these commercial products such as lipofectamine were only applied
in vitro in gene delivery studies (Lee et al., 2012).

Lipopolyplex
Liposome-polycation-DNA (LPD) formed nanoparticles, which
contain a highly condensed DNA core of polycation and then
encapsulated DNA/polycation cores with lipids around its
surface. This formulation process is shown in Figure 3B;

FIGURE 3 | The structure of (A) lipoplex and SNALP, (B) LPD, and (C) LCP, and formulation process of (B) lipopolyplex and (C) LCPⅡ (Xia et al., 2015) (Kumar et al.,
2015).
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siRNA and cationic polymer/or peptide were mixed and
condensed to nanoparticles. Cationic lipids were then added to
form shell of the LPD nanoparticles. The PEG was incorporated
into the liposome to increase its half-life time. The particle size is
dramatically decreased compared with lipoplex; however, the
physical stability is increased. In some research works,
microfluid was applied to formulate lipopolyplex by precisely
controlling the flow conditions and mixing process of the
reagents at a micrometer scale. Compared with the
conventional bulk mixing method, this method can formulate
lipopolyplex with more uniformly sized and structured
nanoparticles, which may enhance the efficiency for targeting
delivery of nucleic acids to cancer cells (Koh et al., 2008; Bathula
and Huang, 2010; Koh et al., 2010; Wang and Huang, 2013; Ewe
and Aigner, 2014; Zhang et al., 2015; Ewe et al., 2017).

Lipid–Calcium–Phosphate and siRNA
Complex
Lipid–calcium–phosphate and siRNA complex (LCP, classified as
LCP_ and LCPⅡ as shown in Figure 3C) nanoparticles
incorporate calcium core to promote endosome escaping and
siRNA releasing and also function as supporting structure to
tolerate up to 10% fraction of PEG on its surface. The principle of
LCP nanoparticles delivery system for siRNA is that this vesicle
could respond to endosome pH quickly by rapidly dissolving in
acidic pH of the calcium phosphate (CaP) (Li et al., 2010; Li et al.,
2012). These nanocarriers have some advantages in siRNA
delivery such as low sizes (around 50 nm), good stability, high
endosome disrupting and siRNA releasing efficiency, and desired
targeting efficiency (Chen et al., 2015; Petrilli et al., 2016; Tang
et al., 2018). Both of LCP_ and LCPⅡ can achieve high
transfection and silencing efficiency compared with LCP_
(Alexis et al., 2008; Li et al., 2012); the design of LCPⅡ with
asymmetric lipid bilayer coating permits variety of lipids to be
used as out leaflet could provide feasibility to control the
pharmacokinetics performance of these lipid-based
nanoparticles for enhancement of siRNA delivery (Alexis
et al., 2008; Li et al., 2010; Li et al., 2012).

PEG Cleavable Lipid-Based Vesicles
Conjugation of PEG with proper density can improve steric
stability of the nano carrier and increase the half-life time.
However, PEG on the surface of the nanoparticle may reduce
the cell uptake of the nanoparticle. It can also reduce the
endosome escaping efficiency because the interaction between
the cationic lipids and the endosomal lipids was retarded due to
the steric hindrance (Tseng et al., 2009). To address this issue,
lipid-based vesicles further modified with cleavable PEG could
provide feasibility of PEG to be removed in a desired place. These
sensitive bonds could respond to the different condition quickly,
such as low pH value, disulfide, and enzyme degradation
(Hatakeyama et al., 2007; Tseng et al., 2009; Schultz and
Anseth, 2013). One example is the design of lipopolyplexes
with matrix metalloproteinase (MMP)-cleavable PEG (PPD/
PEG5k-MEND), which could show higher tumor accumulation
and gene silencing efficiency. With the development of this field,

the strategy of PEG cleavable could be widely used in the
designing of gene delivery system to improve the ability of
targeting and endosomal releasing of siRNA (Tang et al., 2016).

Stable Nucleic Acid Lipid Particles
The stable nucleic acid lipid particles (SNALPs) were first
developed in 2001 (Semple et al., 2001). The structure was
comprised of neural lipid as out-layer and cationic lipid as
inner layer to form liposomes. The PEG was conjugated to the
surface of the SNALPs to improve the half-life time. Due to the
electrostatic interaction between cationic lipids and nucleic acids,
siRNA are loaded in the interior of liposome (Wilner and Levy,
2016). This electrostatic interaction could provide the mechanism
to achieve high encapsulation rate. This technology is one of the
most used lipid-based siRNA delivery methods, which could
reduce the immunosimulatory effect with desired gene delivery
efficiency after multiple injections (Huang and Liu, 2011).

Lipid Nanoparticles
Lipid nanoparticles (LNPs) which contain siRNA and ionizable
cationic lipids have proven to be effective in delivering gene
materials to target sites. Some of them were proven to be effective
in clinical trials (Oliveira et al., 2019; Xin et al., 2019). The
ionizable cationic lipids such as heptatraconta-6,9,28,31-tetraene-
19-yl 4-(dimethylamino) butanoate (Dlin-MC3-DMA) could
provide a mechanism (acid dissociation constants below
seven) to positively charge at low pH to entrap siRNA and
keep neutral surface charges during circulation. Research
works on the formation and morphology of LNPs during
formulation process were investigated. It proposed that siRNA
is first sandwiched between closely apposed lipid monolayer at
low pH and then trapped when pH value rose (Kulkarni et al.,
2018). Helper lipid such as distearoylphosphatidylcholine
(DSPC) formulated in lipid nanoparticles has proven to be
vital to the stable encapsulation of siRNA (Kulkarni et al.,
2019; Ramezanpour et al., 2019).

Others
Lipid-based nanoparticles have the potentials to be further used
in clinical treatment. siRNA delivery and variety of lipid-based
nanoparticles are developed in recent years. It is reported that
mono-disperse precise carriers assemble by using the forming
materials which conjugated two oleic acids to cationizable
oligominnoamide, and the targeting anchor atherosclerotic
plaque-specific peptides can couple to the end of the
synthesized T-sharp configuration lipo-oligomers to recognize
the targeting cell. Several apoptotic peptides are selected to
conjugate to the siRNA by disulfide linkage to enhance
apoptosis of the diseased cells (Jie et al., 2019). Lipid-based
nanoparticles with low burst release and high encapsulation
rate were developed by incorporation of lipophilized TNF-α
siRNA into solid lipid-based nanoparticles. The TNF-α siRNA
was mixed with biocompatible cationic lipid 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP), the nanoparticle
could achieve 90% encapsulation rate and reduce the burst
release below 5%. Mouse model with collagen-induced arthritis
was used to investigate the efficiency of this siRNA loaded
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nanoparticle. The results showed that after the treatment, paw
thickness, bone loss, and histopathological scores were
significantly reduced. According to the animal experiment, the
lipid-based nanoparticle could deliver siRNA to the chronic
inflammation sites and provide new method for treatment of
arthritis (Aldayel et al., 2018). Some other modified lipids as well
as PEG were also developed for the delivery of siRNA, such as
lipopolymer, derived from lipid α-linolenic acid (αLA)-modified
low molecular weight polyethylenimine (PEI), which was
synthesized and used to deliver BRC-ABL siRNA (Valencia-
Serna et al., 2018). The pH sensitivity, enzyme cleavable, or
other nano vesicles were also developed to respond to the
different biological situations for efficient delivering and
releasing of siRNA.

DIFFERENT TYPES OF LIPIDS USED FOR
FORMULATION OF SIRNA

Cationic Lipid
The lipids used for formulation of siRNA include cationic lipid,
neutral lipid, and anionic lipid (Wang and Huang, 2013b).
Cationic lipid was commonly used to encapsulate siRNA due
to the electrostatic interaction. Based on the head groups charges,
cationic lipid can be classified into monovalent aliphatic lipids
[e.g., N-(1-(2,3-dioleyloxy) propyl)-N,N,N-trimethylammonium
chloride (DOTMA)], multivalent aliphatic lipids with head
groups containing several amine functions [e.g.,
dioctadecylamidoglycylspermine (DOGS)] and cationic lipid
derivatives [e.g., 3β-(N-(N′,N′-dimethylaminoethane)-
carbamoyl) cholesterol (DC-Chol)]. Cationic lipid could also
help nanoparticles to interact with negatively charged cell
membrane to facilitate endocytosis. However, the positive
charges could also induce nonspecific absorption (Wang and
Huang, 2013b). PEGylation of the lipid can shield the positive
charges with increased steric stability. Ionizable aminolipid such
as DLinDMA was pH sensitive (neutral surface charge at
physiological pH and protonated in endosome) and highly
effective for in vivo transfection (Semple et al., 2010).

Anionic Lipid
Anionic lipid-based delivery systems were also investigated to
avoid unfavorable positive charges. They are usually formulated
together with protamine or synthetic cationic polymer such as
PEI. These polycations may condense negatively charged siRNA
to nano-sized particles. Then, the lipids such as 1,2-dioleoyl-sn-
glycero-3-phosphate (DOPA), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), and cholesterol forming
anionic liposomes could coat these positively charged siRNA/
polycation complex core to assembly lipid membrane on the
surface. This method could reduce the surface charges to avoid
toxicity (Chen et al., 2010).

Neutral Lipids
Neutral lipids such as dioleoylphosphatidylcholine (DOPC)
liposome need series of processing with limited loading
efficiency (Landen et al., 2005). The development of

encapsulation of siRNA with neutral cytidinyl lipid/cationic
lipid and PEGylation was a promising method for delivery of
siRNA. Nucleolipids which consisted of a nucleoside/nucleotide
as hydrophilic head and two fatty hydropholic tails present as a
promising strategy to be applied in siRNA. They can self-
assemble or encapsulate oligonucleotides through nucleobase
interaction. To avoid the toxicity invoked by using of cationic
lipids, the interactions between nucleobases, such as π-stacking,
which is a special interaction to lead formation of DNA helix
structure and hydrogen bonding, were used to form nucleic acid
lipid nanoparticles (Zhou et al., 2020b). To increase the half-life
time and avoid nonspecific interaction, PEG was incorporated
in this system. Gemini-like cationic lipid dioleoyl-3,3′-
disulfanediylbis-[2-(2,6-diaminohexanamido)] propanoate (CLD)
and neutral cytosine-l-yl lipid 2-(4-amino-2-oxopyrimidin-1-yl)-
N-(2,3-dioleoyl-oxypropyl) acetamide (DNCA), a useful neutral
transfection material for nucleic acid which enables the
oligonucleotides to bind via H-bonding and π-π stacking with
relative low toxicity, were applied to encapsulate 3′,3″-bis-
peptide-siRNA (pp-siRNA) to form nanoparticle. DSPE-PEG-
cyclic Arg-Gly-Asp (cRGD) was post-inserted to this
nanoparticle to improve the ability of recognize target cells
express integrin αvβ3 to accumulate in tumor tissue with high
specificity. The result shows that this nano carrier could also help
siRNA to escape from lysosome to avoid siRNA degradation
(Zhang et al., 2019). By the multiple forces such as π-stacking,
H-bonding, and also electrostatic force between siRNA and lipids,
the neutral cytidinyl lipid DNCA and CLD formed siRNA
nanoparticle with further modification of PEG2000-DSPE for
delivering siMB3 to specific silencing of BRAFV600E mRNA. The
targeting and antitumor efficiency was increased due to the slight
negative zeta potentials and uniform sizes of the nanoparticles.
The combination strategies of DNCA/CLD lipid could offer a
promising method for oligonucleotide delivery for their further
clinical therapies (Zhou et al., 2020a).

CHALLENGES AND STRATEGIES

Involving in Usage of Cationic Lipids in Most
of the Lipid-Based Nanoparticles
Cationic lipids were most used in the formulation of lipid-based
nanoparticles in the delivery of siRNA. Most of the nanoparticles
are comprised of cationic lipids, neutral lipids, and gene materials
in oligonucleotides delivery due to the electrostatic interaction of
cationic lipids and oligonucleotides can provide feasibility to
encapsulate these nucleic acids. Cationic lipids help the lipid-
based nanoparticles loaded with siRNA to be absorbed on the
surface of target cells based on the positive charges and to escape
from endosomes after being trapped (Filion and Phillips, 1997;
Aberle et al., 1998; Soenen et al., 2009). However, cationic lipids
complexed with siRNA, known as lipoplex, are not stable enough
to circulate after administration. Most of the cationic lipid-based
nanoparticles are prone to evoke toxicity because of using cationic
lipids and easy to aggregate with serum components due to extra
positive surface charges (Gebeyehu et al., 1994; Scheule et al.,
1997; Lv et al., 2006). Several strategies were adopted such as
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surface modification of polyethylene glycol (PEG) to shield the
positive charges to enhance its safe traveling after administration,
but the incorporation of PEG may lead the poor physical stability
of nanoparticles, and the proportion of PEG is limited. Some
novel lipids were identified and the library approach was built to
expand the diversity of cationic lipids to be suitably used in
siRNA delivery. One example is synthesis of lipid-like materials
which are incorporated with epoxide and oligoamine groups.
These lipid-like materials, also known as lipoids, can be mixed
with neutral lipids to form nanoparticles to encapsulate siRNA. A
series of epoxide-derived lipidoids were synthesized to build a
library by the method of high throughput screening. One
advantage of this method is that the reactions were typically
completed within 3 days without further purification for the
following experiment. According to this synthetic strategy, 126
kinds of lipidoids were developed, and the best lipid-like material
named C12–200 was identified with desired gene silencing rate at
0.03 mg/kg in nonhuman primates. This method provided an
ideal strategy to expand the diversity of lipids for nanoparticle
formulation to achieve the high delivery efficiency of siRNA
(Kevin et al., 2010; Wang and Huang, 2013a; Uemura et al., 2019;
Li et al., 2020; Meel et al., 2020). Tailoring liposome membrane to
mimic cell components could also increase delivery efficiency
with controllable toxicity. It is reported that significant, dose-
dependent increase of efficacy and cell-type specific viability were
observed by usage of diacylglycerol (DAG) and
phosphatidylserine (PS), which could naturally influence
vascular cell function. This method offered a natural strategy
for high efficacy delivery of siRNA (Samuel et al., 2018)

Circulating and Targeting Delivery of
Lipid-Based Nanoparticles
After formulating siRNAs with lipid forming nanoparticles,
which should be stable enough before application in vivo, as
mentioned above, most of these lipid-based nanoparticles were
administrated systematically, so how to keep these nanoparticles
stable to avoid releasing siRNA before reaching the target place
and help these nanoparticles to release in the target site are the
key factors. The common strategies are the modification of PEG
on the surface of nanoparticles and optimization of the sizes and
distribution of these nanoparticles to help with long half-life in
vivo. For disease cell reorganization, the targeting molecules were
selected and modified on the surface of lipid-based nanoparticles
to enhance the attachment of the targeting cells.

PEGylation
PEG is usually conjugated to lipid molecules with covalent bond
and mixes with other lipids to form lipid-based nanoparticles
(Tseng et al., 2009; Kumar et al., 2014; Ball et al., 2018). The chain
mobility of PEG molecule can provide hydration effect during
circulation to avoid nonspecific adsorption of tissues and
components in body fluid. This method helps nanoparticles to
prolong circulation time and avoid uptake by RES for safe
traveling in vivo. However, the increased proportion of PEG
on the surface of the lipid-based nanoparticles may reduce the

mechanical stability and induce the dissociation. PEG can form a
mushroom conformation or a brush-like conformation with
different degree of polymerization (N), monomer size (a), and
distance of two grafting sites, which can be described as the radius
of the random coil (RF value, which can be defined by Flory
dimensional formula as shown in Eq. 1) and D value (as shown in
Figure 4). If D > 2RF, the curvature is high andmushroom of PEG
on the surface of the nanoparticles will form. The brush-like
structure with relative low curvature of PEG molecule will appear
when the value of the D ＜ RF (Kenworthy et al., 1995; Marsh
et al., 2003; Moghimi and Szebeni, 2003; Kim et al., 2010).

RF � aN3/5,

where RF is the radius of the random coil; a is the monomer size;
and N is the degree of polymerization.

The density of the PEG on the surface of lipid-based
nanoparticles is critical for the design of these nano vectors.
With increase of the density of grafted PEG on the surface of
liposomes, the half-life time was also increased, which attributed
to the reduced nonspecific absorption of the protein and RES
uptake (Moghimi and Szebeni, 2003). Low incorporation of PEG
could not fully protect the nanoparticles to interact with serum
proteins because PEG is unable to provide ideal steric
stabilization for nanoparticles. However, density of PEG on
the surface of lipid-based nanoparticles is limited, high mole
fraction of PEG may induce the poor stability of their structure,
and lipid bilayer can tolerate about 5–6 mol% of PEGylation
commonly. So, the ratio of PEG in lipid bilayer is normally below
5–6% for mechanical stability concern. It is reported that stable
liposomes with 4–10 mol% PEG with a molecular weight of 2,000
or larger are typically used in commercial applications. To solve
this, liposomes with supporting core such as CaP were
incorporated to improve the stability to tolerate more PEG on
its surface. It has reported that with the supporting of lipid core
forming materials, the fraction of PEG can reach 10% for their
mechanical stability consideration (Li and Huang, 2009). This
could offer a feasibility to balance the stability and long
circulating time after being administrated.

Meanwhile, other issues should also be taken into
consideration for PEG modification. The incorporation of PEG
on the surface of the nanoparticles can reduce the attachment of
the vesicle with the membrane of target cells and also reduce the
endosome escaping efficiency. Releasing of siRNA in cytoplasm is
thus retarded. To avoid the PEG dilemma, the molecular weight
of 2,000 was proven to be good compromise between the
enhanced half-life time and efficient delivery strategy (Chen
et al., 2019). The de-PEGylation in the target site could be one
solution to achieve the efficient silencing of siRNA. The
nanoparticles were modified with PEG during the formulation
process with proper ratio to maintain the physical stability and
hold the ability to reduce the interaction with protein by
nonspecific interaction and then de-PEGylation when finding
the targeting cells before uptake to enhance the uptake and release
of siRNA. To solve this problem, a PEG clearable strategy was
adopted to remove the PEG from the surface of the nanoparticles
by enzyme degradation, reducing agent (such as disulfide) or
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incorporation pH sensitive bond to respond to the change of
environment (Tseng et al., 2009). Forming of a protein corona in
biological fluid after administration could also influence the
delivery efficiency of lipid-based nanoparticles for gene
medicines. PEG polymer chain length could affect the
formation of protein corona, which was proven by
quantitatively investigated protein adsorption on nanoparticle
with/without PEG modification. The protein human serum
albumin (HSA) penetrates and resides within the PEG layer of
the nanoparticles with high PEG surface grafts. While
nanoparticles without PEG modification, the radius increased
∼3 nm. It consists with formation of a monolayer of HSA on the
surface of nanoparticle (Pelaz et al., 2015). It has also been proven
that the lipid nanoparticles with similar core composition show
different transfect efficiency in HepG2 cells in the presence of
fetal bovin serum (FBS) with different lipid carbon chain length
(C14-PEG, C18-PEG) and molar ratios. The presence of proteins
inhibits uptake of lipid nanoparticles formulated with C18-PEG
at ratio of three but facilitates uptake of lipid nanoparticles
formulated with C14-PEG (Chen et al., 2019). All of these
research works could provide information for rational design
of lipid-based nanoparticles.

The increased use of PEGylated therapeutics has proven to
result in unexpected immune-mediated side effects. It is reported
that anti-PEG antibodies produced by the immune system could
specifically recognize and bind to PEG. The appearance of these
anti-PEG antibodies has proven to be associated with reduced
therapeutic efficacy and increased adverse effects (Garay et al.,
2012; Verhoef et al., 2014; Zhang et al., 2016). The PEG modified
liposomes have also been reported to stimulate anti-PEG antibody
generation. The repeated injection of small liposomes containing
20%PEG-PE liposomes has proven to generate anti-PEG antibodies.
The IgG was detected to have an anti-PEG activity (Sroda et al.,
2005). It is also found that repeat injection may induce “accelerated
blood clearance phenomenon.”Themajor pre-treated serumprotein

binding to PEGylated liposomes was IgM and causes subsequent
complement activation to accelerate clearance (Ishida et al., 2006).

Particle Size Distribution and Surface Characteristics
Particle size distribution and surface characteristics are also
factors to affect the nature of lipid-based nanoparticles for
their distribution (Abra and Hunt, 1981; Rozenberg et al.,
1982). It is reported that particle sizes and distribution have
an important influence on their performance in vivo. Nano
vectors with the size of less than 6 nm are likely to be
eliminated after intravenous administration. Particles with
diameter around 150–300 nm are easy to distribute in the liver
and spleen; other larger molecules are prone to be taken in by
monomolecular phagocytic system. In recent work, formulation
of lipid particles with narrow size distribution was investigated to
obtain the desired pharmacokinetics behavior (Gao and Huang,
2013).

Zeta potential is also an important issue to increase the half-
life time. The best advantage of cationic lipids used in formulating
siRNA nanoparticles in vivo is that the positively charged lipids
can form complex with the negatively charged siRNA in high
efficiency. The complex can be easily taken up by cells due to the
extra positive charges on surface. However, the positive charges
may interact with serum proteins and thus induce larger particle
size during the systematical circulation. This is one reason to
evoke the unwanted immune response or side effect, so an ideal
lipid-based nanoparticle should be designed with proper and
uniform sizes, low surface charges, and required shapes (Gabizon
and Papahadjopoulos, 1992).

Surface Targeting Modifications and Other Strategies
To realize the targeting delivery of siRNA to diseased cells,
different types of molecules such as chemical molecules,
peptides, antibodies, and aptamers were immobilized on the
surface of the lipid-based nanoparticle as anchors to help these

FIGURE 4 | Putative PEG conformation regimes with respect to the polymer concentration in (A), the bilayer, and (B) the curvature of the bilayer of the lipid-based
nano-carriers. The curvature is high and mushroom of PEG on the surface of the nanoparticles will form when the value of the D > 2RF. The brush-like structure with
relative low curvature of PEG molecule will appear when the value of the D ＜ RF.
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nano vesicles to find the targeting cells. The modification of the
selected targeting molecule can bond with receptors over-
expressed on the surface of the disease cells with high affinity
and thus induce the attachment of the siRNA nanoparticles (Song
et al., 2005; Mcnamara et al., 2006; Peer et al., 2008;Wheeler et al.,
2011; Kwok, 2013; Khatri et al., 2014). The targeting efficiency
varies with optimized type, density, and orientation of the
targeting molecule (Ge et al., 2015). For example, folate was
usually used as target molecule and modified on lipid-based
nanoparticles for tumor killing. It is easy to be conjugated to
lipids or PEG-lipid and mixed with other lipids to form
nanoparticles. It is reported that complexing siRNA with novel
azido-functionalized sequence-defined cationizable lipo-
oligomer, which containing two cholanic acids attached to an
oligoaminoamide backbone, could be further modified with folate
as targeting molecule. By using double click for the modification,
these nanoparticles can achieve desired bio-distribution and
intracellular delivery of siRNA (Klein et al., 2018). Aptamers
or antibody fragments were also incorporated to nano vesicles
due to their high binding efficiency and specificity. Aptamers are
a type of synthetic oligonucleotides with three dimensional
folding structures. They have emerged as targeting ligands and
widely used in drug delivery system which can display a high
affinity in recognizing of certain specific receptors with low
toxicity and immunogenicity (Liu et al., 2014; Shiao et al.,
2014; Xu et al., 2018). Anti-CD44 aptamer has been
incorporated into liposomes as targeting ligands to encapsulate
protamine condensed siRNA and has shown efficient gene silence
efficiently to give evidence in the possibility conjugation of
aptamer as moieties to target delivery of gene materials
(Alshaer et al., 2017). Some proteins such as transferrin could
be also used as target molecule to be modified on the surface to
siRNA loaded liposomes. It could recognize tumor cells to
facilitate cell attachment of lipid-based nanoparticle with high
efficiency (Mendon et al., 2010). Peptides, such as RVG, a 29-
amino-acid peptide which was derived from rabies virus
glycoproteins, could be immobilized on the surface of siRNA
loaded liposome and function as the target ligand to the brain. It
has proven that the modified liposome holds the ability to across
the blood brain barrier with high penetration efficiency. It could
provide a promising method to develop new gene delivery
systems (Tao et al., 2012; Meng et al., 2018). Other strategies
were also used to improve the targeting efficiency. For example,
pH sensitive lipids were adopted tomix with other components to
respond to the pH changes of different biological environment
and thus enhanced the targeting efficiency of the nucleic acids. A
dioleylphosphate-diethylenetriamine conjugate (DOP-DETA)
which consists of a pH-responsive triamine and unsaturated
fatty acid was designed and accelerated membrane fusion. This
kind of liposome was proved to deliver siRNA into the cytoplasm
with high efficiency and induce silencing efficiency at a low
siRNA concentration (Sako et al., 2019).

Endosome Escaping Efficiency
After attachment, the nanoparticle is taken in by cells and releases
from both endosomes and nano vesicles with sufficient quantities
to form RISC and induce related silencing effect. Unlike cationic

polymer formed nanoparticles, which are supposed to rely on the
“proton sponge” effect to enhance endosomal release, lipid-based
vesicles depend on the nature of lipid bilayer to help with
endosome escaping. The endosome escape mechanism and
process for the lipid-based siRNA nanoparticles are shown in
Figure 5. Most of the lipid-based siRNA nanoparticles are
involved in the use of cationic lipids; these cationic lipids may
form ion pairs with the ionic lipids from the endosome
membrane. The stability of endosome membrane is thus
interrupted and the inverted hexagonal phase (HII) is formed
by the cationic lipids from nano vesicles and ionic lipids from
endosome membrane. During this process, the endosome
membrane is destabilized and the structure of the nanoparticle
is dissociated for siRNA releasing. The use of fusogenic lipids
such as dioleoylphosphatidylethanolamine (DOPE) can help
these lipid-based nanoparticles to facilitate endosome escaping
according to the interaction between lipid membrane of both
lipid-based nanoparticles and endosomes. The increase of
endosome escaping mostly depended on the effort of cationic
lipid hydrophobic domain and the fusogenicity of the delivery
system (Farhood et al., 1995; Hassani et al., 2005; Heyes et al.,
2005). Asmentioned before, the conjugation of PEG improves the
steric stability and half-life time of nanoparticles during
systematic circulation. But it reduces the interaction between
the nanoparticle forming lipid and endosome. pH sensitive PEG-
lipids were synthesized to formulate with other lipids. The formed
lipid-based nanoparticles could maintain stable during the
circulation at neutral pH and de-PEGylated below pH 5.5 to
promote endosome escaping, for example, the lipid-based
nanoparticles formulated by nonlamellar highly fusogenic
phosphatidylethanolamine (PE) lipids and pH sensitive PEG-
lipids which are conjugated by vinyl ether lipids. When exposing
to low pH value, the vinyl ether bond is hydrolyzed to remove
PEG block, promoting the dissociation of lipid-based
nanoparticles and facilitating the interaction with endosome
membrane to induce endosome escaping and siRNA releasing.
This solution gives modality for PEG molecule to be “PEGylated”
or “de-PEGylated” in different biological situations for advanced
delivery of siRNA (Shin et al., 2003).

Cell penetrating peptide or pore forming peptide, such as
human immunodeficiency virus (HIV)-derived peptide, can also
be used in the design of lipid-based nano-vesicles to help with
endosome escaping processing (Kwon et al., 2008; Endoh and
Ohtsukhi, 2009; Tseng et al., 2009; Dominska and Dykxhoorn,
2010; Nieva et al., 2012). Most of these peptides can change their
conformation responding to the acidity of endosomes and expose
their hydrophobic components to strongly face with the
endosome membrane. Some other strategies were also adopted
to enhance the endosome escape of lipid-based nano vesicles,
such as incorporation of cationic core (e.g., protamine),
degradable cationic polymer, and also the CaP to enhance the
dissociation of nanoparticle facilitating endosome escape by
combination of “proton sponge” effect. These methods release
sufficient siRNA into the cytoplasm of the target cells and induce
silencing effect.

For endosome escaping, the degradation should be taken into
consideration. It not only affects the releasing of siRNA but also is
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related to biocompatibility. It is reported that designing of precise
enzymatic cleavable smart lipid-based nanoparticles may provide
new solution for enhanced target delivery of siRNA with relative
low toxicity induced by materials. To reduce the toxicity of
amphiphilic molecules accumulated to lysosomes and other
intracellular organelles, the carriers forming materials can be
synthesized as cationic lipo-oligomers containing amino acids
with precise enzymatic cleavage sites which can be degraded to
low toxicity fragments by endolysosomal enzymes to facilitate
the excretion. This research work provided possibility for
incorporating new motifs in rational design lipo-oligomers
to achieve safe and efficient siRNA delivery (Reinhard et al.,
2018).

Potential Toxicity Induced by Nanoparticles
The toxicity of the lipid-based nanoparticles for delivery of siRNA
is critical to turn research work to clinical applications. The toxicity
of the lipid-based nanoparticles for siRNA delivery is mainly
caused by usage of cationic lipids and also the immune
response from siRNA (Tan, 2001; Bridge et al., 2003; Sledz
et al., 2003; Soenen et al., 2009; Oliveira et al., 2019). siRNA
can induce immune response to trigger interferon and
inflammatory effect by the toll-like receptors (TLRs) such as
TLR3 and TLR7, and the use of lipid-based nano vector may
accelerate this activation to evoke unwanted side effects (Dass,

2002; Hornung et al., 2005; Kleinman et al., 2008). Cationic lipids
may induce toxicity, and the use of these lipids can increase the zeta
potential of formed lipid-based nanoparticles, which results in the
nonspecific adsorption of components in serum and uptake by
RES. Some cationic lipids can also simulate immune response and
affect cell signaling pathways (Vangasseri et al., 2006; Lonez et al.,
2008). The structural design of these lipid materials has the
potential to improve the safety application of lipid-based
nanoparticles for siRNA delivery, and the doses of both siRNA
and lipids should be optimized when applied (Perrie et al., 2001;
Niculescu-Duvaz et al., 2003; Kuboyama et al., 2019; Lin et al.,
2019; Sato et al., 2019).

As discussed above, these factors may affect the targeting
delivery efficiency of siRNA after administration. The desired
requirements for delivery of siRNA by lipid-based nanoparticle
are summarized in Table 1. Based on the principle of these
requirements, the delivery system can be precisely designed and
further optimized to improve its efficacy of siRNA, which can
help them to be applied from bench to beside.

Clinical Trials
From the webpage of Food and Drug Administration (FDA),
more than 30 RNA-based therapies are in clinical trials. Although
the development of siRNA drugs experienced a hard time, the
approved lipid-based RNA drug patisiran is very inspiring

FIGURE 5 | The endosome escapingmechanism of lipid-based nanoparticles lipoplex for delivery of siRNA. Step 1. Cell attachment and uptake.Step 2. Trapped in
endosome. Step 3. Formation of ion-pair between cationic lipid from lipoplex andmembrane lipid. Endosomemembrane destabilizes due to the formation of the inverted
hexagonal phase (HII) which may provide possibility for siRNA releasing. Step 4. Releasing of nucleic acid to cytoplasm and inducing related gene silencing effect (Tang
et al., 2018).
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(Adams and Ole, 2018; Buxbaum, 2018). The Dlin-MC3-DMA, a
kind of ionizable cationic lipids, was used to form siRNA loaded
lipid nanoparticles. Patisiran was applied for treatment of TTR
mediated amyloidosis which could reduce the expression of target
protein mutated transthyretin (TTR) to 80% at the dose of
0.3 mg/kg every 3 weeks (Ole et al., 2015). It could show good
stability in circulation with more than 95% encapsulated siRNA
in lipid particles with controllable infusion-related reactions
(Simoneide et al., 2020; Zhang et al., 2020). Besides, some
clinical development research works were as shown in
Table 2. Taking advantage of the lipid-based delivery system,
we can optimize nanoparticles to be more suitable for siRNA
delivery. How to overcome obstacles and barriers for efficient
target delivery of siRNA remains unsolved (Whitehead et al.,

2011; Kanasty et al., 2013; Khvorova et al., 2014; Duarte Joao,
2015).

CONCLUSION

Lipid-based nanoparticles are widely used in targeting delivery of
nucleic acids and function as a promising platform in the
generation of more siRNA drugs. In the last decade, more
efforts have been put to the discovery of the mechanisms,
delivery pathways, biological barriers and solutions, and
methods for evaluating the behavior and performance of the
lipid-based nanoparticles. Although great progress has built in
lipid-based siRNA delivery system, we still need to put much more

TABLE 1 | Desired requirements for lipid nanoparticles for siRNA delivery.

Factors Requirements

1 Sizes Smaller size of gene carriers can be beneficial in penetrating tissues and in the cellular uptake. Smaller than 100 nm:
necessary to access hepatocytes; 100–200 nm: accumulate in the tumor site through the enhanced permeability and
retention (EPR) effect (Huang and Liu, 2011; Xia et al., 2015)

2 Zeta potential Reduced nonspecific interactions;
good particle stability;
enhanced cellular uptake and retention;
and sensitivity to environmental factors or triggers like pH and temperature (Gilbile et al., 2019)

3 PEGylation Short PEG (e.g., PEG1K or smaller) cannot notably reduce the adsorption of proteins and extend the circulation time
efficiently.
Long PEG (e.g., PEG5K or larger) reduces the cellular uptake and the endosomal escape of liposomes.
Commonly used PEG2K:＜5%, coverage ＜ 100%, mushroom-like; 5–15%, full coverage, mushroom-like and brush-like;
＞15%, full coverage, brush-like (Xia et al., 2015)

4 Target ligand The type, density, and orientation of the target ligand are key factors for targeting efficiency.
Further modification with targeting ligands can increase gene silence efficiency but does not significantly affect the
pharmacokinetics or biodistribution profiles of the nanoparticles.
High amount of targeting ligands may reduce the effect of PEG on the surface of lipoplexes (Huang and Liu, 2011; Ge et al.,
2015; Xia et al., 2015)

5 Endosome escaping PEG removable: diorthoester, hydrazone linker (low pH), disulfide (reducing agents), and peptide (enzyme).
Incorporating pH sensitive cores, such as CaP, cationic polymer. (Huang and Liu, 2011).
Cell penetrating peptide or pore forming peptide (Gabizon and Papahadjopoulas, 1992; Song et al., 2005; Tseng et al.,
2009; Dominska and Dykxhoorn, 2010; Gao and Huang, 2013)

TABLE 2 | siRNA clinical trials.

Name Therapeutics Delivery system Sponsor Phase and status

ONPATTRO (patisiran,
ALN-TTR02)

TTR-mediated amyloidosis LNP (DLin-MC3-DMA) Alnylam Pharmaceuticals Approved commercialized

PRO-040201 Hypercholesterolemia LNP Arbutus Biopharma Corporation Phase I/II terminated
DCR-PH1 Primary hyperoxaluria type 1 LNP Dicerna Pharmaceuticals Phase I terminated
ARB-001467 Hepatitis B LNP Arbutus Biopharma Corporation Phase II completed
TKM-100802 Ebola LNP Arbutus Biopharma Corporation Phase I terminated
TKM-080301 Hepatocellular carcinoma, hepatoma, liver cancer,

liver cell carcinoma, neuroendocrine tumors, and
cancers with hepatic metastases

LNP Arbutus Biopharma Corporation Phase I/II completed

Atu027 Carcinoma and pancreatic ductal Cationic lipoplex Silence therapeutics Phase I/II completed
DCR-MYC Hepatocellular carcinoma LNP Dicerna Pharmaceuticals, Inc. Phase I/II terminated and

has results
ALN-VSP02 Solid tumors LNP (Dlin-DMA) Alnylam Pharmaceuticals Phase I completed and

program hold
siRNA-EphA2-DOPC Advanced cancers Liposome M.D. Anderson Cancer Center Phase I recruiting
ND-L02-s0201 Idiopathic pulmonary fibrosis LNP and vitamin A Bristol-Myers Squibb Phase II recruiting
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effort in turning these research work to practical applications. It is
important to learn more about the relationship between
“structure—activity” of the lipids to balance the silencing
efficiency and biocompatibility and to know more information
for potential toxicity and immunity induced by these materials. To
realize the clinical applications of siRNA, more efforts should focus
on the design of these lipid-based nanoparticles with safe delivery
after administration and the ability to get access to various disease
cells with high efficiency and specificity. For further applications,
we still need to think about how to develop lipid-based siRNA
nanoparticles easily. All of these works will be helpful for advancing
the siRNA lipid-based nanoparticles to be more suitable.

AUTHOR CONTRIBUTIONS

WY conducted the review and XG wrote the draft while BZ and LC
revised the manuscript and helped with the figures. All authors
contributed to substantial enhancement of the manuscript.

FUNDING

This work was financially supported by the National Science
Foundation of China (Grant Nos. 81601596, 31770921, and
31971187).

REFERENCES

Aberle, A. M., Tablin, F., Zhu, J., Walker, N. J., Gruenert, D. C., and Nantz, M. H.
(1998). A novel tetraester construct that reduces cationic lipid-associated
cytotoxicity. implications for the onset of cytotoxicity. Biochemistry 37 (18),
6533–6540. doi:10.1021/bi9801154

Abra, R. M., and Hunt, C. A. (1981). Liposome disposition in vivo. III. Dose and
vesicle-size effects. Biochim. Biophys. Acta. 666 (3), 493–503. doi:10.1016/0005-
2760(81)90311-8

Abreu-Goodger, C., van Dongen, S., and Enright, A. J. (2008). Detecting
microRNA binding and siRNA off-target effects from expression data. Nat.
Methods 5 (12), 1023–1025. doi:10.1038/nmeth.1267

Adams, D., and Ole, S. (2018). Patisiran, an investigational RNAi therapeutic for
patients with hereditary transthyretin-mediated (hATTR) Amyloidosis: results
from the phase 3 APOLLO study. Revue Neutologique 39, A185. doi:10.1016/j.
neurol.2018.01.085

Akashi, H., Matsumoto, S., and Taira, K. (2005). Gene discovery by ribozyme and
siRNA libraries. Nat. Rev. Mol. Cell Biol. 6 (5), 413–422. doi:10.1038/nrm1646

Aldayel, A. M., O’Mary, H. L., Valdes, S. A., Xu, L., Thakkar, S. G., Mustafa, B. E.,
et al. (2018). Lipid nanoparticles with minimum burst release of TNF-α siRNA
show strong activity against rheumatoid arthritis unresponive to methotrexate.
J. Contr. Release 10 (283), 280–289. doi:10.1016/j.jconrel.2018.05.035

Alexis, F., Pridgen, E., Molnar, L. K., and Farokhzad, O. C. (2008). Factors affecting
the clearance and biodistribution of polymeric nanoparticles.Mol. Pharm. 5 (4),
505–515. doi:10.1021/mp800051m

Alshaer, W., Hillaireau, H., Vergnaud, J., Mura, S., Deloménie, C., Sauvage, F., et al.
(2017). Aptamer-guided siRNA-loaded nanomedicines for systemic gene
silencing in CD-44 expressing murine triple-negative breast cancer model.
J. Contr. Release 271, 98–106. doi:10.1016/j.jconrel.2017.12.022

Altman, S. (2012). RNA therapeutics: beyond RNA interference and antisense
oligonucleotides. Nat. Rev. Drug Discov. 11, 125–140. doi:10.1038/nrd3625

Ball, R. L., Hajj, K. A., Vizelman, J., Bajaj, P., and Whitehead, K. A. (2018). Lipid
nanoparticle formulations for enhanced co-delivery of siRNA and mRNA.
Nano Lett. 18 (6), 3814–3822. doi:10.1021/acs.nanolett.8b01101

Bathula, S. R., and Huang, L. (2010). Gene therapy with plasmid DNA. Hoboken,
NJ: John Wiley and Sons.

Bouxsein, N. F., McAllister, C. S., Ewert, K. K., Samuel, C. E., and Safinya, C. R.
(2007). Structure and gene silencing activities of monovalent and pentavalent
cationic lipid vectors complexed with siRNA. Biochemistry 46 (16), 4785–4792.
doi:10.1021/bi062138l

Bridge, A. J., Pebernard, S., Ducraux, A., Nicoulaz, A. L., and Iggo, R. (2003).
Induction of an interferon response by RNAi vectors in mammalian cells. Nat.
Genet. 34 (3), 263–264. doi:10.1038/ng1173

Bruno, K. (2012). Ten years of siRNA—a clinical overview. Eur. Pharm. Rev. 17 (3).
https://www.europeanpharmaceuticalreview.com/article/13688/ten-years-of-
sirna-a-clinical-overview/

Buxbaum, J. N. (2018). Oligonucleotide drugs for transthyretin amyloidosis. N.
Engl. J. Med. 379 (1), 82–85. doi:10.1056/NEJMe1805499

Castanotto, D. (2017). FDA-approved oligonucleotide therapies in 2017.Mol. Ther.
25 (5), 1069–1075. doi:10.1016/j.ymthe.2017.03.023

Chen, D., Ganesh, S., Wang, W., and Amiji, M. (2019). The role of surface chemistry
in serum protein corona-mediated cellular delivery and gene silencing with lipid
nanoparticles. Nanoscale 11, 8760–8775. doi:10.1039/c8nr09855g

Chen, W. H., Lecaros, R. L., Tseng, Y. C., Huang, L., and Hsu, Y. C. (2015).
Nanoparticle delivery of HIF1α siRNA combined with photodynamic therapy
as a potential treatment strategy for head-and-neck cancer. Cancer Lett. 359 (1),
65–74. doi:10.1016/j.canlet.2014.12.052

Chen, Y., Bathula, S. R., Li, J., and Huang, L. (2010). Multifunctional nanoparticles
delivering small interfering RNA and doxorubicin overcome drug resistance in
cancer. J. Biol. Chem. 285 (29), 22639–22650. doi:10.1074/jbc.M110.125906

Dalby, B., Cates, S., Harris, A., Ohki, E. C., Tilkins, M. L., Price, P. J., et al. (2004).
Advanced transfection with Lipofectamine 2000 reagent: primary neurons,
siRNA, and high-throughput applications. Methods 33 (2), 95–103. doi:10.
1016/j.ymeth.2003.11.023

Dass, C. R. (2002). Cytotoxicity issues pertinent to lipoplex-mediated gene therapy
in-vivo. J. Pharm. Pharmacol. 54 (5), 593–601. doi:10.1211/0022357021778817

Davis, M. E. (2007). Physicochemical and biological characterization of targeted,
nucleic acid-containing nanoparticles. Bioconjugate Chem. 18 (2), 456–468.
doi:10.1021/bc0603539

Dominska, M., and Dykxhoorn, D. M. (2010). Breaking down the barriers: siRNA
delivery and endosome escape. J. Cell Sci. 123, 1183–1189. doi:10.1242/jcs.
066399

Duarte Joao, H. (2015). Therapy. Targeted delivery of packaged siRNA promotes
osteogenesis. Nat. Rev. Rheumatol. 11 (4), 196. doi:10.1038/nrrheum.2015.19

Endoh, T., and Ohtsuki, T. (2009). Cellular siRNA delivery using cell-penetrating
peptides modified for endosomal escape. Adv. Drug Deliv. Rev. 61 (9), 704–709.
doi:10.1016/j.addr.2009.04.005

Ewe, A., and Aigner, A. (2014). Nebulization of liposome-polyethylenimine
complexes (lipopolyplexes) for DNA or siRNA delivery: physicochemical
properties and biological activity. Eur. J. Lipid Sci. Technol. 116 (9),
1195–1204. doi:10.1002/ejlt.201300404

Ewe, A., Panchal, O., Pinnapireddy, S. R., Bakowsky, U., Przybylski, S., Temme, A.,
et al. (2017). Liposome-polyethylenimine complexes (DPPC-PEI lipopolyplexes)
for therapeutic siRNA delivery in vivo. Nanomedicine 13 (1), 209–218. doi:10.
1016/j.nano.2016.08.005

Farhood, H., Serbina, N., and Huang, L. (1995). The role of dioleoyl
phosphatidylethanolamine in cationic liposome mediated gene transfer.
Biochim. Biophys. Acta. 1235 (2), 289–295. doi:10.1016/0005-2736(95)80016-9

Fattal, E., and Bochot, A. (2006). Ocular delivery of nucleic acids: antisense
oligonucleotides, aptamers and siRNA. Adv. Drug Deliv. Rev. 58 (11),
1203–1223. doi:10.1016/j.addr.2006.07.020

Felgner, P. L. (1991). Cationic liposome-mediated transfection with lipofectin™
reagent. Methods Mol. Biol. 7, 81–89. doi:10.1385/0-89603-178-0:81

Filion, M. C., and Phillips, N. C. (1997). Toxicity and immunomodulatory activity of
liposomal vectors formulated with cationic lipids toward immune effector cells.
Biochim. Biophys. Acta. 1329 (2), 345–356. doi:10.1016/S0005-2736(97)00126-0

Fitzgerald, K., Frank-Kamenetsky, M., Akinc, A., and Maier, M. (2019). Methods
for increasing efficacy of lipid formulated siRNA. U. S. Patent No 20190153443.

Gabizon, A., and Papahadjopoulos, D. (1992). The role of surface charge and
hydrophilic groups on liposome clearance in vivo. Biochim. Biophys. Acta. 1103
(1), 94–100. doi:10.1016/0005-2736(92)90061-P

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 59817512

Ge et al. Advanced Target Delivery of siRNA

https://doi.org/10.1021/bi9801154
https://doi.org/10.1016/0005-2760(81)90311-8
https://doi.org/10.1016/0005-2760(81)90311-8
https://doi.org/10.1038/nmeth.1267
https://doi.org/10.1016/j.neurol.2018.01.085
https://doi.org/10.1016/j.neurol.2018.01.085
https://doi.org/10.1038/nrm1646
https://doi.org/10.1016/j.jconrel.2018.05.035
https://doi.org/10.1021/mp800051m
https://doi.org/10.1016/j.jconrel.2017.12.022
https://doi.org/10.1038/nrd3625
https://doi.org/10.1021/acs.nanolett.8b01101
https://doi.org/10.1021/bi062138l
https://doi.org/10.1038/ng1173
https://www.europeanpharmaceuticalreview.com/article/13688/ten-years-of-sirna-a-clinical-overview/
https://www.europeanpharmaceuticalreview.com/article/13688/ten-years-of-sirna-a-clinical-overview/
https://doi.org/10.1056/NEJMe1805499
https://doi.org/10.1016/j.ymthe.2017.03.023
https://doi.org/10.1039/c8nr09855g
https://doi.org/10.1016/j.canlet.2014.12.052
https://doi.org/10.1074/jbc.M110.125906
https://doi.org/10.1016/j.ymeth.2003.11.023
https://doi.org/10.1016/j.ymeth.2003.11.023
https://doi.org/10.1211/0022357021778817
https://doi.org/10.1021/bc0603539
https://doi.org/10.1242/jcs.066399
https://doi.org/10.1242/jcs.066399
https://doi.org/10.1038/nrrheum.2015.19
https://doi.org/10.1016/j.addr.2009.04.005
https://doi.org/10.1002/ejlt.201300404
https://doi.org/10.1016/j.nano.2016.08.005
https://doi.org/10.1016/j.nano.2016.08.005
https://doi.org/10.1016/0005-2736(95)80016-9
https://doi.org/10.1016/j.addr.2006.07.020
https://doi.org/10.1385/0-89603-178-0:81
https://doi.org/10.1016/S0005-2736(97)00126-0
https://doi.org/10.1016/0005-2736(92)90061-P
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Gao, K., and Huang, L. (2013). Achieving efficient RNAi therapy: progress and
challenges. Acta Pharm. Sin. B. 3 (4), 213–225. doi:10.1016/j.apsb.2013.06.005

Garay, R. P., El-Gewely, R., Armstrong, J. K., Garratty, G., and Richette, P. (2012).
Antibodies against polyethylene glycol in healthy subjects and in patients
treated with PEG-conjugated agents. Expet Opin. Drug Deliv. 9, 1319–1323.
doi:10.1517/17425247.2012.720969

Ge, X., Duan, S., Wu, F., Feng, J., Zhu, H., and Jin, T. (2015). Polywraplex,
Functionalized polyplexes by post-polyplexing assembly of a rationally
designed triblock copolymer membrane. Adv. Funct. Mater. 25 (27),
4352–4363. doi:10.1002/adfm.201500724

Geary, R. S. (2017). Pharmacology of antisense drugs. Annu. Rev. Pharmacol.
Toxicol. 57 (1), 81–105. doi:10.1146/annurev-pharmtox-010716-104846

Gebeyehu, G., Jessee, J. A., Ciccarone, V. C., Hawley-Nelson, P., and Chytil, A.
(1994). Cationic lipids. doi:EP0656883 A4

Gilbile, D., Docto, D., Kingi, D., Kurniawan, J., Monahan, D., Tang, A., et al. (2019).
How well can you tailor the charge of lipid vesicles? Langmuir 35 (48),
15960–15969. doi:10.1021/acs.langmuir.9b02163

Hamby, K. (1995). Parameters for effective siRNA transfection using siLentFect™
lipid reagent. doi:10.1101/pdb.prodprot32

Hassani, Z., Lemkine, G. F., Erbacher, P., Palmier, K., Alfama, G., Giovannangeli,
C., et al. (2005). Lipid-mediated siRNA delivery down-regulates exogenous
gene expression in the mouse brain at picomolar levels. J. Gene Med. 7 (2),
198–207. doi:10.1002/jgm.659

Hatakeyama, H., Akita, H., Kogure, K., Oishi, M., Nagasaki, Y., Kihira, Y., et al.
(2007). Development of a novel systemic gene delivery system for cancer therapywith a
tumor-specific cleavable PEG-lipid. Gene Ther. 14 (1), 68–77. doi:10.1038/sj.gt.3302843

Heyes, J., Palmer, L., Bremner, K., and Maclachlan, I. (2005). Cationic lipid
saturation influences intracellular delivery of encapsulated nucleic acids.
J. Contr. Release. 107 (2), 276–287. doi:10.1016/j.jconrel.2005.06.014

Ho, W., Zhang, X. Q., and Xu, X. (2016). Biomaterials in siRNA delivery: a
comprehensive review. Adv. Health. Mater. 5 (21), 2715–2731. doi:10.1002/
adhm.201600418

Hornung, V., Guenthner-Biller, M., Bourquin, C., Ablasser, A., Schlee, M.,
Uematsu, S., et al. (2005). Sequence-specific potent induction of IFN-alpha
by short interfering RNA in plasmacytoid dendritic cells through TLR7. Nat.
Med. 11 (3), 263–270. doi:10.1038/nm1191

Hu, B., Weng, Y., Xia, X., Liang, X., and Huang, Y. (2019). Clinical advances of
siRNA therapeutics. J. Gene Med. 21, e3097. doi:10.1002/jgm.3097

Huang, L. (2009). Small boactive lipoplex (SBL) nanoparticles self-assembled at
elevated temperature and pressure. Pittsburgh, PA: American Physical Society.

Huang, L., and Liu, Y. (2011). In vivo delivery of RNAi with lipid-based
nanoparticles. Annu. Rev. Biomed. Eng. 13 (1), 507–530. doi:10.1146/
annurev-bioeng-071910-124709

Huang, Z., and Fish, W. P. (2019). Development of simple isocratic HPLCmethods
for siRNA quantitation in lipid-based nanoparticles. J. Pharmaceut. Biomed.
Anal. 172, 253–258. doi:10.1016/j.jpba.2019.04.026

Ishida, T., Ichihara, M., Wang, X., Yamamoto, K., Kimura, J., Majima, E., et al.
(2006). Injection of PEGylated liposomes in rats elicits PEG-specific IgM, which
is responsible for rapid elimination of a second dose of PEGylated liposomes.
J. Contr. Release 112 (1), 15–25. doi:10.1016/j.jconrel.2006.01.005

Jayesh, A. K., Dominik, W., Sam, C., Pieter, R. C., and Roy, V. M. (2019). Lipid
nanoparticle technology for clinical translation of siRNA therapeutics. Acc.
Chem. Res. 52 (9), 2435–2444. doi:10.1021/acs.accounts.9b00368

Jie, L., Miriam, H., Sören, R., Dominik, M. L., Philipp, M. K., and Ernst, W. (2019).
IL4-receptor-targeted dual antitumoral apoptotic peptide-siRNA
conjugate lipoplexes. Adv. Funct. Mater. 29 (25), 1–18. doi:10.1002/
adfm.201900697

Kanasty, R., Dorkin, J. R., Vegas, A., and Anderson, D. (2013). Delivery materials
for siRNA therapeutics. Nat. Mater. 12, 967–977. doi:10.1038/NMAT3765

Kevin, T., Mahon, K. P., Levins, C. G., Whitehead, K. A., Querbes, W., Dorkin, J. R.,
et al. (2010). Lipid-like materials for low-dose, in vivo gene silencing. Proc. Natl.
Acad. Sci. U.S.A. 107 (5), 1864–1869. doi:10.1073/pnas.0910603106

Kenworthy, A. K., Hristova, K., Needham, D., and Mcintosh, T. J. (1995). Range
andmagnitude of the steric pressure between bilayers containing phospholipids
with covalently attached poly(ethylene glycol). Biophys. J. 68 (5), 1921–1936.
doi:10.1016/S0006-3495(95)80369-3

Khatri, N., Baradia, D., Vhora, I., Rathi, M., and Misra, A. (2014). cRGD grafted
liposomes containing inorganic nano-precipitate complexed siRNA for

intracellular delivery in cancer cells. J. Contr. Release 182 (10), 45–57.
doi:10.1016/j.jconrel.2014.03.003

Khvorova, A., Osborn, M. F., and Hassler, M. R. (2014). Taking charge of siRNA
delivery. Nat. Biotechnol. 32 (12), 1197–1198. doi:10.1038/nbt.3091

Kim, H. K., Davaa, E., Myung, C. S., and Park, J. S. (2010). Enhanced siRNA
delivery using cationic liposomes with new polyarginine-conjugated PEG-lipid.
Int. J. Pharm. 392 (1–2), 141–147. doi:10.1016/j.ijpharm.2010.03.047

Klein, P. M., Kern, S., Lee, D. J., Schmaus, J., Höhn, M., Gorges, J., et al. (2018).
Folate receptor-directed orthogonal click-functionalization of siRNA
lipopolyplexes for tumor cell killing in vivo. Biomaterials 178, 630–642.
doi:10.1016/j.biomaterials.2018.03.031

Kleinman, M. E., Yamada, K., Takeda, A., Chandrasekaran, V., Nozaki, M., Baffi,
J. Z., et al. (2008). Sequence- and target-independent angiogenesis suppression
by siRNA via TLR3. Nature 452 (7187), 591–597. doi:10.1038/nature06765

Koh, C. G., Zhang, X., and Lee, L. J. (2008). “Microfluidic assembled lipopolyplex
for antisense oligonucleotide delivery,” in AIChE annual meeting, Philadelphia,
Pennsylvania, November 2008 [abstract].

Koh, C. G., Zhang, X., Liu, S., Golan, S., Yu, B., Yang, X., et al. (2010). Delivery of
antisense oligodeoxyribonucleotide lipopolyplex nanoparticles assembled by
microfluidic hydrodynamic focusing. J. Contr. Release 141 (1), 62–69. doi:10.
1016/j.jconrel.2009.08.019

Koteliansky, V., Zatsepin, T. S., and Kotelevtsev, Y. V. (2016). Lipid nanoparticles
for targeted siRNA delivery—going from bench to bedside. Int. J. Nanomed. 11,
3077–3086. doi:10.2147/IJN.S106625

Kubo, T., Yanagihara, K., Sato, Y., Nishimura, Y., Kondo, S., Seyama, T., et al.
(2013). Gene-silencing potency of symmetric and asymmetric lipid-conjugated
siRNAs and its correlation with dicer recognition. Bioconjugate Chem. 24 (12),
2045–2057. doi:10.1021/bc400391n

Kuboyama, T., Yagi, K., Naoi, T., Era, T., Yagi, N., Nakasato, Y., et al. (2019).
Simplifying the chemical structure of cationic lipids for siRNA-lipid
nanoparticles. ACS Med. Chem. Lett. 10 (5), 749–753. doi:10.1021/
acsmedchemlett.8b00652

Kulkarni, J. A., Darjuan, M. M., Mercer, J. E., Chen, S., van der Meel, R., Thewalt,
J. L., et al. (2018). On the formation and morphology of lipid nanoparticles
containing ionizable cationic lipids and siRNA. ACS Nano. 12 (5), 4787–4795.
doi:10.1021/acsnano.8b01516

Kulkarni, J. A., Witzigmann, D., Leung, J., Tam, Y. Y. C., and Cullis, P. R. (2019).
On the role of helper lipids in lipid nanoparticle formulations of siRNA.
Nanoscale 11 (45), 21733–21739. doi:10.1039/c9nr09347h

Kumar, K., Maiti, B., Kondaiah, P., and Bhattacharya, S. (2015). α-Tocopherol
derived lipid dimers as efficient gene transfection agents. Mechanistic insights
into lipoplex internalization and therapeutic induction of apoptotic activity.
Org. Biomol. Chem. 13 (8), 2444–2452. doi:10.1039/c4ob02063d

Kumar, V., Qin, J., Jiang, Y., Duncan, R. G., Brigham, B., Fishman, S., et al. (2014).
Shielding of lipid nanoparticles for siRNA delivery: impact on physicochemical
properties, cytokine induction, and efficacy.Mol. Ther. Nucl. Acids. 3 (11), e210.
doi:10.1038/mtna.2014.61

Kwok, A. (2013). The challenges and current advances in delivering RNAi as
therapeutics. Berlin, Germany: Springer, 189–224.

Kwon, E. J., Bergen, J. M., and Pun, S. H. (2008). Application of an HIV gp41-
derived peptide for enhanced intracellular trafficking of synthetic gene and siRNA
delivery vehicles. Bioconjugate Chem. 19 (4), 920–927. doi:10.1021/bc700448h

Landen, C. N., Chavez-Reyes, A., Bucana, C., Schmandt, R., Deavers, M. T., Lopez-
Berestein, G., et al. (2005). Therapeutic EphA2 gene targeting in vivo using
neutral liposomal small interfering RNA delivery. Cancer Res. 65 (15),
6910–6918. doi:10.1158/0008-5472.CAN-05-0530

Layzer, J. M., McCaffrey, A. P., Tanner, A. K., Huang, Z., Kay, M. A., and Sullenger,
B. A. (2004). In vivo activity of nuclease-resistant siRNAs. RNA 10 (5), 766–771.
doi:10.1261/rna.5239604

Lee, H., Lytton-Jean, A. K., Chen, Y., Love, K. T., Park, A. I., Karagiannis, E. D.,
et al. (2012). Molecularly self-assembled nucleic acid nanoparticles for targeted in vivo
siRNA delivery. Nat. Nanotechnol. 7 (6), 389–393. doi:10.1038/NNANO.2012.73

Leung, A., Amador, C., Wang, L. C., Mody, U., and Bally, M. (2019). What drives
innovation: the canadian touch on liposomal therapeutics. Pharmaceutics 11
(3), 124. doi:10.3390/pharmaceutics11030124

Li, J., Chen, Y. C., Tseng, Y. C., Mozumdar, S., and Huang, L. (2010). Biodegradable
calcium phosphate nanoparticle with lipid coating for systemic siRNA delivery.
J. Contr. Release 142 (3), 416–421. doi:10.1016/j.jconrel.2009.11.008

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 59817513

Ge et al. Advanced Target Delivery of siRNA

https://doi.org/10.1016/j.apsb.2013.06.005
https://doi.org/10.1517/17425247.2012.720969
https://doi.org/10.1002/adfm.201500724
https://doi.org/10.1146/annurev-pharmtox-010716-104846
https://doi.org/EP0656883 A4
https://doi.org/10.1021/acs.langmuir.9b02163
https://doi.org/10.1101/pdb.prodprot32
https://doi.org/10.1002/jgm.659
https://doi.org/10.1038/sj.gt.3302843
https://doi.org/10.1016/j.jconrel.2005.06.014
https://doi.org/10.1002/adhm.201600418
https://doi.org/10.1002/adhm.201600418
https://doi.org/10.1038/nm1191
https://doi.org/10.1002/jgm.3097
https://doi.org/10.1146/annurev-bioeng-071910-124709
https://doi.org/10.1146/annurev-bioeng-071910-124709
https://doi.org/10.1016/j.jpba.2019.04.026
https://doi.org/10.1016/j.jconrel.2006.01.005
https://doi.org/10.1021/acs.accounts.9b00368
https://doi.org/10.1002/adfm.201900697
https://doi.org/10.1002/adfm.201900697
https://doi.org/10.1038/NMAT3765
https://doi.org/10.1073/pnas.0910603106
https://doi.org/10.1016/S0006-3495(95)80369-3
https://doi.org/10.1016/j.jconrel.2014.03.003
https://doi.org/10.1038/nbt.3091
https://doi.org/10.1016/j.ijpharm.2010.03.047
https://doi.org/10.1016/j.biomaterials.2018.03.031
https://doi.org/10.1038/nature06765
https://doi.org/10.1016/j.jconrel.2009.08.019
https://doi.org/10.1016/j.jconrel.2009.08.019
https://doi.org/10.2147/IJN.S106625
https://doi.org/10.1021/bc400391n
https://doi.org/10.1021/acsmedchemlett.8b00652
https://doi.org/10.1021/acsmedchemlett.8b00652
https://doi.org/10.1021/acsnano.8b01516
https://doi.org/10.1039/c9nr09347h
https://doi.org/10.1039/c4ob02063d
https://doi.org/10.1038/mtna.2014.61
https://doi.org/10.1021/bc700448h
https://doi.org/10.1158/0008-5472.CAN-05-0530
https://doi.org/10.1261/rna.5239604
https://doi.org/10.1038/NNANO.2012.73
https://doi.org/10.3390/pharmaceutics11030124
https://doi.org/10.1016/j.jconrel.2009.11.008
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Li, J., Yang, Y., and Huang, L. (2012). Calcium phosphate nanoparticles with an
asymmetric lipid bilayer coating for siRNA delivery to the tumor. J. Contr.
Release 158 (1), 108–114. doi:10.1016/j.jconrel.2011.10.020

Li, S. D., and Huang, L. (2009). Nanoparticles evading the reticuloendothelial
system: role of the supported bilayer. Biochim. Biophys. Acta. 1788 (10),
2259–2266. doi:10.1016/j.bbamem.2009.06.022

Li, T., Huang, L., and Yang, M. (2020). Lipid-based vehicles for siRNA delivery in
biomedical field. Curr. Pharmaceut. Biotechnol. 21 (1), 3–22. doi:10.2174/
1389201020666190924164152

Lin, Z., Bao, M., Yu, Z., Xue, L., Ju, C., and Zhang, C. (2019). Development of
tertiary amine cationic lipids achieves safe and efficient siRNA delivering.
Biomater. Sci. 7 (7), 2777–2792. doi:10.1039/c9bm00494g

Liu, B., Zhang, J., Liao, J., Liu, J., Chen, K., Tong, G., et al. (2014). Aptamer-
functionalized nanoparticles for drug delivery. J. Biomed. Nanotechnol. 10 (11),
3189–3203. doi:10.1166/jbn.2014.1839

Liu, F., Song, Y., and Liu, D. (1999). Hydrodynamics-based transfection in animals
by systemic administration of plasmid DNA. Gene Ther. 6 (7), 1258–1266.
doi:10.1038/sj.gt.3300947

Lonez, C., Vandenbranden, M., and Ruysschaert, J. M. (2008). Cationic liposomal
lipids: from gene carriers to cell signaling. Prog. Lipid Res. 47 (5), 340–347.
doi:10.1016/j.plipres.2008.03.002

Lv, H., Zhang, S., Wang, B., Cui, S., and Yan, J. (2006). Toxicity of cationic lipids
and cationic polymers in gene delivery. J. Contr. Release 114 (1), 100–109.
doi:10.1016/j.jconrel.2006.04.014

Marsh, D., Bartucci, R., and Sportelli, L. (2003). Lipid membranes with grafted
polymers: physicochemical aspects. Biochim. Biophys. Acta. 1615 (1–2), 33–59.
doi:10.1016/S0005-2736(03)00197-4

Mcnamara, J. O., Andrechek, E. R., Wang, Y., Viles, K. D., Rempel, R. E., Gilboa, E.,
et al. (2006). Cell type-specific delivery of siRNAs with aptamer-siRNA
chimeras. Nat. Biotechnol. 24 (8), 1005–1015. doi:10.1038/nbt1223

Meel, R., Chen, S., Zaifman, J., Kulkarni, J. A., and Tam, Y. Y. C. (2020). Modular lipid
nanoparticle platform technology for siRNA and lipophilic prodrug delivery, bioRxiv.
doi:10.1101/2020.01.16.907394

Mendon, S., Moreira, J. N., Lima, M. C. P. D., and Sérgio, S. (2010). Co-
encapsulation of anti-BCR-ABL siRNA and imatinib mesylate in transferrin
receptor-targeted sterically stabilized liposomes for chronic myeloid leukemia
treatment. Biotechnol. Bioeng. 107 (5), 884–893. doi:10.1002/bit.22858

Meng, Q., Qing, L., Shan, H., Wang, L., Fu, Y., Zhang, Z., et al. (2018). A brain
targeting functionalized liposomes of the dopamine derivative N -3,4-
bis(pivaloyloxy)-dopamine for treatment of Parkinson’s disease. J. Contr.
Release 277, 173–182. doi:10.1016/j.jconrel.2018.03.019

Miyagishi, M., and Taira, K. (2005). siRNA becomes smart and intelligent. Nat.
Biotechnol. 23 (8), 946–947. doi:10.1038/nbt0805-946

Moghimi, S. M., and Szebeni, J. (2003). Stealth liposomes and long circulating
nanoparticles: critical issues in pharmacokinetics, opsonization and protein-
binding properties. Prog. Lipid Res. 42 (6), 463–478. doi:10.1016/S0163-
7827(03)00033-X

Muñoz-Úbeda, M., Misra, S. K., Barrán-Berdón, A. L., Datta, S., Aicart-Ramos, C.,
Castro-Hartmann, P., et al. (2012). How does the spacer length of cationic
gemini lipids influence the lipoplex formation with plasmid DNA?
Physicochemical and biochemical characterizations and their relevance in
gene therapy. Macromolecules 13 (12), 3926–3937. doi:10.1021/bm301066w

Nguyen, T., Menocal, E. M., Harborth, J., and Fruehauf, J. H. (2008). RNAi
therapeutics: an update on delivery. Curr. Opin. Mol. Therapeut. 10 (2),
158–167. doi:10.1016/j.mib.2008.02.009

Niculescu-Duvaz, D., Heyes, J., and Springer, C. J. (2003). Structure-activity
relationship in cationic lipid mediated gene transfection. Curr. Med. Chem.
10 (14), 1233–1261. doi:10.2174/0929867033457476

Nieva, J. L., Madan, V., and Carrasco, L. (2012). Viroporins: structure and
biological functions. Nat. Rev. Microbiol. 10 (8), 563–574. doi:10.1038/
nrmicro2820

Ole, B., Suhr, O. B., Coelho, T., Buades, J., Pouget, J., Conceicao, I., et al. (2015). Efficacy and
safety of patisiran for familial amyloidotic polyneuropathy: a phase II multi-dose study.
Orphanet J. Rare Dis. 10 (1), 109–118. doi:10.1186/s13023-015-0326-6

Oliveira, A. C. N., Fernandes, J., Gonçalves, A., Gomes, A. C., and Gomes, R.
(2019). Lipid-based nanocarriers for siRNA delivery: challenges, strategies and
the lessons learned from the DODAX: MO liposomal system. Curr. Drug
Targets 20 (1), 29–50. doi:10.2174/1389450119666180703145410

Patil, Y., and Panyam, J. (2009). Polymeric nanoparticles for siRNA delivery and gene
silencing. Int. J. Pharm. 367 (1–2), 195–203. doi:10.1016/j.ijpharm.2008.09.039

Peer, D., Park, E. J., Morishita, Y., Carman, C. V., and Shimaoka, M. (2008).
Systemic leukocyte-directed siRNA delivery revealing cyclin D1 as an anti-
inflammatory target. Science 319 (5863), 627–630. doi:10.1126/science.1149859

Pelaz, B., del Pino, P., Maffre, P., Hartmann, R., Gallego, M., Rivera-Fernández, S.,
et al. (2015). Surface functionalization of nanoparticles with polyethylene
glycol: effects on protein adsorption and cellular uptake. ACS Nano 9 (7),
6996–7008. doi:10.1021/acsnano.5b01326

Perrie, Y., Frederik, P. M., and Gregoriadis, G. (2001). Liposome-mediated DNA
vaccination: the effect of vesicle composition. Vaccine 19 (23–24), 3301–3310.
doi:10.1016/S0264-410X(00)00432-1

Petrilli, R., Eloy, J. O., Souza, M. C. D., Barcellos, J. P. A., Marchetti, J. M., Yung, B.,
et al. (2016). Chapter 3-Lipid nanoparticles as non-viral vectors for siRNA
delivery : concepts and applications.Nanobiomaterials Drug Delivery 9, 75–109.
doi:10.1016/B978-0-323-42866-8.00003-4

Petrova, N. S., Chernikov, I. V., Meschaninova, M. I., Dovydenko, I. S.,
Venyaminova, A. G., Zenkova, M. A., et al. (2012). Carrier-free cellular
uptake and the gene-silencing activity of the lipophilic siRNAs is strongly
affected by the length of the linker between siRNA and lipophilic group. Nucl.
Acids Res. 40 (5), 2330–2344. doi:10.1093/nar/gkr1002

Ramezanpour, M., Schmidt, M. L., Bodnariuc, I., Kulkarni, J. A., Leung, S. S. W.,
Cullis, P. R., et al. (2019). Ionizable amino lipid interactions with POPC:
implications for lipid nanoparticle function. Nanoscale 11 (30), 14141–14146.
doi:10.1039/c9nr02297j

Raye, M. A., Madu, C. O., and Lu, Y. (2018). An overview of various carriers for
siRNA delivery. Oncomedicine 3, 48–58. doi:10.7150/oncm.25785

Reinhard, S., Wang, Y., Dengler, S., and Wagner, E. (2018). Precise enzymatic
cleavage sites for improved bioactivity of siRNA lipo-polyplexes. Bioconjugate
Chem. 29 (11), 3649–3657. doi:10.1021/acs.bioconjchem.8b00585

Reynolds, A., Leake, D., Boese, Q., Scaringe, S., Marshall, W. S., and Khvorova, A.
(2004). Rational siRNA design for RNA interference. Nat. Biotechnol. 22 (3),
326–330. doi:10.1038/nbt936

Rozenberg, O. A., Rezvaia, S. P., and Khanson, K. P. (1982). [Effect of liposomes of
different size, composition and charge on the colony-forming ability of cells].
Biull Eksp Biol. Med. 94 (3), 90–92. doi:10.1007/BF00835643

Sako, M., Song, F., Okamoto, A., Koide, H., and Asai, T. (2019). Key determinants
of siRNA delivery mediated by unique pH-responsive lipid-based liposomes.
Int. Pharmacop. 569, 118606. doi:10.1016/j.ijpharm.2019.118606

Sakurai, H., Sakurai, F., Kawabata, K., Sasaki, T., Koizumi, N., Huang, H., et al.
(2007). Comparison of gene expression efficiency and innate immune response
induced by Ad vector and lipoplex. J. Contr. Release 117 (3), 430–437. doi:10.
1016/j.jconrel.2006.11.030

Samuel, I. M.-S., Richard, K. F., West, P. C., Grimsley, L. B., Harris, T. M., Grandas,
O. H., et al. (2018). Cell mimetic liposomal nanocarriers for tailored delivery of
vascular therapeutics. Chem. Phys. Lipids 218, 149–157. doi:10.1016/j.
chemphyslip.2018.12.009

Sato, Y., Hashiba, K., Sasaki, K., Maeki, M., Tokeshi, M., and Harashima, H. (2019).
Understanding structure-activity relationships of pH-sensitive cationic lipids facilitates
the rational identification of promising lipid nanoparticles for delivering siRNAs in vivo.
J. Contr. Release 295, 140–152. doi:10.1016/j.jconrel.2019.01.001

Scheule, R. K., St George, J. A., Bagley, R. G., Marshall, J., Kaplan, J. M., Akita, G. Y.,
et al. (1997). Basis of pulmonary toxicity associated with cationic lipid-mediated
gene transfer to the mammalian lung. Hum. Gene Ther. 8 (6), 689–707. doi:10.
1089/hum.1997.8.6-689

Schultz, K. M., and Anseth, K. S. (2013). Monitoring degradation of matrix
metalloproteinases-cleavable PEG hydrogels via multiple particle tracking
microrheology. Soft Matter. 9 (5), 1570–1579. doi:10.1039/c2sm27303a

Semple, S. C., Akinc, A., Chen, J., Sandhu, A. P., Mui, B. L., Cho, C. K., et al. (2010).
Rational design of cationic lipids for siRNA delivery. Nat. Biotechnol. 28 (2),
172–176. doi:10.1038/nbt.1602

Semple, S. C., Klimuk, S. K., Harasym, T. O., Dos Santos, N., Ansell, S. M., Wong,
K. F., et al. (2001). Efficient encapsulationof antisense oligonucleotides in lipid vesicles
using ionizable aminolipids: formation of novel small multilamellar vesicle structures.
Biochim. Biophys. Acta. 1510 (1–2), 152–166. doi:10.1016/S0005-2736(00)00343-6

Shiao, Y. S., Chiu, H. H., Wu, P. H., and Huang, Y. F. (2014). Aptamer-
functionalized gold nanoparticles as photoresponsive nanoplatform for co-drug
delivery. ACS Appl. Mater. Interfaces 6 (24), 21832–21841. doi:10.1021/am5026243

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 59817514

Ge et al. Advanced Target Delivery of siRNA

https://doi.org/10.1016/j.jconrel.2011.10.020
https://doi.org/10.1016/j.bbamem.2009.06.022
https://doi.org/10.2174/1389201020666190924164152
https://doi.org/10.2174/1389201020666190924164152
https://doi.org/10.1039/c9bm00494g
https://doi.org/10.1166/jbn.2014.1839
https://doi.org/10.1038/sj.gt.3300947
https://doi.org/10.1016/j.plipres.2008.03.002
https://doi.org/10.1016/j.jconrel.2006.04.014
https://doi.org/10.1016/S0005-2736(03)00197-4
https://doi.org/10.1038/nbt1223
https://doi.org/10.1101/2020.01.16.907394
https://doi.org/10.1002/bit.22858
https://doi.org/10.1016/j.jconrel.2018.03.019
https://doi.org/10.1038/nbt0805-946
https://doi.org/10.1016/S0163-7827(03)00033-X
https://doi.org/10.1016/S0163-7827(03)00033-X
https://doi.org/10.1021/bm301066w
https://doi.org/10.1016/j.mib.2008.02.009
https://doi.org/10.2174/0929867033457476
https://doi.org/10.1038/nrmicro2820
https://doi.org/10.1038/nrmicro2820
https://doi.org/10.1186/s13023-015-0326-6
https://doi.org/10.2174/1389450119666180703145410
https://doi.org/10.1016/j.ijpharm.2008.09.039
https://doi.org/10.1126/science.1149859
https://doi.org/10.1021/acsnano.5b01326
https://doi.org/10.1016/S0264-410X(00)00432-1
https://doi.org/10.1016/B978-0-323-42866-8.00003-4
https://doi.org/10.1093/nar/gkr1002
https://doi.org/10.1039/c9nr02297j
https://doi.org/10.7150/oncm.25785
https://doi.org/10.1021/acs.bioconjchem.8b00585
https://doi.org/10.1038/nbt936
https://doi.org/10.1007/BF00835643
https://doi.org/10.1016/j.ijpharm.2019.118606
https://doi.org/10.1016/j.jconrel.2006.11.030
https://doi.org/10.1016/j.jconrel.2006.11.030
https://doi.org/10.1016/j.chemphyslip.2018.12.009
https://doi.org/10.1016/j.chemphyslip.2018.12.009
https://doi.org/10.1016/j.jconrel.2019.01.001
https://doi.org/10.1089/hum.1997.8.6-689
https://doi.org/10.1089/hum.1997.8.6-689
https://doi.org/10.1039/c2sm27303a
https://doi.org/10.1038/nbt.1602
https://doi.org/10.1016/S0005-2736(00)00343-6
https://doi.org/10.1021/am5026243
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Shin, J., Shum, P., and Thompson, D. H. (2003). Acid-triggered release via
dePEGylation of DOPE liposomes containing acid-labile vinyl ether PEG-
lipids. J. Contr. Release 91 (1), 187–200. doi:10.1016/S0168-3659(03)00232-3

Simoneide, S., de-Almeida, T., Pedro Renato de Paula, B., Ingrid, F., and Ricardo, T.
(2020). Leading RNA interference therapeutics part 1: silencing hereditary
transthyretin amyloidosis, with a focus on patisiran. Mol. Diagn. Ther. 24,
49–59. doi:10.1007/s40291-019-00434-w

Sledz, C. A., Holko, M., De Veer, M. J., Silverman, R. H., andWilliams, B. R. (2003).
Activation of the interferon system by short-interfering RNAs. Nat. Cell Biol. 5
(9), 834–839. doi:10.1038/ncb1038

Soenen, S. J., Brisson, A. R., and De Cuyper, M. (2009). Addressing the problem of
cationic lipid-mediated toxicity: the magnetoliposome model. Biomaterials 30
(22), 3691–3701. doi:10.1016/j.biomaterials.2009.03.040

Song, E., Zhu, P., Lee, S. K., Chowdhury, D., Kussman, S., Dykxhoorn, D. M., et al.
(2005). Antibody mediated in vivo delivery of small interfering RNAs via cell-
surface receptors. Nat. Biotechnol. 23 (6), 709–717. doi:10.1038/nbt1101

Sroda, K., Rydlewski, J., Langner, M., Kozubek, A., Grzybek, M., and Sikorski, A. F.
(2005). Repeated injections of PEG-PE liposomes generate anti-PEG antibodies.
Cell. Mol. Biol. Lett. 10 (1), 37–47. doi:10.1109/ICASSP.2011.5946843

Stephenson, M. L., and Zamecnik, P. C. (1978). Inhibition of Rous sarcoma viral
RNA translation by a specific oligodeoxyribonucleotide. Proc. Natl. Acad. Sci.
U.S.A. 75, 285–288. doi:10.1073/pnas.75.1.285

Swayze, E. E. (2010). RNA targeting therapeutics: molecular mechanisms of
antisense oligonucleotides as a therapeutic platform. Annu. Rev. Pharmacol.
Toxicol. 50 (1), 259–293. doi:10.1146/annurev.pharmtox.010909.105654

Tan, Y. (2001). Overcoming the inflammatory toxicity in cationic lipid vector-
mediated systemic gene delivery. Framingham, MA: Genzyme Corporation.

Tang, J., Howard, C. B., Mahler, S. M., Thurecht, K. J., Huang, L., and Xu, Z. P.
(2018). Enhanced delivery of siRNA to triple negative breast cancer cells in vitro
and in vivo through functionalizing lipid-coated calcium phosphate nanoparticles
with dual target ligands. Nanoscale 10 (9), 4258–4266. doi:10.1039/c7nr08644j

Tang, S., Meng, Q., Sun, H., Su, J., Yin, Q., Zhang, Z., et al. (2016). Tumor-
microenvironment-adaptive nanoparticles codeliver paclitaxel and siRNA to
inhibit growth and lung metastasis of breast cancer. Adv. Funct. Mater. 26 (33),
6033–6046. doi:10.1002/adfm.201601703

Tao, Y., Han, J., and Dou, H. (2012). Brain-targeting gene delivery using a rabies
virus glycoprotein peptide modulated hollow liposome: bio-behavioral study.
J. Mater. Chem. 22, 11808–11815. doi:10.1039/c2jm31675g

Thi, E. P., Mire, C. E., Bedoya, R. U., Geisbert, J. B., Lee, A. C. H., Agans, K. N., et al.
(2014). Marburg virus infection in nonhuman primates: therapeutic treatment
by lipid-encapsulated siRNA. Sci. Transl. Med. 6 (250), 250ra116. doi:10.1126/
scitranslmed.3009706

Tseng, Y., Mozumdar, S., and Huang, L. (2009). Lipid-based systemic delivery of
siRNA. Adv. Drug Deliv. Rev. 61 (9), 721–731. doi:10.1016/j.addr.2009.03.003

Uemura, Y., Naoi, T., Kanai, Y., and Kobayashi, K. (2019). The efficiency of lipid
nanoparticles with an original cationic lipid as a siRNA delivery system for
macrophages and dendritic cells. Pharmaceut. Dev. Technol. 24 (3), 263–268.
doi:10.1080/10837450.2018.1469149

Valencia-Serna, J., Aliabadi, H. M., Manfrin, A., Mohseni, M., Jiang, X., and
Uludag, H. (2018). siRNA/Lipopolymer nanoparticles to arrest growth of
chronic myeloid leukemia cells in vitro and in vivo. Eur. J. Pharm.
Biopharm. 130, 66–70. doi:10.1016/j.ejpb.2018.06.018

Vangasseri, D. P., Cui, Z., Chen, W., Hokey, D. A., Falo, L. D., and Huang, L.
(2006). Immunostimulation of dendritic cells by cationic liposomes. Mol.
Membr. Biol. 23 (5), 385–395. doi:10.1080/09687860600790537

Verhoef, J. J., Carpenter, J. F., Anchordoquy, T. J., Schellekens, H., and Schellekens,
H. (2014). Potential induction of anti-PEG antibodies and complement
activation toward PEGylated therapeutics. Drug Discov. Today 19 (12),
1945–1952. doi:10.1016/j.drudis.2014.08.015

Wang, Y., and Huang, L. (2013a). A window onto siRNA delivery. Nat. Biotechnol.
31 (7), 611–612. doi:10.1038/nbt.2634

Wang, Y., and Huang, L. (2013b). Lipid nanoparticles for the delivery of nucleic
acids. Hoboken, NJ: John Wiley and Sons.

Wheeler, L. A., Trifonova, R., Vrbanac, V., Basar, E., Mckernan, S., Xu, Z., et al.
(2011). Inhibition of HIV transmission in human cervicovaginal explants and

humanized mice using CD4 aptamer-siRNA chimeras. J. Clin. Invest. 121 (6),
2401–2412. doi:10.1172/JCI45876

Whitehead, K. A., Langer, R., and Anderson, D. G. (2009). Knocking down
barriers: advances in siRNA delivery. Nat. Rev. Drug Discov. 8 (2), 129–138.
doi:10.1038/nrd2742

Whitehead, K. A., Sahay, G., Li, G. Z., Love, K. T., Alabi, C. A., Ma, M., et al. (2011).
Synergistic silencing: combinations of lipid-like materials for efficacious siRNA
delivery. Mol. Ther. 19 (9), 1688–1694. doi:10.1038/mt.2011.141

Wilner, S. E., and Levy, M. (2016). Synthesis and characterization of aptamer-
targeted SNALPs for the delivery of siRNA. Methods Mol. Biol. 1380, 211–224.
doi:10.1007/978-1-4939-3197-2_18

Wittrup, A., and Lieberman, J. (2015). Knocking down disease: a progress report on
siRNA therapeutics. Nat. Rev. Genet. 16 (9), 543–552. doi:10.1038/nrg3978

Wolfrum, C., Shi, S., Jayaprakash, K.N., Jayaraman,M.,Wang, G., Pandey, R. K., et al.
(2007). siRNA, delivery.Nat. Biotechnol. 25 (10), 1149–1157. doi:10.1038/nbt1339

Xia, Y., Tian, J., and Chen, X. (2015). Effect of surface properties on liposomal
siRNA delivery. Biomaterials 79, 56–68. doi:10.1016/j.biomaterials.2015.11.056

Xin, Y., Tateno, C., Thi, E. P., Kakuni, M., Snead, N. M., Ishida, Y., et al. (2019).
Hepatitis B virus therapeutic agent ARB-1740 has inhibitory effect on hepatitis
delta virus in a new dually-infected humanized mouse model. ACS Infect. Dis. 5
(5), 738–749. doi:10.1021/acsinfecdis.8b00192

Xu, L., He, X. Y., Liu, B. Y., Xu, C., Ai, S. L., Zhuo, R. X., et al. (2018). Aptamer-
functionalized albumin-based nanoparticles for targeted drug delivery. Colloids
Surf. B Biointerfaces 171, 24–30. doi:10.1016/j.colsurfb.2018.07.008

Yang, S., Chen, Y., Ahmadie, R., and Ho, E. A. (2013). Advancements in the field of
intravaginal siRNA delivery. J. Contr. Release 167 (1), 29–39. doi:10.1016/j.
jconrel.2012.12.023

Yuen, Y. C., Tam, S. C., Chen, S., and Cullis, P. R. (2013). Advances in lipid
nanoparticles for siRNA delivery. Pharmaceutics 5 (3), 498–507. doi:10.3390/
pharmaceutics5030498

Zhang, J., Liu, F., and Huang, L. (2005). Implications of pharmacokinetic behavior
of lipoplex for its inflammatory toxicity. Adv. Drug Deliv. Rev. 57 (5), 689–698.
doi:10.1016/j.addr.2004.12.004

Zhang, P., Sun, F., Liu, S., and Jiang, S. (2016). Anti-PEG antibodies in the clinic:
current issues and beyond PEGylation. J. Contr. Release 244 (28), 184–193.
doi:10.1016/j.jconrel.2016.06.040

Zhang, S. R., Feng, J., Chen, S., Bai, G., Che, J. Y., Wu, F., et al. (2015). Preparation
and cytotoxicity studies of nucleic acids vectors lipopolyplex. Prog. Modern Biomed.
15 (27), 5204–5207. doi:10.13241/j.cnki.pmb.2015.27.002

Zhang, X., Goel, V., and Robbie, G. J. (2020). Pharmacokinetics of Patisiran, the first
approved RNA interference therapy in patients with hereditary transthyretin-
mediated amyloidosis. J. Clin. Pharmacol. 60 (5), 573–585. doi:10.1002/jcph.1553

Zhang, Y., Li, S., Zhou, X., Sun, J., Fan, X., Guan, Z., et al. (2019). Construction of a
targeting nanoparticle of 3′, 3″-Bis-Peptide-siRNA conjugate/mixed lipid with
postinserted DSPE-PEG2000-cRGD. Mol. Pharm. 16, 4920–4928. doi:10.1021/
acs.molpharmaceut.9b00800

Zhou, X., Pan, Y., Li, Z., Li, H., Wu, J., Ma, Y., et al. (2020a). siRNA packaged with
neutral cytidinyl/cationic/PEG lipids for enhanced antitumor efficiency and
safety in vitro and in vivo. ACS Appl. Bio. Mater. 3, 6297–6309. doi:10.1021/
acsabm.0c0077586

Zhou, X., Wang, S., Zhu, Y., Pan, Y., Zhang, L., and Yang, Z. (2020b). Overcoming
the delivery barrier of oligonucleotide drugs and enhancingnucleoside drug efficiency:
the use of nucleolipids. Med. Res. Rev. 40, 1178–1199. doi:10.1002/med.21652

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Ge, Chen, Zhao and Yuan. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 59817515

Ge et al. Advanced Target Delivery of siRNA

https://doi.org/10.1016/S0168-3659(03)00232-3
https://doi.org/10.1007/s40291-019-00434-w
https://doi.org/10.1038/ncb1038
https://doi.org/10.1016/j.biomaterials.2009.03.040
https://doi.org/10.1038/nbt1101
https://doi.org/10.1109/ICASSP.2011.5946843
https://doi.org/10.1073/pnas.75.1.285
https://doi.org/10.1146/annurev.pharmtox.010909.105654
https://doi.org/10.1039/c7nr08644j
https://doi.org/10.1002/adfm.201601703
https://doi.org/10.1039/c2jm31675g
https://doi.org/10.1126/scitranslmed.3009706
https://doi.org/10.1126/scitranslmed.3009706
https://doi.org/10.1016/j.addr.2009.03.003
https://doi.org/10.1080/10837450.2018.1469149
https://doi.org/10.1016/j.ejpb.2018.06.018
https://doi.org/10.1080/09687860600790537
https://doi.org/10.1016/j.drudis.2014.08.015
https://doi.org/10.1038/nbt.2634
https://doi.org/10.1172/JCI45876
https://doi.org/10.1038/nrd2742
https://doi.org/10.1038/mt.2011.141
https://doi.org/10.1007/978-1-4939-3197-2_18
https://doi.org/10.1038/nrg3978
https://doi.org/10.1038/nbt1339
https://doi.org/10.1016/j.biomaterials.2015.11.056
https://doi.org/10.1021/acsinfecdis.8b00192
https://doi.org/10.1016/j.colsurfb.2018.07.008
https://doi.org/10.1016/j.jconrel.2012.12.023
https://doi.org/10.1016/j.jconrel.2012.12.023
https://doi.org/10.3390/pharmaceutics5030498
https://doi.org/10.3390/pharmaceutics5030498
https://doi.org/10.1016/j.addr.2004.12.004
https://doi.org/10.1016/j.jconrel.2016.06.040
https://doi.org/10.13241/j.cnki.pmb.2015.27.002
https://doi.org/10.1002/jcph.1553
https://doi.org/10.1021/acs.molpharmaceut.9b00800
https://doi.org/10.1021/acs.molpharmaceut.9b00800
https://doi.org/10.1021/acsabm.0c0077586
https://doi.org/10.1021/acsabm.0c0077586
https://doi.org/10.1002/med.21652
https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Rationale and Application of PEGylated Lipid-Based System for Advanced Target Delivery of siRNA
	Introduction
	Mechanism of siRNA
	Delivery Pathways of siRNA Based on Lipid
	Different Types of PEGylated Lipid-Based Nanoparticles
	Lipoplex
	Lipopolyplex
	Lipid–Calcium–Phosphate and siRNA Complex
	PEG Cleavable Lipid-Based Vesicles
	Stable Nucleic Acid Lipid Particles
	Lipid Nanoparticles
	Others

	Different Types of Lipids Used for Formulation of siRNA
	Cationic Lipid
	Anionic Lipid
	Neutral Lipids

	Challenges and Strategies
	Involving in Usage of Cationic Lipids in Most of the Lipid-Based Nanoparticles
	Circulating and Targeting Delivery of Lipid-Based Nanoparticles
	PEGylation
	Particle Size Distribution and Surface Characteristics
	Surface Targeting Modifications and Other Strategies

	Endosome Escaping Efficiency
	Potential Toxicity Induced by Nanoparticles
	Clinical Trials

	Conclusion
	Author Contributions
	Funding
	References


