Downloaded from https://www.pnas.org by 88.126.48.17 on May 15, 2023 from IP address 88.126.48.17.

CHEMISTRY

RESEARCH ARTICLE MEDICAL SCIENCES

PNAS

L))

Check for
updates

Cargo-selective and adaptive delivery of nucleic acid
therapeutics by bola-amphiphilic dendrimers

Jiaxuan Chen®"’
Wenjun Lan®®, Yun Li®, Aura Tintaru® |df

, Caoyun Ju®, Can Zhang® ‘), Sabrina Pric , Juan lovanna®

, Dandan Zhu®', Baoping Lian?, Kangjie Shi¢, Peng Chen®®, Ying Li?, Wenyi Lin? Ling Ding®
, Xiaoxuan Liu*?, and Ling Peng®?

, Qiulin Long?, Yang Wang®¢, Erik Laurini¢ @),

Edited by Chad Mirkin, Northwestern University, Evanston, IL; received February 9, 2023; accepted April 16, 2023

Nucleic acid therapeutics are becoming an important drug modality, offering the unique
opportunity to address “undruggable” targets, respond rapidly to evolving pathogens,
and treat diseases at the gene level for precision medicine. However, nucleic acid ther-
apeutics have poor bioavailability and are chemolabile and enzymolabile, imposing the
need for delivery vectors. Dendrimers, by virtue of their well-defined structure and coop-
erative multivalence, represent precision delivery systems. We synthesized and studied
bola-amphiphilic dendrimers for cargo-selective and on-demand delivery of DNA and
small interfering RNA (siRNA), both important nucleic acid therapeutics. Remarkably,
superior performances were achieved for siRNA delivery with the second-generation
dendrimer, yet for DNA delivery with the third generation. We systematically studied
these dendrimers with regard to cargo binding, cellular uptake, endosomal release, and
in vivo delivery. Differences in size both of the dendrimers and their nucleic acid cargos
impacted the cooperative multivalent interactions for cargo binding and release, lead-
ing to cargo-adaptive and selective delivery. Moreover, both dendrimers harnessed the
advantages of lipid and polymer vectors, while offering nanotechnology-based tumor
targeting and redox-responsive cargo release. Notably, they allowed tumor- and cancer
cell-specific delivery of siRNA and DNA therapeutics for effective treatment in different
cancer models, including aggressive and metastatic malignancies, outperforming the
currently available vectors. This study provides avenues to engineer tailor-made vectors
for nucleic acid delivery and precision medicine.

dendrimer | nucleic acid delivery | nonviral vectors | gene transfection | gene silencing

Gene therapy based on nucleic acid therapeutics holds great potential to provide precision
medicine and offers treatment options for diseases that are beyond the reach of traditional
approaches (1). This is mainly due to the unique advantages of nucleic acid drugs including
their ability to address “undruggable” targets, respond rapidly to evolving pathogens, and
also treat diseases at the gene level (1-5). While DNA- or mRNA-based therapy can
increase the expression of a functional protein that is defective or absent via the introduc-
tion of DNA or mRNA molecules, antisense oligonucleotide (ASO), small interfering
RNA (siRNA), and microRNA (miRNA) can inhibit the expression of disease-associated
genes (1-5). However, naked nucleic acids are unsuitable as pharmaceutical drugs because
of their poor stability and low bioavailability. Indeed, they can be easily degraded via
chemical and/or enzymatic hydrolysis. Also, they are highly hydrophilic and negatively
charged, and thus cannot readily cross the cell membrane to enter cells. Furthermore, the
various nucleic acid drugs such as ASO, siRNA, miRNA, mRNA, and DNA, have distinct
mechanisms of action and varied physiochemical characteristics including size, sequence,
molecular weight, single- or double-stranded formation, structural conformation, and
flexibility, imposing the need for specific delivery systems (6-8). Thus, there is a high
demand for tailor-made, safe, and robust delivery platforms that can protect, transport,
and deliver various types of nucleic acid molecules into cells to reach the desired sites of
action, enabling them to fulfil their therapeutic purpose.

Nucleic acid delivery can be achieved via viral and nonviral vectors (1, 6). Although viral
vectors are highly efficient, increasing safety concerns surrounding their potential immu-
nogenic, mutagenic, and inflammatory effects, coupled with their low capacity for nucleic
acid cargos and expensive production costs, impel the urgent development of nonviral
alternatives (1, 6). Various nonviral vectors with better safety profiles alongside simple and
cost-effective production have been explored (6). Specifically, lipid and polymer vectors are
the most extensively studied (9—11), with the lipid vectors being successfully implemented
in the first mRNA vaccines against COVID-19 (12) and the first siRNA drug Patisiran
(13). Lipid vectors mainly use a membrane-fusion mechanism to deliver nucleic acids to
cells (14, 15), whereas polymers usually exploit the proton-sponge effect for endosomal
release of nucleic acid cargos (11, 16, 17). Within the group of polymer vectors, dendrimers,
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a distinct class of polymers with radially symmetric and precisely
controllable structures, have emerged as an ideal platform for engi-
neering tailor-made vectors thanks to their well-defined architec-
ture and cooperative multivalence (18-20).

With the view to capitalizing simultaneously on the unique
structural properties of dendrimers and the delivery characteris-
tics of lipid and polymer vectors, we and others have recently
developed innovative nucleic acid delivery systems based on
amphiphilic dendrimers (20-29). By coupling the multivalent
cooperativity of dendrimers and the self-assembling feature of
lipids (30), these amphiphilic dendrimers harness the advanta-
geous features of lipid and polymer vectors for effective delivery
of nucleic acid cargos in various cell lines and animal models of

different diseases (21-29, 31-34). Remarkably, these amphiphilic

interactions of the lipid chains, while the positively charged den-
dron heads bind the negatively charged nucleic acids in stable
complexes for delivery (20). In particular, Percec etal. have
recently developed amphiphilic dendrimers for successful mRNA
delivery with the single dendrimer component vectors outper-
forming lipid nanoparticles (LNDs) (21, 23, 24). Meanwhile, we
and others elaborated bola-amphiphilic dendrimers which harbor
a hydrophobic “bola-lipid” entity at the core and two hydrophilic
dendrons at the two ends for siRNA delivery (27, 35). Notably,
the bola-lipid scaffold was designed to mimic the strong and
robust assembly properties of bola-amphiphiles observed in
extremophile archae bacteria (36, 37). In particular, our
bola-amphiphilic dendrimer bola4A bears a thioacetal group at
the bola-lipid core (Fig. 14), which is responsive to reactive oxy-
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A - ’\/\/\/\/\E/\N\/\/\ g
A o ~
o Yo
m,_,"“{ . bola2A "\_\“' .
¥ ;
K . £ N
J’\_-_L(\ \g o ~
= g ,—)_‘"
Ly
5 boladA e
on L ui?”’:,,—\_...,
" e oy " A -y
<. - 3 [
AU AT
""‘"‘u{ ':‘- :’j’f ,}n""‘"
v " W
M AN o
=“’\/\/\/\/\/\3 ,‘.:" .
e, J}J_{J{/ bola8A N ,}'\’
R 2
e e ,./L - pIo
i 4
w’r ?“ “}u mlm.
B . :
“‘ \“
siRNA DNA boladA bola8A
SiRNA/boladA ‘ ‘ DNA/bola8A
complex " - complex
Fig. 1. Bola-amphiphilic dendrimers for cargo-specific nucleic acid delivery. (A) Chemical structures of the bola-amphiphilic dendrimers bola2A, bola4A, and

bola8A studied in this work. (B) Cartoon illustration of bola-amphiphilic dendrimers bola4A and bola8A for cargo-selective and adaptive delivery of the two distinct

nucleic acid types, DNA and siRNA.
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specifically to cancer cells in which the ROS levels are generally
high (27). It is also worth noting that the presence of fluorine
tags at the bola-lipid core allows tracking of the ROS-sensitive
delivery using '’F-NMR (27).

We are interested in further developing tailor-made amphiphilic
dendrimers for precision medicine via the specific delivery of different
nucleic acid therapeutics to cancer cells in tumor lesions. Particularly,
we were curious as to whether the generation number of amphiphilic
dendrimers would impact their delivery capacity for different nucleic
acid therapeutics, such as siRNA and DNA. Therefore, in this study
we specifically designed, synthesized, and characterized bola-amphiphilic
polyamidoamine (PAMAM) dendrimers with different dendron gen-
erations (bola2A, bola4A, and bola8A) as illustrated in Fig. 14, and
evaluated their ability to deliver DNA and siRNA therapeutics in vitro
and in vivo. Remarkably, these bola-amphiphilic dendrimers enabled
cargo-specific and adaptive delivery as the second-generation den-
drimer bola4A was more efficient for siRNA delivery and gene silenc-
ing, whereas the third-generation dendrimer bola8A exhibited superior
performance for DNA delivery and gene transfection. We systemati-
cally studied these dendrimers in terms of their binding to nucleic acid
cargos, subsequent cellular uptake, and endosomal release for
siRNA-mediated gene silencing and DNA-based gene transfection.
The observed differences and selectivity in the nucleic acid delivery of
bola4A and bola8A could indeed be ascribed to the differences in the
generation number of the dendrimer vectors and the size of the nucleic
acid cargos. These factors impacted mutually and collectively on the
formation and stability of the delivery complexes through varying levels
of compaction and cooperative multivalent interactions for cargo bind-
ing and release, ultimately resulting in cargo-selective delivery. Most
importantly, they achieved tumor- and cancer cell-specific delivery of
siRNA and DNA therapeutics for potent precision cancer treatment
in different cancer models including aggressive and metastatic cancers.
This study provides not only evidence of effective dendrimer
vector-mediated delivery of DNA and siRNA therapeutics in cancer
therapy, but also inspiration for engineering tailor-made vector plat-
forms for cargo-selective and on-demand delivery of various nucleic
acid therapeutics in future precision medicine. We present below the
results of this study.

Results and Discussion

Robust and Reliable Synthesis of Bola-Amphiphilic Dendrimers
via Click Chemistry. We first synthesized the bola-amphiphilic
dendrimers featuring different generation numbers of the PAMAM
dendron, bola2A, bola4A, and bola8A, using combined divergentand
convergent approaches (S Appendix, Fig. S1). Briefly, a hydrophobic
chain bearing two azido terminals (27) was conjugated with PAMAM
dendrons carrying an alkyne functionality via the Cu(I)-catalyzed azide-
alkyne cycloaddition click reaction. The obtained bola-amphiphilic
products were then transformed to the amine-terminated bola-
amphiphilic dendrimers bola2A, bola4A, and bola8A, respectively
(ST Appendix, Fig. S1). The chemical structures and integrities of all the
s%fnthesized dendrimers were analyzed and confirmed using "H-NMR,
PC-NMR, and "’F-NMR spectroscopy, electrospray high-resolution
mass spectrometry (ESI-HRMS) as well as high-performance liquid
chromatography (HPLC) (S/ Appendix, Fig. S2).

All the three dendrimers bola2A, bola4A, and bola8A were well
soluble in water at concentrations up to 50 mM, with bola8A show-
ing the highest solubility. This is in sharp contrast to conventional
amphiphiles, which are often insoluble in water. The water solubility
of these bola-dendrimers can be mainly ascribed to the two hydro-
philic dendron entities, which greatly affect the dendrimer solubility
in a generation-dependent manner, i.c., the higher the generation, the

higher the hydrophilicity, and the more water soluble the dendrimer.
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The excellent solubility of these dendrimers in water is certainly advan-
tageous for their use in biological and biomedical applications.

Neither Bola4A Nor Bola8A Shows Any Notable Toxicity, While
Bola2A Is Highly Cytotoxic. As safety is a major concern in the
development of delivery vectors for nucleic acid therapeutics, we then
examined the cytotoxicity of all three dendrimers (bola2A, bola4A,
and bola8A) using PrestoBlue test and lactate dehydrogenase
(LDH) assay. The PrestoBlue test examines metabolic toxicity by
assessing the cell viability, and the LDH assay evaluates toxicity
associated with cell membrane integrity by measuring the release of
LDH. Results obtained from PrestoBlue and LDH assays revealed
that neither bola4A nor bola8A had any notable cytotoxicity, but
bola2A showed strong metabolic toxicity in all the tested cell lines,
including human embryonic kidney cells (HEK293 cells), mouse
fibroblast cells (L929 cells), and Madin—-Darby canine kidney
cells IMDCK cells) (87 Appendix, Fig. S3 A—F). The high toxicity
of bola2A may be ascribed to its detergent-like characteristics as
bola2A has a similar chemical structure and composition to cationic
detergents. Further hemolysis assay also confirmed the high toxicity
of bola2A (8] Appendix, Fig. S3G). We therefore focused all further

nucleic acid delivery studies on the nontoxic bola4A and bola8A.

Bola8A Is Superior for DNA Delivery, Whereas Bola4A Excels
at siRNA Delivery. A good vector for nucleic acid delivery should
be able to form stable complexes with nucleic acid molecules and
protect them against degradation. We therefore inspected the
complex formation between the bola-amphiphilic dendrimers
(bola4A and bola8A) and different nucleic acid cargos (DNA
and siRNA). The formation of dendrimer—nucleic acid complexes
depends critically on the dendrimer-to-nucleic acid charge ratio
(or N/P ratio), that is the total number of terminal amino
groups in the cationic dendrimer divided by the total number
of phosphates in the nucleic acid. Remarkably, both bola4A and
bola8A formed stable complexes with plasmid DNA (Fig. 24),
even at very low N/P ratios (<0.5), and successfully protected
DNA from enzymatic digestion by DNase I (Fig. 2B) as revealed
by the results obtained using gel electrophoresis. However, only
at N/P ratios >1.5 did bola4A and bola8A generate stable
complexes with siRNA (Fig. 2C), sheltering siRNA from RNase-
catalyzed degradation (Fig. 2D). The observed differences in
the N/P ratios for forming stable DNA/dendrimer and siRNA/
dendrimer complexes can be reasonably explained by the
different sizes and lengths of DNA and siRNA molecules: The
DNA cargo is a plasmid of ~4,500 base pairs and, being larger
and longer, has much more negative charges to allow stronger
cooperative interaction with dendrimers; accordingly, low N/P
ratios (i.c., less dendrimers) are required to generate robust DNA
complexes. In contrast, the shorter and smaller siRNA (21 base
pairs) provides insufficient cooperative interaction and hence
entails more dendrimers (or high N/P ratios) to produce stable
and reliable siRNA complexes.

We further evaluated both bola4A and bola8A for their efficacy
in DNA delivery using a DNA plasmid encoding enhanced green
fluorescent protein (pEGFP) as a model. Surprisingly, although
both dendrimers bound with plasmid DNA at very low N/P ratios
(Fig. 2A4), little or no GFP expression was observed after treatment
with pEGFP/bola4A, whereas transfection with pEGFP/bola8A
produced considerable GFP expression in all the tested cell lines,
including human ovarian cancer SKOV-3 cells, human cervical
cancer Hela cells, and human prostate cancer PC-3 cells (Fig. 2
Eand Fand SI Appendix, Fig. S4). Compared with the commer-
cial transfection reagent Lipo2000, which caused severe cell dam-
age and considerable toxicity (Fig. 2£), no adverse effects on cell
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Fig. 2. Bola-amphiphilic dendrimers bola4A and bola8A bind both DNA and siRNA, but exert cargo-selective delivery. Agarose gel retardation assays of
(A) DNA when binding with bola4A and bola8A at N/P ratios ranging from 0.2 to 10 (DNA 200 ng per well) and (B) DNA stability against DNase digestion in the
presence of dendrimer at different time points (DNA 200 ng per well, N/P ratio of 1.0). Agarose gel retardation assays of (C) sSiRNA when binding with bola4A
and bola8A at N/P ratios ranging from 0.2 to 10 (siRNA 200 ng per well) and (D) siRNA stability against RNase in the presence of dendrimer at different time
points (siRNA 200 ng per well, N/P ratio of 10). DNA and siRNA delivery mediated by the bola-amphiphilic dendrimers bola4A and bola8A, respectively. GFP
protein expression in (E) SKOV-3 cells and (F) HelLa cells following treatment with the DNA/dendrimer complexes using the pEGFP (12 and 4.0 ng/pL DNA at N/P
ratio of 1.0). Upper panel: fluorescent images; Lower panel: field images. Western blotting analysis of protein expression in HeLa cells upon treatment with the
DNA/dendrimer complexes using (G) the plasmid DNA encoding the tumor suppressor protein p53 (p53) (12 ng/uL DNA, N/P ratio of 1.0) and (H) the plasmid
DNA encoding pTRAIL (4.0 and 8.0 ng/pL DNA, N/P ratio of 1.0). (/) GFP expression after treatment of HeLa-GFP cells with siRNA/dendrimer complexes using the
SiRNA targeting GFP (SiEGFP) (50 nM siRNA, N/P ratio of 10). Upper panel: fluorescent images; Lower panel: field images. Protein expression of protein kinase B
(AKT2) in (/) SKOV-3 and (K) PANC-1 cells, and (L) Survivin in SKOV-3 cells after treatment with the siRNA/dendrimer complexes using the siRNAs targeting AKT2
(SiAKT2) and Survivin (siSurvivin) respectively (50 nM siRNA, N/P ratio of 10). The commercial transfection reagent Lipo2000 (Lipo) was used as a control. pEGFP:
plasmid DNA expressing GFP; p53: plasmid DNA expressing tumor suppressor protein p53; pTRAIL: plasmid DNA expressing TRAIL; siEGFP: siRNA targeting GFP:
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SiAKT2: siRNA targeting AKT2; siSurvivin: siRNA targeting Survivin. ***P <0.001 (mean + SD, n = 3).

growth were observed with either bola4A or bola8A, alone or in
complex with DNA, confirming the good safety profile of these
two dendrimers. Further evaluation of DNA transfection using a
plasmid encoding the tumor suppressor protein 53 (p53) (38) and
the tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(pTRAIL) (39) delivered by bola4A and bola8A also confirmed
that effective DNA transfection had occurred only with bola8A,
whereas no expression of p53 or TRAIL was observed with bola4A
as the delivery vector (Fig. 2 G and H).

We next examined the performance of bola4A and bola8A for
siRNA delivery using siRNA targeting GFP (siEGFP) in HeLa-GFP
cells expressing GFP. Interestingly, while both dendrimers formed
stable complexes with siRNA at N/P ratios >1.5 (Fig. 2C), the
fluorescence intensity of GFP in HeLa-GFP cells was notably
reduced following treatment with siEGFP/bola4A, whereas no
marked change was observed with siEGFP/bola8A (Fig. 27 and
SI Appendix, Fig. S5). Importantly, the use of bola4A generated a
level of silencing comparable to that observed with the commercial
transfection reagent Lipo2000 while being devoid of any noticeable
toxicity. To further investigate the siRNA delivery capacity of
bola4A, we evaluated the gene silencing in different cancer cell
lines using siRNAs targeting protein kinase B (AKT2), Survivin
and heat shock protein 27 (HSP27), respectively. AKT2, Survivin
and HSP27 are all involved in cancer development and drug resist-
ance, and are considered as promising targets in cancer treat-

ment (40-43). As shown in Fig. 2 /~L and ST Appendix, Fig. S6,

https://doi.org/10.1073/pnas.2220787120

all the siRNAs delivered by bola4A led to effective down-regulation
of the corresponding protein expression, whereas no prominent
gene silencing effect was observed with bola8A as the delivery vec-
tor in all the tested cancer cell lines (SKOV-3, PANC-1, and PC-3).

Moreover, unlike the commercial transfection reagent Lipo2000
that exhibited striking cytotoxicity toward all the tested cell types,
neither of the two dendrimers, alone or in complex with either
scramble siRNA or DNA, showed any marked toxicity (metabolic,
hemolytic or cell membrane damage) (S7 Appendix, Fig. S7), fur-
ther confirming the excellent safety/activity profiles of bola4A
and bola8A for nucleic acid delivery.

Underlying Rationale for the Cargo-Selective Nucleic Acid
Delivery. To understand the distinct cargo-selective delivery
performance of the two dendrimers bola4A and bola8A, we
studied the nucleic acid/dendrimer complexes and their cellular
uptake, endosome escape, and cargo release, all of which are
prerequisites for nucleic acid delivery.

For effective delivery, the dendrimer/cargo complex should be
not only stable but also small in size with a positive surface charge.
We therefore examined the size and surface potential of the nucleic
acid/dendrimer complexes using dynamic light scattering (DLS).
For the DNA complexes, the average sizes of the DNA/bola4A and
DNA/bola8A complexes were 171 and 75 nm, with {-potentials of
+16and +23 mV, respectively. The smaller size of the DNA/bola8A
complexes (Fig. 34) indicated that a higher compaction of DNA

pnas.org



Downloaded from https://www.pnas.org by 88.126.48.17 on May 15, 2023 from IP address 88.126.48.17.

A B DNA Nucleus Merge C
size {-potential
(nm) (mV) bD:u:/A SiRNA/
DNA/boladA 1717 16+1 o8 bola4A
DNA/bola8A 75+4 231
siRNA/boladA 65+ 2 24 £1 bgra‘;’A zm‘s‘x
siRNA/bola8A 7ET 29+2

D s~ sikNAmbolada . E F G H |
g |~ siRNAbolaBA ... . . AGying,efr AGy;ng,erfNesr
25 w0 SIRNA/ SIRNA/ DNA/ DNA/ (kcalimol)  Net (kcalimol)
% § bola4A bola8A bola4A bola8A
Eg SiRNA/boladA  -4.48 + 0.33 6 0.75 £ 0.05
o2
R SiRNA/bolaBA  -13.27 £ 0.46 14 0.95 £ 0.03
oLy . . DNA/boladA  -7.12 + 0.41 6 1.19 £ 0.07
o 2 4 8 20 30 50
Heparin (UimL) DNAbola8A  -21.25+0.39 14 1.52 £ 0.03

Fig.3. Physicochemical characterization of and rationale behind the cargo-selective delivery performance of bola4A and bola8A. (A) The sizes and the ¢-potentials
of the DNA/dendrimer complex and the siRNA/dendrimer complex obtained with DNA (24 ng/pL) at an N/P ratio of 2 and siRNA (1.0 pM) at an N/P ratio of 10.
(B and C) Cellular uptake and intracellular trafficking of DNA and siRNA delivered by the bola-amphiphilic dendrimers bola4A and bola8A. Confocal imaging of
the cellular uptake of (B) the DNA/dendrimer complexes (12 ng/uL YOYO-1-labeled DNA, N/P ratio of 1.0) and (C) the siRNA/dendrimer complexes (50 nM Cy5-
labeled siRNA, N/P ratio of 10) in SKOV-3 cells, evaluated using confocal microscopy. The green channel image shows the YOYO-1-labeled DNA (green), the red
channel image shows the Cy5-labeled siRNA (red), and the blue channel image shows the nuclei of the SKOV-3 cells stained by Hoechst33342 (blue). (D) The siRNA
release from the siRNA/dendrimer complexes assessed using heparin-coupled ethidium bromide (EB) fluorescence assays. ***P < 0.001 versus siRNA/bola4A
or siRNA/bola8A, and significance was determined using two-way ANOVA (mean + SD, n = 3). Atomistic MD simulations of bola4A and bola8A in the presence
of siRNA (E and F) and DNA (G and H), respectively. Bola4A atoms are shown as “firebrick spheres,” with the terminal charged amine groups highlighted in deep
sky-blue, while bola8A atoms are depicted as dark red spheres with the terminal charged amines colored in navy blue. The siRNA (“orchid” light purple) and the
DNA (dark purple) are portrayed as their van der Waals surface and the oxygen atoms in water are shown as cyan transparent spheres. Hydrogen atoms, ions,
and counterions (Na” and CI") are omitted for clarity. (/) Binding data of bola4A and bola8A with siRNA and DNA as derived from atomistic MD simulations: free
energy of effective binding (AGy,q.r), NUMber of effective charges (Ng), and effective-charge-normalized free energy of binding (AGy,;ng e/ Negr) for the nucleic

acid/dendrimer complexes are listed.

was achieved using bola8A compared with bola4A. This can be
ascribed to the higher dendron generation number of bola8A, which
can provide more and stronger cooperative and multivalent inter-
actions with the DNA molecules, hence compacting them into
smaller nanoparticles. Interestingly, both bola4A and bola8A
formed siRNA complexes of similar size of ~70 nm (Fig. 3A4). The
C-potentials of the siRNA/bola4A and siRNA/bola8A complexes
were also similar, with values of +23 and +26 mV, respectively. The
similar size and {-potentials of the siRNA/dendrimer complexes can
be explained by the small size and short sequence of the siRNA
molecule, which appear to have little impact on the size and surface
charge of the complexes formed with bola4A and bola8A.

For DNA delivery, we next used DNA labeled with the green
fluorescent dye YOYO-1 to evaluate the cellular uptake of the
DNA/dendrimer complexes in SKOV-3 cells. Both confocal
microscopy and flow cytometry revealed a considerably higher
intensity of YOYO-1 green fluorescence signals in cells treated
with DNA/bola8A compared with DNA/bola4A (Fig. 3B and
SI Appendix, Fig. S8A), highlighting the more efficient cellular
uptake of DNA/bola8A compared with DNA/bola4A. The higher
uptake of DNA/bola8A can be ascribed to the larger dendrons
within bola8A, which can compact DNA to a smaller size with a
higher positive surface charge (Fig. 34), allowing for more effective
cell internalization compared with bola4A. This enhanced cellular
uptake explains and corroborates the superior DNA delivery per-
formance of bola8A compared with bola4A.

For siRNA delivery, we used red Cy5-labeled siRNA and green
fluorescent lysotracker to track the cellular uptake and intracellular
trafficking of the siRNA/dendrimer complexes. Remarkably, both
Cy5-siRNA/bola4A and Cy5-siRNA/bola8A showed similar cel-
lular uptake kinetics (Fig. 3C and SI Appendix, Fig. S8B) and
endosome release (S7 Appendix, Fig. S8C). We further assessed the
siRNA release from the siRNA/dendrimer complexes using a hep-
arin displacement method. The siRNA release was greater from
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siRNA/bola4A than from siRNA/bola8A (Fig. 3D). The differ-
ence in the efficiency of the siRNA release can explain the superior
siRNA delivery performance of bola4A compared with bola8A.
Bearing two larger dendrons, bola8A likely imposes more coop-
erative multivalency and therefore has stronger interactions with
the siRNA compared with bola4A; thus, more stable siRNA/
bola8A complexes are formed making siRNA release difficult and
allowing little or no gene silencing. In contrast, bola4A has two
smaller dendrons and hence, forms less cooperative multivalent
interactions with siRNA, making siRNA release easier for more
efficient gene silencing. These results corroborated the observed
superior gene silencing mediated by siRNA/bola4A, also high-
lighting the importance of the appropriately balanced cooperative
multivalent interactions in nucleic acid binding and release for
successful delivery.

To further support this rationale, we performed a quantitative
characterization of bola4A and bola8A when interacting, respec-
tively, with siRNA and DNA using atomistic molecular dynamics
(MD) simulations (34). Specifically, in line with the MM/PBSA
theory (44), we assessed the effective free energy of binding AGy; 4 .
that s the contribution to binding provided by the dendrimer-positive
charges in persistent, efficient and effective interaction with the
nucleic acid molecule. To estimate AG; 4 ¢ for each nucleic acid/
dendrimer complex, the number of effective charged terminal
branches of bola4A and bola8A engaged in nucleic acid binding
(N was accurately identified, and their individual contribution
toward the overall binding energy calculated through a per-residue
free energy decomposition technique (45).

For the siRNA/bola4A complex, 6/8 of the dendrimer’s positive
charges (75%) were effectively involved in complexing siRNA
(Fig. 3E), resulting in a charge-normalized effective free energy of
binding (AGy;,q .a/Neg) value of —0.75 kecal/mol (Fig. 37). On the
other hand, bola8A was not only able to exploit 14/16 (88%)
positive charges to persistently bind siRNA (Fig. 3F), but these
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charges also acted more effectively, as demonstrated by their more
favorable AGy; /N value of -0.95 kcal/mol (Fig. 3/). This
higher negative value of AGy;, /N clearly allows bola8A to
form a stronger complex with siRNA compared to that formed
with bola4A; concomitantly, however, this robust binding is some-
what detrimental to an efficient and optimized release of the bio-
logical cargo, as highlighted by the experimental data in Fig. 3D.

Interestingly, these dendrimers exploited the same number of
positive charges in their interactions with DNA. Indeed, 6/8 for
bola4A (Fig. 3G) and 14/16 for bola8A (Fig. 3H) were detected
as being efficiently involved in the binding with the DNA mole-
cule. On the other hand, binding capacity for both dendrimers
with DNA was greater compared to siRNA, and the stabilization
provided by the electrostatic interaction was more efficient; in
fact, more favorable normalized effective free energy of binding
values were calculated for both systems: AGy; 4 ¢/ Ng=-1.19 keal/
mol for DNA/bola4A and AG,;, 4 .4/Ng = —1.52 kcal/mol for
DNA/bola8A (Fig. 31). These results agree with the experimental
data from the agarose gel retardation assays (Fig. 2 4 and C) in
which lower N/P ratios were required for the dendrimers to gen-
erate more stable complexes with DNA than with siRNA.
Moreover, our simulation results further support the hypothesis
that a higher density of positive charges of bola8A leads to a more
cooperative interaction with the larger DNA and, eventually, to
a greater compaction of the DNA/dendrimer complex.

Integrated Delivery Advantages of Both Lipid and Polymer
Vectors. The bola-amphiphilic dendrimers were conceived
to combine the delivery mechanisms of lipid and polymeric
dendrimer vectors. To confirm the need for this combination for
the desired delivery effect, we assessed the nucleic acid delivery
performance of the PAMAM dendrons 4A and 8A (Fig. 4A) alone.
Compared with the bola-amphiphilic dendrimers bola4A and
bola8A, neither 4A nor 8A alone exhibited any delivery activity
for siRNA and DNA (Fig. 4 B and C). This finding supports the
potential benefits of integrating the delivery mechanisms of both

lipids and polymers, such as offered by bola4A and bola8A.
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As lipid vectors mainly use the membrane-fusion mechanism
for nucleicacid delivery, the fusogenic phospholipid 1,2-dioleoyl-sn-
glycerol-3-phosphoethanolamine (DOPE), which promotes mem-
brane fusion, is often used as a helper lipid and is included in LNP
formulations to enhance the delivery efficiency (46, 47). To verify
whether the bola-amphiphilic dendrimers exploit the fusion mech-
anism of delivery used by lipid vectors, we assessed the nucleic
acid delivery performance of bola4A and bola8A in the presence
of DOPE. Indeed, bola8A-mediated DNA delivery and gene
transfection was considerably enhanced in the presence of DOPE
(Fig. 4D), as was bola4A-mediated siRNA delivery and gene
silencing (Fig. 4E). These results highlight that both bola4A and
bola8A harbor lipid-like vector delivery characteristics.

Polymer or dendrimer vectors often make use of the proton-sponge
effect to promote endosome release of nucleic acid cargo (48).
Bafilomycin Al, a proton pump inhibitor, can inhibit endosome
acidification and hence, prevent activation of the proton-sponge
effect. To examine whether the bola-dendrimers exploit the
proton-sponge effect used by PAMAM dendrimer vectors to pro-
mote delivery via endosome release, we evaluated the delivery per-
formance of bola4A and bola8A in the presence of bafilomycin Al.
Remarkably, both bola8A-mediated DNA delivery for gene trans-
fection (Fig. 4F) and bola4A-mediated siRNA delivery for gene
silencing (Fig. 4G) were markedly abated after incubation with
bafilomycin Al. These results demonstrate that the delivery perfor-
mance of both bola4A and bola8A is associated with endosome
acidification and does indeed exploit the proton-sponge effect ena-
bled by the PAMAM dendron components. Collectively, these
results confirm that both bola-amphiphilic dendrimers bola4A and
bola8A indeed combine the beneficial delivery characteristics of
lipids and polymers for effective nucleic acid delivery.

Cancer Cell-Specific and Tumor-Targeted Delivery for Precision
Cancer Treatment. Selective cell- and tissue-specific delivery of
nucleic acid drugs presents a formidable challenge. The bola-
amphiphilic dendrimers bola4A and bola8A, by virtue of a

ROS-responsive thioacetal group contained within, are expected
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Fig. 4. Both Bola4A and Bola8A benefit from the combined delivery advantages of lipid and dendrimer vectors for effective nucleic acid delivery. (A) Chemical
structure of the hydrophilic PAMAM dendrons 4A and 8A. (B) DNA delivery mediated by 8A for gene transfection compared with that mediated by bola8A.
Upper panel: fluorescent images; Lower panel: field images. (C) siRNA delivery mediated by 4A for gene silencing compared with that mediated by bola4A.
(D) EGFP protein expression upon treatment with the pEGFP/bola8A complex (12 ng/uL DNA, N/P ratio of 1.0) and (E) AKT2 protein downregulation upon treatment
with the siAKT2/bola4A complex (50 nM siRNA, N/P ratio of 5.0) in the presence and absence of the fusogenic helper lipid DOPE. (F) GFP protein expression
upon treatment with the pEGFP/bola8A complex (12 ng/uL DNA, N/P ratio of 1.0), and (G) AKT2 protein downregulation upon treatment with the siAKT2/bola4A
complex (50 nM siRNA, N/P ratio of 10) in the presence and absence of the proton pump inhibitor, bafilomycin A1. All experiments were performed in SKOV-3
cells. (Scale bar, 200 pm). ***P < 0.001, and significance was determined using two-way ANOVA (mean + SD, n = 3).
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Fig. 5. Both bola4A and bola8A mediated cancer cell- and tumor-specific delivery with high efficacy. (A) Imaging of GFP protein expression in SKOV-3 cells
and NAC-treated SKOV-3 cells following incubation with the plasmid DNA pEGFP complexed with bola8A (12 ng/uL DNA, N/P ratio of 1.0). (Scale bar, 200 pm).
(B) Western blotting analysis of AKT2 protein expression in SKOV-3 cells and NAC-treated SKOV-3 cells upon treatment with siAKT2 delivered by bola4A (50 nM
siRNA, N/P ratio of 10). ***P < 0.001 and significance was determined using two-way ANOVA (mean * SD, n = 3). Accumulation of Cy5-labeled (C) DNA/bola8A
complex (0.25 mg/kg Cy5-labeled DNA, 0.20 mg/kg bola8A, N/P ratio of 1.0) and (D) siRNA/bola4A complex (1.0 mg/kg Cy5-labeled siRNA, 3.9 mg/kg boladA,
N/P ratio of 5.0) in SKOV-3 xenograft mice after intravenous administration. (E-G): HeLa xenograft mice received intravenous injections of PBS buffer (control),
p53 alone, bola8A alone, or p53/bola8A complex (1.0 mg/kg DNA, 0.70 mg/kg bola8A, N/P ratio of 1.0): (E) Tumor growth, (F) p53 protein expression, (G) Tumor
cell proliferation revealed by immunohistochemistry staining for Ki67 (Upper), and tumor cell apoptosis detected by the TUNEL assay (Lower) after treatment.
**P < 0.01, ***P < 0.001 versus control or p53/bola8A, and significance was determined using two-way ANOVA (mean + SD, n = 3). (Scale bar, 200 pm). (H-/)
SKOV-3 xenograft mice received intravenous injections of PBS buffer (control), siAKT2 alone, bola4A alone, scramble/bola4A complex, or siAKT2/bola4A complex
(1.0 mg/kg siRNA, 3.9 mg/kg boladA, N/P ratio of 5.0): (H) Tumor growth, (/) AKT2 protein expression, (/) Tumor cell proliferation revealed by immunohistochemistry
staining for Ki67 (Upper), and cell apoptosis detected by the TUNEL assay (Lower) after treatment. **P < 0.01, ***P < 0.001 versus control or siAKT2/bola4A,
and significance was determined using two-way ANOVA (mean + SD, n = 3). (Scale bar, 200 pm). pEGFP: plasmid DNA expressing GFP protein, p53: plasmid DNA

expressing tumor suppressor protein p53, siAKT2: siRNA targeting AKT2, scramble: scramble siRNA.

to achieve on-demand specific delivery to cancer cells, which are
often characterized by the presence of high ROS levels (27). The
bola8A-mediated delivery of the plasmid DNA pEGFP was indeed
specific to cancer cells having a high ROS content, as confirmed by a
drastically decreased gene transfection observed following treatment
with the antioxidant N-Acetyl-L-cysteine (NAC), which reduced
the ROS levels in SKOV-3 cells (Fig. 54 and SI Appendix, Fig. S9).
Similarly, the bola4A-mediated siRNA delivery was also specific to
ROS-rich cancer cells, with NAC-treated cells showing significantly
reduced gene silencing (Fig. 5B). Therefore, both bola4A and
bola8A are able to mediate effective and specific delivery to cancer
cells with high ROS content.

Considering the ability of both bola4A and bola8A to form
small and stable nanoparticles with the nucleic acid molecules,
we expected they could thereby effectively enter into and accu-
mulate within tumor tissues via the enhanced permeability and
retention (EPR) effect. The leaky vasculature and dysfunctional
lymphatic drainage responsible for this phenomenon in the
tumor microenvironment (49), enables tumor-targeted delivery.
We assessed the tumor-homing of the Cy5-labeled siRNA and
DNA, respectively, delivered by bola4A and bola8A in
tumor-xenograft mice. As shown in Fig. 5C and SI Appendix,

PNAS 2023 Vol. 120 No.21 e2220787120

Fig. S10 A and B, Cy5-DNA delivered by bola8A accumulated
efficiently in the tumor via the EPR effect, whereas no fluorescent
signal was detected in tumors from mice treated with Cy5-DNA
alone or with PBS buffer. A similar enriched accumulation in
tumor lesions was observed for Cy5-siRNA delivered by bola4A
(Fig. 5D and SI Appendix, Fig. S10 C and D). These findings
demonstrate the capacity of both dendrimers to provide prefer-
ential homing in on tumors for nucleic acid delivery thanks to
their ability to form nanoparticles with siRNA and DNA, thereby
enabling them to exploit the EPR effect.

Based on the favorable tumor-homing feature, we wanted to
assess the performance of bola4A and bola8A to deliver nucleic
acid therapeutics for precision cancer treatment. To this end, we
chose siRNA targeting AKT2 (siAKT2) and p53 plasmid DNA
as the anticancer nucleic acid therapeutics. p53 is an important
tumor suppressor protein in many cancers (38), and activating
p53 using plasmid DNA encoding p53 represents a promising
therapeutic approach for cancer treatment (50). It is to note that
the first approved gene therapy product made use of p53 DNA
delivered by an adenovirus in treating head and neck cancer (51).
Also, AKT?2 is a key multifunctional protein associated with tumor
growth, proliferation, invasion, metastasis, and drug resistance,
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and it is therefore considered as a potential target for precision
cancer treatment using siRNA therapeutics.

We used tumor-xenograft mouse models issued from the aggressive
SKOV-3 ovarian cancer and Hel.a cervical cancer cell lines to evaluate
the anticancer potency of p53 DNA and siAKT?2 delivered by bola8A
and bola4A, respectively. Notably, mice treated with p53/bola8A
showed significantly reduced tumor growth and tumor weight when
compared with the untreated mice or those treated with p53 alone
or bola8A alone (Fig. 5F and ST Appendix, Fig. S114). This can be
ascribed to the successful delivery of p53 DNA mediated by bola8A,
which produced significantly enhanced p53 expression (Fig. 5Fand
SI Appendix, Fig. S11B) for effective tumor suppression. Further
immunohistochemical analysis confirmed that cell

cancer

B

control

p53

“%!0 S o

psaiLipo SRS

scramble/ | =
boladA
SIAKT2/
boladA

control p53/bolagA p53iLipo

':ooo G
I TR
e I
- HHE!H 3000 ps3 & .".\ d e |
ps <1 6 psd  EREERCHRCNEA |-
bolaBA [} bola8A
1000 NEE
. P53/ ) w4
pS3/ Pontll (P 4 @ G G0
st P}
ount
5000
control control
4000
) scramble/
scramble/ 3
siakT2 Y PR
o T A
boladA SIAKT2/ .
Y 1000 MC3
SIAKT2/
M |
Count

proliferation was indeed considerably inhibited in tumor lesions after
treatment with p53/bola8A (Fig. 5G). Inaddition, TUNNEL-positive
cells were significantly increased in the tumor tissues (Fig. 5G and
SI Appendix, Fig. S11C), highlighting the induction of apoptosis
following treatment with p53/bola8A.

Likewise, over 75% reduction of tumor growth and tumor weight
was observed for mice treated with the siAKT?2 delivered by bola4A,
but not in those treated with siAKT?2 alone, bola4A alone, or the
scramble siRNA/bola4A complex (Fig. 5SH and SIAppendix,
Fig. S12A4). Examination of AKT2 expression in tumor tissues
revealed effective silencing of AKT2 at both mRNA and protein levels
in the group treated with siAKT2/bola4A (Fig. 57 and SI Appendix,
Fig. S12B). In addition, immunochemistry analysis showed
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Fig. 6. Effective inhibition of tumor metastasis using DNA and siRNA therapeutics delivered by bola8A and bola4A, respectively, in lung metastatic cancer model.
(A-E) 4T1-luc metastatic tumor-bearing mice received intravenous injections of PBS buffer (control), p53 alone, p53/bola8A complex, p53/Lipo complex (2.0 mg/
kg DNA, 1.5 mg/kg bola8A, N/P ratio of 1.0), siAKT2 alone, siAKT2/bolad4A complex, or siAKT2/MC3 complex (1.0 mg/kg siRNA, 3.9 mg/kg boladA, N/P ratio of 5.0)
(n'=5): (A) In vivo bioluminescence imaging of 4T1-luc tumor metastases in the mice. (B) Ex vivo bioluminescence imaging of 4T1-luc tumor metastases in the lung at
the experimental end point post treatment. (C) Histological analysis of lung tissues from 4T1-luc metastatic tumor-bearing mice at the experimental end point post
treatment. The metastatic lesions (red solid outlines) were identified as cell clusters with darkly stained nuclei. (Scale bars, 1 pm). (D) p53 and (£) AKT2 protein expression
revealed by immunohistochemistry staining after treatments. (Scale bar, 200 pm). (F-/) B16-F10-luc metastatic tumor-bearing mice received intravenous injections of
PBS buffer (control), p53 alone, p53/bola8A complex, p53/JetPEl complex (2.0 mg/kg DNA, 1.5 mg/kg bola8A, N/P ratio of 1.0), SIAKT2 alone, siAKT2/bolad4A complex,
or siAKT2/MC3 complex (1.0 mg/kg siRNA, 3.9 mg/kg boladA, N/P ratio of 5.0) (n = 5): (F) in vivo bioluminescence imaging of B16-F10-luc tumor metastases in the mice.
(G) Ex vivo bioluminescence imaging of B16-F10-luc tumor metastases in the lung tissue or images of excised lung tissues at the experimental end point post treatment.
(H) Histological analysis of lung tissues from B16-F10-luc metastatic tumor-bearing mice at the experimental end point post treatment. The metastatic lesions (red
solid outline) were identified as cell clusters with darkly stained nuclei. (Scale bars, 1.0 pm). (/) p53 and (/) AKT2 protein expression revealed by immunohistochemistry
staining after treatments. (Scale bar, 200 pm). p53: plasmid DNA expressing tumor suppressor protein p53, siAKT2: siRNA targeting AKT2.
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considerably fewer Ki-67-positive cells (Fig. 5/) but much more
TUNNEL-positive cells in the tumor tissues from mice treated with
siAKT2/bola4A (Fig. 5/ and SI Appendix, Fig. S12C), indicating
apoptosis induction as the principal mechanism behind the observed
anticancer effect.

Importantly, throughout the treatment period, all mice had a
normal life showing no unusual behavior or noticeable weight loss
(81 Appendix, Figs. S11D and S12D). Moreover, we observed no
pathological changes in any organs (SI Appendix, Figs. S11E and
S12E) or any major serum biomarker (S Appendix, Figs. S11Fand
S12F), confirming that our dendrimer-based nucleic acid delivery
systems are indeed safe and devoid of notable adverse effects.

Excellent Performance against Cancer Metastasis. Encouraged
by the tumor tissue- and cancer cell-specific delivery mediated
by bola8A and bola4A alongside their excellent safety profiles,
we wished to challenge the vectors further by assessing their
capacity to deliver nucleic acid therapeutics to and effectively treat
metastatic cancers, as metastasis is the key cause of failure of cancer
therapy and mortality. To this end, we used the lung metastasis
cancer models induced by cither the murine triple-negative breast
cancer 4T'1 or the mouse melanoma cancer B16-F10. Specifically,
luciferase-tagged 4T1 (4T1-luc) and B16-F10 (B16-F10-luc)
cells were injected into the tail vein of BALB/c and C57BL6
female mice, respectively, and tumor metastases were detected in
mice using bioluminescence imaging (Fig. 6). The commercial
transfection reagent Lipofectamine 2000, JetPEI, and MC3
(MC3: DLin-MC3-DMA, which is an FDA-approved LNP for
siRNA delivery) (2, 15) were used as positive controls.
Remarkably, treatment with either p53/bola8A or siAKT2/bo-
la4A led to a dramatic reduction, and in some cases, complete
suppression of tumor metastases in the lung as revealed by the
decrease in bioluminescent signals detected both in vivo and
ex vivo in 4T1 and B16-F10 lung metastasis models (Fig. 6 4, B,
F, and G). Quantitative analysis of the bioluminescent images
confirmed significant inhibition of metastases in the treatment
groups in comparison with the nontreatment group and control
groups (SI Appendix, Fig. S13 A—F). Further histological analysis
showed that much fewer and smaller tumor nodules were detected
in the lung after treatment with either p53/bola8A or siAK-
T2/bola4A in both 4T1 and B16-F10 lung metastasis models
(Fig. 6 Cand H and SI Appendix, Fig. S13 G-I). Such potent
inhibition of breast cancer and melanoma metastasis was indeed
achieved by both the effective activation of p53 or the silencing
of AKT?2 following the successful delivery of the corresponding
nucleic acid therapeutics using bola4A and bola8A, respectively
(Fig. 6 D, E, I, and J). Importantly, both p53/bola8A and siAK-
T2/bola4A exhibited stronger or comparable inhibition of tumor
metastasis compared to that allowed using Lipofectamine 2000,
JetPEL, and MC3-based delivery (Fig. 6 and S Appendix,
Figs. S13 and S14). Altogether, these data demonstrate that the
systemic delivery of siRNA and DNA therapeutics using the cor-
responding bola-amphiphilic dendrimers bola4A and bola8A
significantly prevented the progression of metastatic cancer.
Further in vivo safety assessments in healthy mice demonstrated
that neither dendrimer, whether alone or in complex with their
corresponding nucleic acid cargo, induced any adverse effects
including inflammatory responses and organ dysfunction or dam-
age, as demonstrated by cytokine assay (S Appendix, Fig. S15 A—
C), blood biochemistry analysis (S7 Appendix, Fig. S15 D—F), and
organ histochemical analysis (S7 Appendix, Fig. S15G). The excel-
lent in vivo safety profiles of both bola4A and bola8A are certainly
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promising with regard to their potential for the in vivo delivery
of nucleic acid therapeutics.

Collectively, our results demonstrate the capacity and excellent
performance of the bola-amphiphilic dendrimers bola4A and
bola8A to safely deliver nucleic acid therapeutics in the treatment
of various aggressive and metastatic cancers, and highlight their great
promise for further implementation in precision cancer treatment.

Conclusion

In this study, we studied the bola-amphiphilic dendrimers bola4A
and bola8A as tailor-made vector platforms for cargo-selective
delivery of DNA and siRNA therapeutics in precision cancer treat-
ment. They outperformed the current gold-standard vectors and
showed cargo-selective delivery. Specifically, the third-generation
dendrimer bola8A exhibited superior performance for DNA deliv-
ery, compared with the second-generation dendrimer bola4A,
whereas bola4A was more efficient for siRNA delivery than
bola8A. The observed difference and selectivity in nucleic acid
delivery performance of bola4A and bola8A can be ascribed to
the difference both in the size of the nucleic acid cargos and the
generation number of the bola-amphiphilic dendrimers.

Compared to siRNA, DNA has a longer sequence and is larger
in size, thus requiring the higher generation dendrimer bola8A
for delivery. The increased number and strength of the cooperative
and multivalent interactions offered by bola8A enabled the effi-
cient compaction of the large-cargo DNA into smaller nanopar-
ticles thus favoring their cellular uptake and hence their delivery
and gene transfection. Therefore, the higher generation dendrimer
bola8A outperformed the lower generation dendrimer bola4A
for DNA delivery. In contrast, the small siRNA cargo can be
encapsulated readily and similarly by both bola4A and bola8A,
resulting in siRNA delivery complexes of similar size and surface
potential, which enabled comparable cellular uptake and endo-
some escape. However, the siRNA release was more efficient from
the siRNA/bola4A complex because the smaller dendrons in
bola4A provided more appropriately balanced cooperative mul-
tivalent interactions for siRNA binding and release, compared
with bola8A. Consequently, bola4A was more effective than
bola8A for siRNA delivery.

Remarkably, bola4A and bola8A not only exploit the delivery
advantages of both lipid and polymer vectors, they also harbor
nanotechnology-based tumor targeting and ROS-responsive cargo
release in cancer cells. The result is excellent performance in tumor-
and cancer cell-specific delivery of, respectively, siRNA and DNA
in different cancer models, both in vitro and in vivo. Using AKT?2
siRNA and p53 plasmid DNA as the nucleic acid therapeutics deliv-
ered by bola4A and bola8A, respectively, effective anticancer activ-
ity and therapeutic effect was achieved in both SKOV-3 ovarian
cancer and Hela cervical cancer xenograft mouse models, as well
as lung metastasis models induced by the murine triple-negative
4T1 breast cancer and the mouse B16-F10 melanoma. These results
provide experimental evidence in support of the implementation
of tailored dendrimer vectors for tissue- and cell-specific delivery of
nucleic acid therapeutics in precision cancer treatment.

It should be mentioned that the generation number of
bola-amphiphilic dendrimers had a considerable impact, not only
on the cargo selectivity for nucleic acid delivery, but also on the
toxicity profiles. Both bola4A and bola8A had no noticeable
toxicity, while the first-generation dendrimer bola2A showed
considerable toxicity, likely because of its detergent-like structure
and characteristics. These findings should inspire the further
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design and development of safe and effective vectors for nucleic
acid delivery using dendritic motifs. It is to mention that
high-generation dendrimers are often more toxic, more difficult
to prepare, and also associated with more structural defects, com-
pared with low-generation dendrimers. Both bola4A and bola8A
are amphiphilic dendrimers of low generation and can be readily
synthesized in a defect-free state, further highlighting the bene-
ficial characteristics of these amphiphilic dendrimers for nucleic
acid delivery.

Noteworthy is also the high water-solubility of both bola4A
and bola8A and the ease with which these dendrimers form com-
plexes with their corresponding nucleic acid cargo by simply mix-
ing the dendrimer and nucleic acid solutions. This is in sharp
contrast with many lipid and polymer vectors as well as conven-
tional amphiphilic vectors, often insoluble in water and requiring
organic solvents and multiple recipients in complex formulations
(11) which can lead to instability and even toxicity. For example,
the current clinically used LNP delivery systems are composed of
four different lipid components and require stringent formulation
recipes and procedures, with often laborious preparation and
unstable formulations leading to complicated storage (9, 15). The
single recipient formulations and good water-solubility of both
bola4A and bola8A certainly represent extraordinary advantages
for their easy and convenient use, encouraging their future trans-
lation into real biomedical applications.

Alrogether, this study has provided insight into how the mod-
ulation of bola-amphiphilic dendrimers can affect solubility, tox-
icity, cargo-selectivity, and adaptivity for nucleic acid delivery.
Considering that nucleic acid therapeutics encompasses various
single- and double-stranded nucleic acid molecules, including
ASO, aptamer, siRNA, miRNA, mRNA, and DNA, all of which
have different physiochemical properties, including length, size,
molecular weight, structural conformation, and flexibility, as well
as distinct mechanisms of action, we foresee a bright future for
amphiphilic dendrimer platforms in the cargo-specific and
on-demand delivery of nucleic acid therapeutics in precision
medicine.

Materials and Methods

Synthesis and Characterization of Bola4A and Bola8A. The S¥nthetic
protocols of bolad4A and bola8A are detailed in S/ Appendix. boladA: "'H NMR
(500 MHz, CDCl5/CD;0D) 8 7.92 (s, 2H, CH), 7.11 (dt, J = 6.4, 3.2 Hz, 2H, ArH),
6.86(tt, J=8.9,2.3 Hz, TH,ArH), 4.98 (s, TH, CH), 4.46 (t, J = 7.2 Hz, 4H, CH,),
3.90(s, 4H, CH,), 3.34(t,J = 6.1 Hz, 24H,CH,), 2.93t0 2.76 (m, 40H, CH,), 2.74
to 2.57 (m, 12H, CH,), 2.57 t0 2.36 (m, 24H, CH,), 2.07 to 1.92 (m, 4H, CH,),
1.73-1.57(m, 4H, CH,), 1.50t0 1.27 (m, 28H, CH,). BCNMR (125 MHz, CDCly/
CD;0D) & 173.79, 173.22, 164.56, 164.16, 162.11, 161.89, 145.23, 143.31,
123.66, 110.65, 110.45, 102.77, 52.16, 50.20, 49.90, 49.02, 48.57, 48.40,
48.23,48.06,47.89,47.72,47.55,47.17,41.66, 40.76, 37.30, 33.58, 33.32,
32.13,30.08, 29.22, 28.88, 28.82, 28.52, 26.29. "°F NMR (471 MHz, CDCl/
CD,0D) & —110.49. ESI-HRMS: calcd. for C95H178N3252012F2 [M+3HJ**
516.6007, found 516.6005. HPLC (RT = 19.6 min). bola8A: "H NMR (300 MHz,
CDCl,/CD;0D) & 7.83 (s, 2H, CH), 7.02 (d, J = 6.3 Hz, 2H, ArH), 6.77 (tt, = 9.1,
2.4 Hz, TH, ArH), 4.89 (s, TH, CH), 4.36 (t, J = 7.1 Hz, 4H, CH,), 3.80 (s, 4H,
CH,), 3.24 (t,J = 6.0 Hz, 56H, CH,), 2.90 to 2.66 (m, 88H, CH.,), 2.66 t0 2.48
(m, 28H, CH,), 2.48 t0 2.26 (m, 56H, CH,), 1.96 to 1.83 (m, 4H, CH,), 1.61 to
1.45(m, 4H, CH,), 1.44 to 1.13(m,28H,CH2).13C NMR (125 MHz, CDCl,/CD,0D)
§173.86,173.37,173.19,161.95, 161.85, 145.89, 143.39, 123.78, 110.61,
110.41,102.78,102.58,52.15,50.05,49.80,49.07,48.27,48.10,47.93,47.76,
47.59,47.42,47.25,47.09,41.17,40.53, 37.27, 33.80, 33.46, 33.34, 32.03,
30.02, 29.19, 28.84, 28.77, 28.44, 26.22. "F NMR (471 MHz, CDCl,/CD50D)
8 —111.02. ESI-HRMS: calcd. for CyysHyzgF,Ngs0geS,>", [M+6H]™ 649.1148,
found 649.1147.HPLC (RT= 15.3 min).

https://doi.org/10.1073/pnas.2220787120

In Vitro Transfection of Nucleic Acid/Dendrimer Complexes.

DNA delivery. SKOV-3, Hela, and PC-3 cells were, respectively, seeded in 24-well
plates in the presence of medium supplemented with 10% fetal bovine serum
(FBS) 1 d prior to transfection. The DNA/bola-dendrimer complex solution was
prepared at the N/P ratio of 1.0 in the absence of 10% FBS before transfection.
Then, the cells were transfected with the DNA/bola-dendrimer complexes for
8 h at 37 °C. After incubation, the DNA/bola-dendrimer complex solution was
replaced with the culture medium supplemented with 10% FBS. Then the cells
were maintained under normal growth conditions for 48 h. The commercial trans-
fection reagent Lipofectamine 2000 (Lipo2000) was used as a positive control. The
protein expression of the target gene was detected as described in S Appendix,
Materials and Methods.

siRNA delivery. One day before transfection, Hela-GFP cells were seeded in
24-well plates in a medium containing 10% FBS; PC-3, SKOV-3, and PANC-1
cells were, respectively, seeded in 6-well plates in a medium containing 10%
FBS.Asolution of the siRNA/bola-dendrimer complexes was prepared at the N/P
ratio of 10 in the absence of 10% FBS before transfection. Then, the cells were
transfected with the siRNA/bola-dendrimer complexes for 8 h at 37 °C. After
incubation, the siRNA/bola-dendrimer complex solution was replaced with the
culture medium supplemented with 10% FBS. Then the cells were maintained
under normal growth conditions for 72 h. The commercial transfection reagent
Lipofectamine 2000 was used as a positive control. The silencing effect of the
target gene was measured as described in S/ Appendix, Materials and Methods.

In Vivo DNA and siRNA Delivery in Animal Models. Animals involved in this
work were maintained in China Pharmaceutical University Laboratory Animal
Center.All procedures foranimal experiments were approved by the Institutional
Animal Care and Use Committee of China Pharmaceutical University (approval
numbers of “2021-10-012" and "2022-07-006") and performed in accordance
with the guidelines and policies. Mice bearing either xenograft tumors or metas-
tasis tumors were used in this study. For DNA delivery, mice were intravenously
administrated with DNA/bola8A, using the commercial gene transfection reagent
lipofectamine 2000 (Lipo) or in vivo-JetPEl as the positive control. For siRNA deliv-
ery, mice were intravenously injected with siRNA/boladA, using Dlin-MC3-DMA
(MC3), an FDA-approved LNP for siRNA delivery, as the positive control.

Afull description of the Materials and Methods is provided in SI Appendix,
Materials and Methods.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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