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CONSPECTUS: Dendrimers, a special family of polymers, are particularly promising
materials for various biomedical applications by virtue of their well-defined dendritic structure
and cooperative multivalency. Specifically, in this Account, we present state-of-the-art
amphiphilic dendrimers for nucleic acid delivery.
Ribonucleic acid (RNA) molecules are fast becoming an important drug modality, particularly
since the recent success of mRNA vaccines against COVID-19. Notably, RNA therapeutics
offer the unique opportunity to treat diseases at the gene level and address “undruggable”
targets. However, RNA therapeutics are not stable and have poor bioavailability, imposing the
need for their protection and safe delivery by vectors to the sites-of-action to allow the desired
therapeutic effects. Currently, the two most advanced nonviral vectors are based on lipids and
polymers, with lipid vectors primarily exploiting the membrane-fusion mechanism and
polymer vectors mainly endocytosis-mediated delivery. Notably, only lipid vectors have been
advanced through to their clinical use in the delivery of, for example, the first siRNA drug and
the first mRNA vaccine.
The success of lipid vectors for RNA delivery has motivated research for further innovative materials as delivery vectors. Specifically,
we have pioneered lipid/dendrimer conjugates, referred to as amphiphilic dendrimers, for siRNA delivery with the view to
harnessing the delivery advantages of both lipid and polymer vectors while enjoying the unique structural features of dendrimers.
These amphiphilic dendrimer vectors are lipid/dendrimer hybrids and are thus able to mimic lipid vectors and exploit membrane-
fusion-mediated delivery, while simultaneously retaining the multivalent properties of polymer vectors that allow endocytosis-based
delivery. In addition, they have precisely controllable and stable nanosized chemical structures and offer nanotechnology-based
delivery.
Effective amphiphilic dendrimer vectors share two important elements: chemical hydrophilic entities to bind RNA and RNA
complex-stabilizing hydrophobicity. These two combined features allow the encapsulation of RNA within a stable complex before its
release into the cytosol following endocytosis. This hydrophilic/hydrophobic balance permitted by the structural features of
amphiphilic dendrimers plays a determining role in RNA delivery success.
In this Account, we provide a conceptual overview of this exciting field with the latest breakthroughs and key advances in the design
of amphiphilic dendrimers for the delivery of siRNA and mRNA. Specifically, we start with a short introduction to siRNA- and
mRNA-based therapeutics and their delivery challenges. We then outline the pioneering and representative studies on amphiphilic
dendrimer vectors to highlight their historical development and promising features that offer to facilitate the once challenging RNA
delivery. We conclude by offering perspectives for the future of amphiphilic dendrimer vectors for nucleic acid delivery in general.

1. INTRODUCTION

Dendrimers, a special family of synthetic polymers with well-
defined radial structures and cooperative multivalency (Figure
1),1 are promising materials for developing biosensors,
diagnostics, drugs, and drug delivery systems including nucleic
acid delivery.2,3 Specifically, nucleic acid molecules are
emerging as extremely appealing therapeutics, which provide
treatment options for diseases that are beyond the reach of
traditional approaches.4 In particular, small interfering RNA
(siRNA) can sequence-specifically and efficiently silence any
disease-associated gene, offering a unique capacity to address
“undruggable” targets and provide precision medicine.5 On the
other hand, mRNA therapeutics can be used to transiently

generate desired functional proteins for therapeutic and
prophylaxis purposes.6,7 Both siRNA- and mRNA-based
therapeutics can be rapidly and reliably designed on the
basis of gene sequence, offering fast and personalized precision
medicine. An excellent example is the mRNA-based vaccines
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against the devastating and evolving COVID-19 pandemic.
These mRNA vaccines have been successfully developed with
unprecedented speed and have shown excellent efficacy.
However, both siRNA and mRNA therapeutics suffer

instability issues and have poor bioavailability. They thus
require delivery systems to protect them from degradation and
deliver them to sites of action to allow their desired therapeutic
effects.4 Lipids and polymers are the two most studied nonviral
vectors and possess distinct delivery mechanisms.8,9 In order to
capitalize on the delivery advantages of both lipid and polymer
vectors while preserving the unique structural features of
dendrimers, various lipid/dendrimer conjugates, also termed
amphiphilic dendrimers (Figure 1B), have been explored for
siRNA delivery.10−15 These amphiphilic dendrimers are lipid/
dendrimer hybrids and can be classified as core−shell, Janus,
and dendron-tail structures (Figure 1B). They mimic lipids,
thus offering the delivery features of lipid vectors, while
retaining the multivalent properties of polymers and their
advantages as polymer vectors.10,12,14,16 In addition, they have
precisely controlled structures and form nanosized complexes
with RNA molecules and hence offer all the advantages of
nanotechnology-based delivery. Noteworthy, the chemical
composition and the structural geometry as well as the

hydrophilic/hydrophobic balance of amphiphilic dendrimer
vectors play determining roles in RNA delivery.
In this Account, we present a holistic overview of

amphiphilic dendrimer vectors for siRNA delivery and
mRNA delivery, considering the evolution of this subject
through key developments and advances, latest breakthroughs,
and future perspectives. We start with a brief description of
siRNA and mRNA therapeutics and their delivery challenges.

2. SIRNA AND MRNA THERAPEUTICS AND
CHALLENGES WITH THEIR DELIVERY

Nucleic acid therapeutics offer the unique opportunity to treat
diseases at the gene level and address “undruggable” targets,
and they are emerging as the third drug modality alongside
small molecule and protein drugs. Currently, there are over
3000 clinical trials for nucleic acid therapeutics, and several
have been approved including eight antisense oligonucleotides
(ASOs), four siRNA drugs, and two mRNA vaccines.4

Different nucleic acid therapeutics such as DNA, mRNA,
siRNA, and ASO have specific modes of action and discrete
sequences. Moreover, they have distinct physicochemical
properties such as size and molecular weight, single- or
double-stranded structure, and conformational flexibility. This
Account is primarily focused on the nucleic acid therapeutics
based on siRNA and mRNA.
Since the discovery of RNA interference (RNAi) in 1998,

there has been tremendous interest in developing siRNA
therapeutics to treat various diseases.5 siRNA are small,
double-stranded RNA molecules composed of ∼19−25 base
pairs. Once inside the cell, the antisense strand of siRNA binds
to the target mRNA via complementary Watson−Crick base
pairing and cleaves the mRNA within the RISC complex to
inhibit gene expression, leading to gene silencing (Figure 2).
This process of gene silencing is catalytic, yet highly efficient
and specific, offering unique advantages over traditional
antisense oligonucleotides not only in therapeutic efficacy
but also in duration of effect. In addition, siRNA therapeutics
can be rationally designed on the basis of the primary gene
sequence and thus are able to address undruggable targets and
provide precision and personalized medicine.

Figure 1. Cartoon illustrations of (A) a dendrimer and (B)
amphiphilic dendrimers. (A) The dendrimer structure is composed
of a central core or generation 0 (G0), repeat branching units forming
consecutive levels or generations (G1, G2, and G3) and terminal
groups on the surface (shown in pink). (B) Amphiphilic dendrimers
of core−shell, Janus, and dendron-tail structures composed of distinct
hydrophobic (red) and hydrophilic (blue) entities.

Figure 2. siRNA and mRNA as therapeutics and their modes of action.
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In contrast to siRNA, mRNA is a large and single-stranded
nucleic acid carrying protein-coding information from the
genome. Once introduced into cells and having reached
ribosomes, an mRNA-based therapeutic is translated to
produce the desired functional protein for medicinal purposes
(Figure 2). Therapeutic mRNAs can be designed and applied
for vaccination against cancer and infectious diseases like
COVID-19, protein-replacement therapy, and gene editing.6,7

The inherent advantages of mRNA therapeutics include low
genome integration probability, transient expression, simple
and rapid in vitro transcription preparation, and large-scale
production. Unlike DNA-based gene therapy that requires
entry into nucleus, mRNA therapeutics need only to reach the
cytoplasm to produce functional proteins, hence reducing the
risks of insertional mutagenesis. In addition, when compared to
direct protein therapy, mRNA therapeutics are easier and more
flexible to design, have a more cost-effective preparation, and
are less risky with regards biosafety.
Despite the advantages of siRNA- and mRNA-based

therapeutics, they are, unfortunately, unstable and readily
degraded via chemical hydrolysis and enzymatic action because
of their labile phosphodiester linkages. In addition, their dense
negative charge and high hydrophilicity hamper movement
across cell membranes. Exogenous RNA molecules can also be
easily cleared by the reticuloendothelial system or detected by
the innate immune system for triggering immune responses.4,17

Therefore, suitable delivery systems that protect these RNA
molecules from degradation and promote their cellular uptake
and delivery to the desired sites of action are crucial for
practical applications of siRNA and mRNA therapeutics.
Both viral and nonviral vectors have been developed for

nucleic acid delivery.4 Viral vectors have the advantage of
offering high transfection efficiency but bear serious safety
concerns with respect to their high immunogenicity and risk of
insertional mutagenesis. Additional drawbacks of viral vectors
include low packaging capacity and high production costs.
Nonviral vectors with their better safety profile, easy packaging
of both large and small nucleic acids and simple and low-cost
production therefore represent an extremely attractive
alternative. The first siRNA drug Patisiran and the first
mRNA vaccine both used nonviral vectors. In particular, the
recent success of mRNA vaccines against COVID-19 has
greatly fueled and intensified research interest in nonviral
delivery platforms.
It should be mentioned that chemical modification and

ligand conjugation of the nucleic acids themselves has been
attempted and successfully implemented in siRNA delivery to
achieve stability, efficacy, and specificity, leading to three
clinically approved GalNAc-siRNA drugs Givosiran, Inclisiran,
and Lumasiran. In addition, base modifications in certain
nucleosides such as pseudouridine, N1-methylpseudouridine,
and 5-methylcytidine in mRNA can further suppress immune
responses, while improving mRNA translation.4,6,18 For
example, N1-methylpseudouridine was used in mRNA vaccines
against COVID-19. The chemistry for ligand conjugation and
nucleobase/nucleoside/oligonucleotide modification has been
extensively reviewed elsewhere,4,19,20 and falls outside the
scope of the present Account focused on the nonviral delivery
of siRNA and mRNA.

3. LIPID AND POLYMER VECTORS
A myriad of nonviral vectors have been explored for nucleic
acid delivery, such as lipids, polymers, peptides, proteins,

inorganic materials, etc.4 Among them, lipids and polymers are
the most advanced nonviral vectors because of their safety,
flexibility, and efficiency.8,9,21,22 For example, the first in-
human trial of siRNA therapeutics was performed using a
cyclodextrin-based polymeric vector,23 whereas the first
approved siRNA drug Patisiran and the first mRNA vaccine
employed lipid nanoparticles.9,21

Lipid vectors for nucleic acid delivery have evolved from
liposomes, through lipoplexes to lipid nanoparticles (LNPs).9

Liposomal delivery involves encapsulating nucleic acids within
liposomes formed with neutral lipids and exploits the
membrane-fusion mechanism for delivery into the cell.
However, liposomal delivery is plagued with low encapsulation
efficiency. To overcome this problem, lipoplexes based on
cationic lipids were developed. These cationic lipids interact
with negatively charged nucleic acids to yield high
encapsulation and delivery efficiency. Nevertheless, lipoplexes
suffer from high toxicity caused by the cationic lipids. Besides,
the positive charge of cationic lipids could result in their rapid
plasma clearance and short circulation time. Different from
liposomes and lipoplexes, LNPs are prepared from ionizable
lipids that are positively charged at acidic pH (enabling nucleic
acid binding) and neutral at physiological pH (eliminating
toxicity caused by cationic lipids).24 LNPs enter into cells via
endocytosis, and within acidic endosomes, the ionizable lipids
are protonated. This protonation allows the lipids to readily
interact with negatively charged endosomal membranes and
thereby induce the fusion process for endosome disruption and
nucleic acid release, leading to effective delivery (Figure 3A). It
should be mentioned that LNPs are multicomponent systems
encompassing ionizable lipid, phospholipid, cholesterol, and
pegylated lipid. The phospholipids are used as “helper lipids”
to enhance endosome release and transfection efficiency, the
cholesterol to enhance stability, and the pegylated lipids to
promote the formation of homogeneous LNPs, which increase
the stability and circulation time by preventing the interactions
with blood components and reticuloendothelial clearance.
Importantly, the ratio of these components affects the delivery
efficacy, and this ratio can be varied and tailored for delivery of
distinct nucleic acids such as siRNA and mRNA.
Besides lipid vectors, cationic polymers are also frequently

used nonviral vectors.8,22 The advantages of polymer vectors
are the immense structural diversity and the ability to make
functional modifications. These vectors also form robust, small,
and uniform complexes, which improve transfection efficiency.
Cationic polymers pack negatively charged nucleic acids
through electrostatic interactions into polyplexes, which enter
cells via endocytosis before undergoing endosome release
possibly via the “proton-sponge” effect for effective delivery
(Figure 3B). Poly-L-lysine (PLL) was the first cationic polymer
investigated for nucleic acid delivery.25 Subsequently, Behr and
co-workers reported polyethylenimine (PEI) with excellent
efficiency for DNA transfection.26 The high transfection
efficiency of PEI can be attributed to the buffering capacity
of the abundant amino groups within PEI, generating a high
positive charge density under physiological and acidic
conditions. This feature expedites PEI binding to negatively
charged nucleic acids via strong electrostatic interactions under
physiological conditions, while, at the same time, facilitating
endosome escape of nucleic acid cargos by endosomal
buffering via the “proton-sponge” effect.27,28 PEI has therefore
become a gold standard for in vitro nucleic acid transfection,
but unfortunately, it cannot be used in clinical applications due
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to its high toxicity. Therefore, great efforts have been pursued
to develop various polymer vectors for safe and effective
nucleic acid delivery.8,22

Although lipids and polymers are the most advanced and
frequently used nonviral vectors for nucleic acid delivery, they
unfortunately have limitations. Indeed, while lipid vectors have
limited functional modification, poor stability, rapid clearance,
and cause inflammatory or anti-inflammatory responses,
polymer vectors usually lack precise control of their chemical
compositions and structures. In addition, endosome release is
crucial for RNA delivery and yet only a few delivery complexes
can escape from the endosome.29 Lipid vectors essentially
exploit the membrane-fusion mechanism for endosome release,
whereas polymer vectors often use the “proton-sponge” effect

(Figure 3). Therefore, the search continues for innovative
materials as more effective vectors and is of paramount
importance for nucleic acid therapeutics.

4. AMPHIPHILIC DENDRIMER VECTORS
Dendrimers are extremely appealing materials for developing
RNA vectors by virtue of their well-defined radial structure and
the cooperative multivalency confined within a nanosized
dimension. They are composed of three distinct structural
components: (1) the core, (2) the repetitive branching layers
(also referred to as “generation”), and (3) the abundant
terminal groups (Figure 1A). Different from the conventional
polymers, dendrimers have precisely controlled chemical
compositions and uniquely well-defined structures.30

Figure 3. Nucleic acid delivery mediated by nonviral vectors prepared with (A) lipids, (B) polymers, and (C) amphiphilic dendrimers.
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Figure 4. Examples of dendron-tail amphiphilic PAMAM dendrimers developed in our group for siRNA delivery.10,12,14,16,31,32 Adapted with
permission from ref 10 (Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA), ref 12 (Copyright 2016 Wiley-VCH Verlag GmbH & Co.
KGaA), ref 14 (Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA), ref 16 (Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA), ref 31
(Copyright 2015 Royal Society of Chemistry), and ref 32 (Copyright 2021 Tsinghua University Press and Springer).
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With the aim of harnessing the structural features of
dendrimers together with the delivery advantages of both lipid
and polymer vectors while overcoming their limitations,
scientists have developed elaborate lipid/dendrimer conju-
gates, also termed amphiphilic dendrimers (Figure 1B), for
nucleic acid delivery. These amphiphilic dendrimers form
nanosized complexes with nucleic acid molecules thus allowing
their nanotechnology-based delivery via endocytosis-mediated
cell uptake (Figure 3C). These precisely controlled dendritic
structures harbor multivalent cooperativity and can exploit
membrane-fusion-based endosome release by mimicking lipid
vectors, while simultaneously retaining the “proton-sponge”-
mediated endosome release of polymer vectors (Figure
3).10,12,14 We present below representative examples to
highlight the pioneering and exemplary studies of amphiphilic
dendrimers for the delivery of siRNA and mRNA by retracing
their development, challenges faced, and scientific break-
throughs so far.
As briefly mentioned above in the Introduction, amphiphilic

dendrimers can be classified into three groups (Figure 1B):
core−shell, Janus, and dendron-tail. While core−shell
amphiphilic dendrimers are mostly prepared on the basis of
traditional hydrophilic spherical dendrimers with hydrophobic
motifs introduced via surface modifications, Janus amphiphilic
dendrimers are constructed with two different dendrons
bearing distinct hydrophobic and hydrophilic entities. Den-
dron-tail amphiphilic dendrimers have straightforward design
and ease of synthesis and are the most studied for nucleic acid
delivery. In this Account, we use the term amphiphilic
dendrimers to collectively refer to all three types.

4.1. siRNA Delivery

Our group has pioneered studies on dendron-tail amphiphilic
dendrimers for siRNA delivery with the view to capitalize on
the advantageous delivery features of both lipid and dendritic
polymer vectors. In 2012, we reported the first amphiphilic
dendrimer 1 (Figure 4) for functional siRNA delivery in vitro
and in vivo.10 This dendrimer vector is composed of a simple
hydrophobic alkyl chain and a hydrophilic poly(amidoamine)
(PAMAM) dendron. By virtue of its amphiphilicity, this
dendrimer spontaneously self-assembles into nanomicelles
(Figure 5A).16 At physiological pH, these nanomicelles are
positively charged at their amine terminals and thereby bind
negatively charged siRNA via electrostatic interactions to form
stable nanoparticles which protect the siRNA from degradation
and facilitate its cellular uptake via endocytosis. Once
internalized in the cell, 1-mediated delivery exploits both the
lipid-based membrane-fusion mechanism and the polymer-
based proton-sponge effect for endosomal release (Figure 3),
resulting in excellent siRNA delivery and potent gene silencing
of heat shock protein 27 (Hsp27) in a castration-resistant
prostate cancer model.
Importantly, the amphiphilic feature of 1 is crucial for siRNA

delivery, because neither the hydrophilic dendron 2 alone
without the hydrophobic chain nor dendrimer 3 with a
hydrophilic PEG chain (Figure 4) was able to achieve
functional siRNA delivery.10,16 Additionally, amphiphilic
dendrimers of lower generations10 or with either a longer or
shorter hydrophobic chain had no delivery activity:16 an
amphiphilic dendrimer with a too short hydrophobic chain
could not form stable nanomicelles, while one with a too long
hydrophobic chain formed very stable nanomicelles that bound

Figure 5. Self-assembly of amphiphilic dendrimers for siRNA delivery.10,14,33 (A) Self-assembly of 1 into nanomicelles for siRNA delivery. (B) Self-
assembly of 6 into nanovesicles for siRNA delivery. (C) Peptide-decorated siRNA/6 nanoparticles for targeted siRNA delivery in cancer cells.
Adapted with permission from ref 10 (Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA), ref 14 (Copyright 2014 Wiley-VCH Verlag
GmbH & Co. KGaA), and ref 33 (Copyright 2018 American Chemical Society).

Accounts of Materials Research pubs.acs.org/amrcda Article

https://doi.org/10.1021/accountsmr.1c00272
Acc. Mater. Res. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/accountsmr.1c00272?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00272?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00272?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00272?fig=fig5&ref=pdf
pubs.acs.org/amrcda?ref=pdf
https://doi.org/10.1021/accountsmr.1c00272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


siRNA but did not readily release it for gene silencing. The
best amphiphilic dendrimer 1 bears a hydrophobic alkyl chain
of 18 carbons and a PAMAM dendron of generation 3,
highlighting the importance of an intricate balance between
hydrophilicity and hydrophobicity for efficient siRNA deliv-
ery.16

To further enhance delivery efficiency, amphiphilic
dendrimer 4 bearing arginine terminals was constructed
(Figure 4) in order to mimic arginine-rich cell-penetrating
peptides for favorable cellular uptake.31 Cell-penetrating
peptides bearing positively charged arginine residues are
known to interact with negatively charged cell membranes
through electrostatic interactions and divalent H-bonds
involving the guanidinium moieties in arginine residues and
the phosphate/carboxylate/sulfate groups on the cell surface.
Such interactions facilitate membrane penetration.34 The
arginine-decorated dendrimer 4 exhibited substantially en-
hanced cell uptake of siRNA when compared with that of 1,
leading to more performant siRNA delivery and stronger gene
silencing in both human prostate cancer PC3 cells and
hematopoietic CD34+ stem cells.31 This study highlighted that
conjugation of arginine amino acids to the dendrimer terminals
constitutes a promising strategy to increase the efficiency of
siRNA delivery.
It should be mentioned that the arginine-decorated

dendrimer 4 has permanently charged positive terminals,
which may generate potential cytotoxicity via strong
interaction with the negatively charged cell membrane. In
addition, the permanently positive charges may also result in
rapid plasma clearance and short circulation time. Aiming to
overcome these drawbacks, the ionizable amphiphilic den-
drimer 5 carrying tertiary amine terminals (Figure 4) was
created for siRNA delivery.32 Tertiary amines can be less basic
than primary amines because of the steric hindrance that can
impede the protonation of the nitrogen atom. Indeed, 5 was
much less protonated than 1 at pH 7.4 and its siRNA complex
had also much less surface potential than that formed with 1.
Consequently, 5 showed much lower toxicity than 1 and 4.
Nevertheless, 5 was sufficiently charged at pH 7.4 to
interaction with the negatively charged siRNA and formed
stable siRNA complexes for siRNA delivery, while at acidic pH
5.0 of the endosome, 5 was almost fully charged, interacting
with and destabilizing the negatively charged endosomal
membrane for effective siRNA release, and leading to
consequently gene silencing. Therefore, 5 maintained effective
siRNA delivery similar to that of 1.
This observed relationship between delivery efficacy and

toxicity of amphiphilic dendrimers is similar to that observed
for cationic lipid vectors and ionizable lipid vectors: cationic
dendrimer vectors are more effective for delivery but also show
greater toxicity than ionizable dendrimers. Therefore, the
trade-off between activity and toxicity should be carefully
evaluated to maximize the delivery activity while minimizing
the toxicity profile. This trade-off is often critically impacted by
the hydrophilic and hydrophobic balance as well as the
apparent pKa values of the ionizable amine functionalities in
the delivery vector.35

In searching for more effective delivery systems, we also
altered the hydrophobic entity in 1 and constructed the
amphiphilic dendrimer 6 harboring two hydrophobic C18 alkyl
chains (Figure 4).14 Unlike the nanomicelles formed following
self-assembly of 1, 6 self-assembles spontaneously into
nanovesicles in water (Figure 5B). This interesting finding

can be explained by the increased chain number in 6,
enhancing the volume of the hydrophobic entity, which alters
the hydrophilic/hydrophobic ratio and thus the packing
parameter of 6 for forming vesicles. Remarkably, the positively
charged vesicles formed by 6 were observed to rearrange into
nanomicelles upon interaction with the negatively charged
siRNA, giving rise to highly ordered spherical nanoparticles of
siRNA/6 complexes that enter into cells via macropinocytosis
and allow endosomal release through the combined features of
lipid and polymer vectors. Moreover, 6 exhibited excellent
siRNA delivery, leading to much better gene silencing than 1 in
various cell lines including stem cells and primary cells as well
as in vivo in different disease models.14,36−38 Also remarkably,
it enabled siRNA delivery to primary immune cells otherwise
known to be particularly sensitive, fragile, and difficult to
transfect. Indeed, the 6-mediated siRNA delivery system
allowed functional gene silencing in primary T cells, natural
killer cells, macrophages, and microglia,38 offering a promising
alternative to modulate the function of immune cells for
immunotherapy.
Targeted delivery to specific cells is an important concern

with regards efficiency and safety. To address this, the 6-
mediated siRNA delivery system was decorated with targeting
ligands for effective delivery to cancer cells in tumor lesions.
Specifically, positively charged siRNA/6 complexes were
coated with a negatively charged peptide bearing a RGDK
segment, which simultaneously targets integrins (via RGD)
and neuropilin-1 receptors (via RGDK), both overexpressed
on cancer cells (Figure 5C).33 The targeted delivery gave rise
to enhanced siRNA delivery and stronger gene silencing of
Hsp27 in prostate cancer PC-3 cells; the resulting increase in
anticancer potency allowed a more than 10-fold reduction in
siRNA dose compared to that required with nontargeted
delivery in PC-3 xenograft mice. Consequently, 6 constitutes
an extremely promising vector for siRNA delivery in
biomedical applications.
Continued efforts to improve targeted delivery led to the

construction of a bola-amphiphilic dendrimer 7 for redox-
responsive siRNA delivery specifically to cancer cells.12 As
cancer cells are constantly under stressful survival conditions,
they possess high levels of reactive oxygen species (ROS). This
feature can be exploited for ROS-responsive and cancer cell-
specific delivery. Different from conventional lipid/dendrimer
conjugates, bola-amphiphilic dendrimer 7 is a dumbbell-
shaped molecule with two hydrophilic PAMAM dendrons
connected via a hydrophobic core, which harbors a ROS-
sensitive thioacetal functionality at the focal point. This
dendrimer binds siRNA to form a stable siRNA/7 complex.
After cellular uptake, the high ROS level in cancer cells
generated rapid degradation of the thioacetal group in 7 and
resulted in the dissociation of the siRNA/7 complexes and
subsequent siRNA release, leading to effective gene silencing of
Hsp27 and potent anticancer activity. Notably, this bola-
dendrimer also simultaneously exploits the delivery character-
istics of lipid and dendrimer vectors.12

Appealing with regard to their biocompatibility and
biodegradability, peptide dendrons have also been studied for
their use within amphiphilic dendrimers for siRNA delivery.
For example, Guan and co-workers developed a panel of bola-
type amphiphilic peptide dendrimers for siRNA delivery.11

These dendrimers have two polylysine dendrons connected to
a linear core composed of either a hydrophobic alkyl chain or a
fluorinated chain via a disulfide linkage (8 and 9 in Figure 6).
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Tryptophan was appended onto the dendron terminals to favor
siRNA binding, and histidine also to promote endosomal
escape through the pH-responsive imidazole group. The
disulfide linkages were designed to respond to the intracellular

high level of glutathione, thereby further boosting endosome
release. Noteworthy, the dendrimer bearing the fluorocarbon
chain (9) exhibited the most powerful and robust functional
siRNA delivery even under high serum concentration
conditions. The excellent performance of 9 suggests that the
fluorine−fluorine interaction may play a crucial role in
stabilizing assembly and siRNA delivery. A similar “fluo-
rocarbon effect” has previously been reported for DNA
delivery.39

Interestingly, Reymond and co-workers constructed amphi-
philic dendrimers composed of peptide dendrons bearing
various amino acid residues for siRNA delivery.40 Their
structure−activity relationship study indicated that efficient
transfection depends on a favorable ratio and arrangement of
hydrophobic and cationic amino acid residues. For example,
the two best performing dendrimers 10 and 11 each bear a
peptide dendron with alternate hydrophilic lysine branching
units and hydrophobic isoleucine residues alongside respec-
tively either a hydrophobic D-leucine oligopeptide or a two
C18 chain conjugation (Figure 6). In addition, both 10 and 11
were able to aggregate in a stereoselective process involving
intermolecular β-sheet cross-links to form siRNA/dendrimer
nanoparticles, which, under acidic conditions, rearranged to α-
helical conformations favoring endosome escape and siRNA
release. Notably, peptide dendrimers composed of unnatural
amino acids with D-configurations exhibited higher stability
than their corresponding natural (i.e., L-configuration) amino
acid counterparts and, at the same time, better siRNA delivery
activity for silencing GADPH in HeLa cells.
Recently, we also elaborated a biodegradable amphiphilic

dendrimer 12 (Figure 7) bearing poly(aminoester) dendron
(12 in Figure 7).41 Poly(aminoester) skeleton is widely
employed for constructing biodegradable materials thanks to

Figure 6. Amphiphilic peptide dendrimers 8−11 developed for
siRNA delivery.11,40 One-letter codes are used here to present the
amino acids: K for L-lysine, H for L-histidine, W for L-tryptophan, k for
D-lysine, and l for D-leucine. Branching lysine units are in italics.
Adapted with permission from ref 11 (Copyright 2015 American
Chemical Society) and ref 40 (Copyright 2019 American Chemical
Society).

Figure 7. Amphiphilic dendrimers 12 and 13 bearing poly(aminoester) and glycerol dendrons, respectively, for siRNA delivery.41,42 Adapted with
permission from ref 41 (Copyright 2022 Royal Society of Chemistry) ref 42 (Copyright 2012 American Chemical Society).

Accounts of Materials Research pubs.acs.org/amrcda Article

https://doi.org/10.1021/accountsmr.1c00272
Acc. Mater. Res. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/accountsmr.1c00272?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00272?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00272?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00272?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00272?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00272?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00272?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00272?fig=fig7&ref=pdf
pubs.acs.org/amrcda?ref=pdf
https://doi.org/10.1021/accountsmr.1c00272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


its multiple advantageous features: first, the ester linkage is
acid-, base- and enzyme-labile, thus degradable via ester
hydrolysis; second, the amine functionality can serve as the
buffer to neutralize the acid generated from the ester

hydrolysis, rending the degradation process within a benign

and nonaggressive environment. Indeed, 12 was readily

disintegrated upon enzymatic action and exhibited more

Figure 8. Examples of core−shell type amphiphilic dendrimers established for siRNA delivery.13,15,43,45 Adapted with permission from ref 13
(Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA), ref 15 (Copyright 2016 National Academy of Sciences), ref 43 (Copyright 2007
American Chemical Society), and ref 45 (Copyright 2015 American Chemical Society).
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effective siRNA delivery with a better safety profile than its
PAMAM dendrimer counterpart.
In a further stride toward developing improved biocompat-

ible dendrimer vectors, Haag and co-workers synthesized
amphiphilic dendrimers bearing glycerol dendrons for siRNA
delivery (13 in Figure 7).42 Glycerol dendrimers have
polyether backbones composed of glycerol repeating units
designed to mimic the neutral and biocompatible features of
polyethylene glycol (PEG). Glycine residues were added to the
dendrimer terminals via ester linkages (13 in Figure 7) to
provide, at physiological pH, positively charged groups for
binding to the negatively charged siRNA. Unfortunately, these
glycerol dendrimers did not perform well at delivering siRNA
although they are not toxic, even at high doses. One plausible
explanation is the absence of tertiary amine functionalities
within the chemical structures of these dendrimers that, while
permitting the formation of stable nanoparticles with siRNA,
may not therefore enable the proton-sponge effect for
endosomal release.
In addition to the above-mentioned dendron-tail amphi-

philic dendrimers, core−shell type amphiphilic dendrimers
have also been developed for siRNA delivery. In 2007, Rana
conjugated oleic acids on the surface of a polylysine peptide
dendrimer to construct 14 (Figure 8), which led to efficient
siRNA delivery and gene silencing without any significant
cytotoxicity or immune response.43 Later, Cheng and co-
worker constructed a library of >300 surface-engineered core−
shell dendrimers in order to perform structure−activity
relationship analysis on core−shell dendrimers for siRNA
delivery.44 They introduced various hydrophilic and hydro-
phobic groups such as alkyls and fluoroalkyls, amino acids,
boronic acids, guanidines, and aromatic and heterocyclic rings
on the surface of PAMAM dendrimers. Their structure−
activity relationship study revealed that surface modification
containing hydrophobic functionalities such as alkyls, fluo-
roalkyls, boronic acid, etc. is essential for achieving efficient
siRNA delivery.
Also, Zhou et al. studied a library of more than 1500 core−

shell-type amphiphilic poly(aminoester) dendrimers with a
large chemical diversity of cores and peripheries.15 After
extensive in vitro screening and structure−activity relationship
analysis, effective delivery was associated with dendrimers
possessing a siRNA binding dendron core and an RNA
complex-stabilizing hydrophobic periphery. Further in vivo
evaluation led to the identification of the lead dendrimer 15
(Figure 8), a lipid-like molecule composed of a polyamine core
and a hydrophobic periphery of alkyl chains. This dendrimer
exhibited very high delivery efficacy yet exceptionally low
toxicity with predominant biodistribution in liver and cancer-
ous liver. It holds therefore great promise as an RNA vector for
treating liver cancer and liver diseases. It is good to mention
that this dendrimer vector must be coformulated with
cholesterol, phospholipid, and pegylated lipid as multi-
component lipid nanoparticles (LNPs) for effective siRNA
delivery.
To address cell-specific delivery, Khan et al. coformulated

active core−shell amphiphilic dendrimers with cholesterol and
pegylated lipid for specific siRNA delivery to different cell
subpopulations in liver and lung.13,45 For example, by reducing
the amount of cholesterol and pegylated lipid, the correspond-
ing delivery formulations made with 16 and 17 (Figure 8)
exhibited an increased specificity and potency for delivery to
liver endothelial cells when compared with that of

hepatocytes.13 Interestingly, by altering the ratio of 17/
cholesterol/pegylated lipid from 98/1/1 to 97/1/2, the
obtained nanoformulation achieved potent and specific
siRNA delivery to endothelial cells in lung instead of liver.
Similarly, coformulation of the amphiphilic polypropylimine
(PPI) dendrimers 18 and 19 (Figure 8) with cholesterol and
pegylated lipid also achieved specific siRNA delivery to
endothelial cells in lung.45 The exact mechanism behind this
cell-specific delivery remains unclear. The different formula-
tions may form distinct “protein coronas” with serum proteins,
the effect of which impacts and directs a specific delivery.
Noteworthy is the specific delivery to endothelial cells in lung,
which could be explored for fighting diseases associated with
lung infections and inflammation such as COVID-19.

4.2. mRNA Delivery

Notably, advancements in the development of mRNA delivery
systems have been greatly accelerated by the experience and
knowledge obtained from siRNA delivery.21 Indeed, both
siRNA and mRNA are made of the same chemical building
blocks and require delivery to the cytoplasm. However, siRNA
and mRNA differ in size, overall structure (i.e., double vs
single-stranded) and mechanism of action. Consequently, an
effective vector for siRNA delivery may not be suitable for
mRNA delivery. For example, the amphiphilic dendrimers
developed in our group for siRNA delivery are minimally
effective for mRNA delivery. Thus, specific efforts to identify
effective vectors for mRNA delivery are required.
In 2018, Siegwart and co-workers reported the amphiphilic

dendrimer-based LNPs for mRNA delivery.46 The candidate
dendrimer was the previously established amphiphilic den-
drimer 15 (Figure 8), which was identified and validated for
siRNA delivery when coformulated with phospholipids,
cholesterol, and a pegylated lipid as LNPs.15 Notably different
from siRNA delivery, the formulations based on 15 for mRNA
delivery required significantly fewer ionizable cationic lipids
and more zwitterionic phospholipids. Compared to the shorter
siRNA molecules, the long mRNA molecules may require
weaker electrostatic association (hence less ionizable lipid) but
a stronger capacity to escape from the endosome (hence more
zwitterionic phospholipid). This study highlights the impor-
tance of distinct formulations for different RNA therapeutics,
even when the main delivery vector is the same. It also
provides a rational design guideline for optimizing the
dendrimer-based LNP formulations for adaptive nucleic acid
delivery.
Further in-depth investigations on 15-based delivery

formulations led to the discovery of the selective organ
targeting (SORT) strategy for mRNA delivery.47 By addition
of either cationic or anionic SORT lipid molecules such as 1,2-
dioleoyl-3-trimethylammoniumpropane (DOTAP) or 1,2-
dioleoyl-sn-glycero-3-phosphate (18PA) as the fifth compo-
nent in the 15-based LNPs and varying their percentages,
completely selective delivery to liver, spleen, and lung was
achieved for functional mRNA delivery and CRISPR-Cas gene
editing. This SORT strategy was also applicable to other LNPs
and may extend to other nucleic acid therapeutics, providing a
modular and general strategy for achieving organ-selective
delivery, which remains a major obstacle for clinical
applications of nucleic acid therapeutics.
Noteworthy, Anderson and co-workers established a mRNA

vaccine platform using the amphiphilic dendrimer 20 (Figure
9) coformulated with pegylated lipids for functional delivery of
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replicon mRNA vaccines.48 This dendrimer delivery system
was devoid of toxicity and immunogenicity, while effectively
delivering self-replicating mRNA vaccines and generating
protective immunity. A single dose of the so-formed vaccines
via intramuscular administration elicited rapid and robust
CD8+ T-cell and antibody responses that fully protected
against lethal infectious agents such as Ebola, H1N1 influenza,
and Toxoplasma gondii. In addition, the vaccine can be made
with multiple antigen-expressing mRNAs, and the preparation

of the mRNA/dendrimer complexes was shown to be easy,
fast, and reliable using a microfluidic method. The formed
mRNA/dendrimer complexes are very stable, protect mRNA
from degradation, and maintain immunization activity even
after a long shelf life. This flexible, safe, and efficient mRNA
vaccine platform could offer promising perspectives for
elaborating vaccines responding rapidly to evolving and
emerging pathogens or sudden outbreaks such as COVID-19.
Although the above dendrimer-based multicomponent LNPs

were effective for mRNA delivery, they have limitations such as
instability, short shelf life, and possibly reduced delivery
efficacy due to pegylation. To challenge the multicomponent
delivery systems, Percec and co-workers recently explored
ionizable Janus amphiphilic dendrimers (Figure 10) as one-
component vectors for mRNA delivery.49 The delivery
complexes were constructed using a simple injection method
to assemble amphiphilic dendrimers with mRNA into stable
vesicular dendrimersomes, which were stable for over 135 days
at 5 °C. Several Janus dendrimers exhibited excellent activity
for mRNA delivery, even outperforming the FDA-approved
LNP formulation. This study highlights the potential of
amphiphilic dendrimers as simple, one-component vectors
for mRNA delivery.
Of note, active dendrimers screened from cell-based

experiments for mRNA delivery did not match those identified
from in vivo evaluation. For example, although dendrimer 21
showed excellent mRNA delivery performance in a cell-based
assay, it performed poorly in mice. On the other hand,
dendrimer 22 performed very well in the animal model but
showed almost no delivery activity in cell-based experiments.49

Similar paradoxical findings have previously been reported for
other vectors,46 and presumably arise because the cell
experimental conditions do not faithfully reproduce the

Figure 9. Amphiphilic dendrimer 20 developed for the delivery of
mRNA vaccines.48 Adapted with permission from ref 48 (2016
National Academy of Sciences).

Figure 10. Ionizable amphiphilic Janus dendrimers 21 and 22 developed for mRNA delivery.49 Adapted with permission from ref 49 (Copyright
2021 American Chemical Society).
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physiological environment encountered during delivery in an
animal model.
Remarkably, some of these Janus amphiphilic dendrimers

demonstrated selective mRNA delivery in lung or in liver and
spleen after structural modification.49,50 Although the exact
mechanism for the observed targeted delivery remains unclear,
it is very likely that each RNA/dendrimer complex has distinct
physicochemical properties and may form particular protein
coronas that allow selective organ targeting. Moreover, all
active dendrimer vectors identified in this study are of low
generation. Thus, they are essentially lipid derivatives that can
be easily prepared and scaled up to amplify production. In
summary, these amphiphilic dendrimers constitute promising
vectors for mRNA delivery for future biomedical applications
by virtue of their delivery efficacy, small size, easy synthesis,
and simple one-component formulation.

5. SUMMARY AND OUTLOOK
In this Account, we have presented a holistic view of key
advances in the development of amphiphilic dendrimer vectors
for siRNA delivery and mRNA delivery. Specifically,
amphiphilic dendrimers are lipid−dendrimer hybrids that
mimic lipid vectors for membrane-fusion-mediated delivery
while simultaneously retaining the properties of polymer
vectors that permit exploitation of the proton-sponge effect.
In addition, amphiphilic dendrimers can be easily synthesized
and have precisely controlled chemical structures that allow
multiple functionalities, providing nanotechnology-based
delivery systems.
In the past decade, remarkable efforts have led to the

development of amphiphilic dendrimers with improved safety
and performance for RNA delivery. The chemical composition,
structural features, and hydrophilic/hydrophobic balance of
amphiphilic dendrimers all play critical roles in the delivery. In
particular, the balance between hydrophilicity and hydro-
phobicity often impacts significantly both delivery capacity and
the toxicity profile, with a frequently encountered dilemma of
high-performing vectors exhibiting high toxicity. A fine balance
between hydrophilicity and hydrophobicity to achieve
maximum delivery efficiency with minimal toxicity is crucial
and requires careful consideration.
Most structure−activity relationship studies thus far concern

amphiphilic polyamine dendrimers bearing ionizable amine
terminals. Alternatively, amphiphilic dendrimers with arginine
terminals can mimic arginine-rich cell-penetrating peptides to
improve movement across the membrane and thus cellular
uptake. In addition, introducing stimulus-responsive and
biodegradable functional groups imparts capacity for on-
demand and specific delivery to distinct cell populations and
related tissue microenvironments. Further development of
amphiphilic dendrimers carrying new and ingenious chemical
structures with biodegradation and targeting capacity will
certainly enrich the RNA delivery toolbox.
Selective cell- and organ-specific delivery of RNA

therapeutics constitutes a formidable challenge. Amphiphilic
dendrimers can achieve such targeted delivery via the
appending of targeting functionalities to their delivery
complexes.33 In addition, both amphiphilic dendrimers
alone49 and amphiphilic dendrimer-based LNPs13,45,47 can
achieve cell- and organ-specific RNA delivery. Although the
exact mechanisms behind such specific delivery of these
systems are not clear, they represent promising alternatives for
future biomedical applications. Before this, further inves-

tigations on the physicochemical features and biointerface
interactions of these selective delivery systems may illuminate
the underlying targeting mechanisms and provide insight into
allowing the rational design and creation of highly efficient,
safe, specific targeted delivery systems of the future. Additional
incorporation of imaging agents within the delivery system will
enable theranostic approaches in precision medicine including
tracing, staging, and real-time assessment to ensure precise
delivery to specific organs, tissue, cells and subcellular
organelles.
It should be mentioned that, although both siRNA and

mRNA are made of the same chemical building blocks and
require delivery to the cytoplasm, they differ in overall
structure (i.e., double vs single-stranded) and length as well
as the mechanism of action. Consequently, specific vectors are
required for their delivery. Future research will also look to
using amphiphilic dendrimers for the delivery of other types of
RNA therapeutics such as antisense oligonucleotides for gene
silencing, small activating RNA for gene activation and mRNA
plus single guide RNA for gene editing. In addition, the
development of vectors for local and oral delivery would
further facilitate the clinical implementation of RNA
therapeutics. Collectively, these will greatly enrich and expand
the RNA therapeutics landscape. We look forward to the new
advancements in this fast growing and exciting field.
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