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Small interfering RNA (siRNA)-based therapeutics represent a novel
and compelling drug modality, provided that safe and competent
vectors are available for their delivery. Here, we report a biodegrad-
able amphiphilic poly(aminoester) dendrimer for effective siRNA
delivery. This dendrimer is readily biodegradable upon enzyme
action, and harnesses the delivery features of both lipid and poly-
mer vectors thanks to its lipid/dendrimer hybrid structure. This
study opens new perspectives for developing biodegradable and
biocompatible vectors for siRNA therapeutics.

RNA interference (RNAi)}-based small interfering RNA (siRNA) is
emerging as a promising therapeutic modality for treating various
diseases, in particular those considered as being “undruggable”.!
This is because siRNA can sequence-specifically and efficiently
down-regulate any disease-associated genes, leading to potent ther-
apeutic effects. Nevertheless, the chemical composition and anionic
nature of siRNA molecules make them vulnerable to various
enzymes in the body, and hinder their crossing biomembranes to
enter into cells, altogether severely hampering their translation into
the clinical setting.”* Indeed, in this context, measures to ensure
safe and effective siRNA delivery are of paramount importance.
Tremendous efforts have been made in exploring various
vectors for siRNA delivery and the most advanced non-viral
vectors are lipids and polymers.®> ® Notably, lipid vectors mainly
exploit the membrane-fusion mechanism, and polymer vectors
primarily induce endocytosis-mediated delivery and endosomal
release via the proton-sponge effect. Among the polymeric

vectors, dendrimers, a special family of polymers, are
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particularly attractive for siRNA delivery by virtue of their
precise chemical structures, their high degree of molecular
uniformity, and their multivalent cooperativity.'®'*

In order to harness the delivery advantages of both lipid and
polymer vectors, while retaining the unique features of den-
drimers, we have recently developed a series of small amphi-
philic dendrimers for siRNA delivery.">™*® These dendrimers
are lipid/dendrimer hybrids, and harbour hydrophobic lipid
chains and hydrophilic poly(amidoamine) (PAMAM) dendrons.
They effectively combine the self-assembling nature of lipids
with the multivalency feature of dendrimers, integrating the
delivery advantages of both for efficient siRNA delivery."*"®

Motivated by the excellent performance of amphiphilic dendri-
mer vectors for siRNA delivery, we wanted to further improve their
delivery efficacy and safety profile by imparting biodegradability. We
anticipated that biodegradable vectors, upon breakdown, would
promote both cargo release for better delivery and rapid clearance
for preventing side effects. We therefore constructed a biodegrad-
able amphiphilic poly(aminoester) dendrimer I for siRNA delivery
(Scheme 1). This dendrimer differs from the conventional PAMAM
dendrimer II in that it possesses ester backbones instead of amide
bonds (Scheme 1). Ester linkage is commonly used to construct
biodegradable materials,'””° as it is acid- and base- as well as
enzyme-labile. Indeed, I readily disintegrated upon exposure to
esterase, and benefited the delivery features of both lipid and
polymer vectors. It demonstrated superior performance for siRNA
delivery with much less toxicity when compared to the corres-
ponding PAMAM dendrimer II.

We first synthesized the amphiphilic dendrimer I according
to the plan illustrated in Scheme 2. The dendron building units
were prepared by following the strategy we previously estab-
lished for synthesizing poly(aminoester) dendrimers.*"?
Briefly, propargylamine was used as the starting material to
build 1 via Michael addition, followed by a three-step reaction
sequence comprising deprotection of the tert-butyl ester (tBu)
groups, activation of the acid terminals via cyanomethyl esters,
and transesterification with excess alcohol 4 to generate 5.
Conversion of 5 to 6 was achieved using the same three-step

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 (A) Amphiphilic dendrimers | and Il studied in this work.
(B) lllustration of I-mediated siRNA delivery and gene silencing.
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Scheme 2 Synthesis of | and 9. Reagents and conditions: (i) tert-butyl
acrylate, CHsOH, 30 °C, and 72 h; (ii) CFsCOOH, CH,Cl,, 30 °C, and 48 h;
(iii) chloroacetonitrile, EtsN, DMF, 30 °C, and 32 h; (iv) DBU, CH3CN, 30 °C,
and 48 h; (v) HOCH,CH,NHBoc, DBU, CH3CN, 30 °C, and 10 h; (vi) Cul,
DBU, DMF, 50 °C, 3 h; (vi) CFsCOOH, CH,Cl,, 30 °C, and 6 h.

reaction sequence of deprotection, activation and trans-
esterification. The obtained 6 was then coupled with the
azido-bearing alkyl chain 7 to deliver the dendrimer conjugate
8 via a copper-catalysed azide-alkyne cycloaddition (CuAAC)
click reaction. The conjugate 8 was further treated with tri-
fluoroacetic acid (TFA) to deprotect the Boc groups, offering the
desired poly(aminoester) dendrimer I at a yield exceeding 90%
(Scheme 2 and S1, ESIt). Also, the poly(aminoester) dendron 9
was prepared via deprotection of 6 using TFA. The chemical
composition and structural integrity of I was characterized and
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confirmed using '"H NMR, >C NMR, and high-resolution mass
spectrometry (HRMS) analysis (Fig. S1, ESIt).

We next wished to examine the biodegradability of our
synthesized I in the presence of an enzyme, such as pig liver
esterase (PLE) (Fig. 1 and Fig. S2, ESIt). HRMS analysis showed
an intense molecular peak of I at m/z 1041.7246 prior to
enzymatic treatment (Fig. S1C, ESIT and inset in Fig. 1A). This
peak rapidly disappeared following exposure to PLE (Fig. 1A),
highlighting the efficacious enzymatic disintegration of I. The
degraded products were detected as illustrated by the appear-
ance of numerous new mass signals in HRMS (Fig. 1A and
Fig. S2, ESIT), and further analysed according to accurate mass
calculations. Almost all the degradation products are issued
from the breakdown of the ester linkages (Fig. 1B and Table S1,
ESIT). Collectively, these results demonstrate that I is readily
degradable upon enzymatic hydrolysis, and thus it is endowed
with biodegradable properties.

At physiological pH, I is positively charged because of the
numerous amine functionalities, and hence readily interacts
with the negatively charged siRNA molecules to form an
electrostatic complex. As shown in Fig. 2A, I completely
retarded the migration of siRNA in agarose gel at the N/P ratio
> 5, indicating the formation of a stable complex between I
and siRNA. In addition, I could effectively protect siRNA from
enzymatic degradation (Fig. S3, ESIt). Furthermore, dynamic
light scattering (DLS) analysis revealed that the siRNA/I
complex was small in size, measuring around 30 nm, and
had a surface potential of +31 mV (Fig. 2B). The small size
and positive surface charge are advantageous features for
effective cellular uptake.

We next studied the cell uptake of the siRNA/I complex with
the fluorescent probe Cy5-labelled siRNA using FACS flow. We
observed rapid and efficient cellular uptake of the Cy5-siRNA/I
complex, and almost 100% internalization was attained within
15 min (Fig. 2C and Fig. S4, ESIT). Importantly, these complexes
effectively escaped from endosomes, as detected by the disper-
sion and the separation of the red fluorescence signals of Cy5-
siRNA from the green fluorescence signals of lysotracker
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Fig. 1 Biodegradation of | in the presence of pig liver esterase (PLE).
(A) High resolution mass spectrometry (HRMS) of | recorded after exposure
to PLE for 24 h; inset shows the molecular peak of | before PLE treatment.
(B) Selective degradation products.
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Fig. 2 Formation and cell uptake of the siRNA/I complex. (A) Agarose gel
retardation assay of siRNA when complexed with | at N/P ratios ranging
from O to 50:1. (B) Size distribution of the siRNA/I complexes determined
using dynamic light scattering analysis. (C) Flow cytometry analysis of the
cellular uptake of the Cy5-siRNA/l complex into SKOV-3 cells. (D) Con-
focal microscopy images of the endosomal escape of the Cy5-siRNA/I
complex in SKOV-3 cells. Red: Cy5-labeled siRNA, Green: Lysotracker
labelling endosomes and Blue: Hoechst33342 labelling nuclei. Scale bars,
10 um. 20 nM Cy5-labeled siRNA, N/P ratio of 10.

labelling endosomes in the cytoplasm (Fig. 2D). Endosomal
escape represents a critical issue for successful siRNA delivery.

Encouraged by the promising properties shown by the
siRNA/I complex for cell uptake and endosome release, we then
evaluated siRNA-mediated gene silencing using siRNA targeting
protein kinase B (siAKT2). Protein kinase B (AKT2) is an
oncogene that has been linked with cancer cell proliferation
and cancer progression, and is acknowledged as a promising
therapeutic target for cancer treatment.>®> We assessed gene
silencing of AKT2 in different human cancer cell lines such as
pancreatic cancer PANC-1 cells, lung cancer A549 cells and
ovarian cancer SKOV3 cells. As illustrated in Fig. 3A, potent and
specific knockdown of AKT2 expression was observed upon
treatment with the siAKT2/I complex, whereas no gene silen-
cing was detectable with either I or siRNA alone or with the
scramble siRNA/I complex (Fig. 3A and Fig. S5, ESIt). Further
investigation showed that I-mediated siRNA delivery could
produce a dose-dependent gene silencing effect, ie., AKT2
knockdown started with 5 nM siRNA, and reached ca. 80%
with 20 nM siRNA (Fig. 3B and Fig. S6, ESIt). Altogether, these
results demonstrated that I enabled successful siRNA delivery,
leading to powerful gene silencing.
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Fig. 3 I-mediated siRNA delivery and gene silencing. (A) Specific and
potent silencing of AKT2 in PANC-1 cells (20 nM siAKT2). (B) Dose-
dependent gene silencing of AKT2 in PANC-1 cells using siAKT2 concen-
trations from 1.0 nM to 50 nM. (N/P ratio of 10).
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It is important to mention that the amphiphilic dendrimer II
bearing PAMAM dendron showed no delivery activity for siRNA
(Fig. S7, ESIY), in line with our previously reported results.'® In
addition, II had considerable haemolytic toxicity (Fig. S8, ESIT).
This is in sharp contrast to I, which mediated functional siRNA
delivery with no notable haemolytic toxicity (Fig. S7 and S8, ESIf).
The only difference between I and II is the replacement of the
amide backbone in II with an ester linkage in I, thus endowing I
with biodegradability. Consequently, the high performance of I
for siRNA delivery can at least in part be ascribed to its biodegrad-
able properties which, by allowing the degradation of the delivery
vector, facilitate the release of siRNA cargos. Indeed, siRNA
dissociation from the corresponding siRNA/I complex is much
easier than from the siRNA/II complex as shown by the results
obtained in the heparin displacement assay (Fig. S9, ESI{). Also,
the biodegradability may further contribute to the low haemolytic
toxicity of I via its rapid disintegration in the presence of various
enzymes.

The amphiphilic dendrimer I has a lipid/dendrimer hybrid
structure, and is therefore expected to exploit the delivery
advantages of both lipid and dendrimer vectors. In order to
confirm this, we first examined whether the dendron 9 alone or
the alkyl chain 7 alone could mediate siRNA delivery. As
presented in Fig. 4A, neither the alkyl chain 7 nor the dendron
9 showed any siRNA delivery activity to induce gene silencing.
These results highlight that indeed it is the peculiar amphi-
philic structure of I that is crucial for siRNA delivery. Impor-
tantly, I-mediated siRNA delivery and gene silencing was
significantly improved in the presence of the fusogenic lipid
dioleoyl-phosphatidyl ethanolamine (DOPE), which is fre-
quently used to promote lipid-mediated delivery via a
membrane fusion mechanism.>* The improved siRNA delivery
and gene silencing in the presence of DOPE indicates that I
effectively used the membrane fusion delivery feature of lipid
vectors (Fig. 4B).

We next verified whether I exploited the delivery features of
dendrimer vectors. Most effective polymer or dendrimer vectors
often use the “proton-sponge” effect for endosome escape,
because these vectors usually have numerous tertiary amines
that allow their taking up of protons found enriched in the
endosomes, leading to an ionic imbalance and hence endo-
some lysis and cargo release.>®*® We assessed the gene silen-
cing efficiency in the presence of bafilomycin A1 (Fig. 4C), a

A B C

g g without DOPE g = without Bafilomycin A1

H .g == with DOPE H with Bafilomycin A1

2 100 @ 100- @

H : H

H H H

£ w0 5 s H

g g H

g g ]

H T g 3 £

.¢°\ 1 7 9 Control SiAKT2/l Control siAKT2/1
& + SIAKT2
Fig. 4 1-mediated siRNA delivery exploits the features of both lipid and

polymer vectors. (A) Gene silencing following siAKT2 delivery mediated by
I, 7 or 9. AKT2 expression upon treatment with the siAKT2/I complex in the
presence and absence of (B) the fusogenic lipid DOPE and (C) the proton
pump inhibitor, bafilomycin Al.
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proton pump inhibitor that prevents the acidification of endo-
somes. As shown in Fig. 4C, the presence of bafilomycin A1
significantly abolished the gene silencing effect, indicating that
the I-mediated siRNA delivery was indeed dependent on the
endosomal acidification, and that the proton sponge effect
played a crucial role in the delivery mediated by I.

Aside delivery efficacy, the safety profile is also an essential
concern for siRNA delivery. We therefore studied the biocom-
patibility and toxicity of I and its siRNA complex. Specifically,
we evaluated the serum haemolysis, metabolic cytotoxicity and
membrane disintegration of I and its siRNA complex (Fig. S10,
ESIT). Neither I nor its siRNA complex exhibited any significant
influence on the cell growth of various cells (PANC-1 cells, A549
cells, SKOV-3 cells, mouse fibroblast L929 cells, canine kidney
MDCK cells, and human Liver L02 cells) (Fig. S10A, ESIT). In
addition, neither I nor its siRNA complex caused any cell
membrane damage (Fig. S10B, ESIf). Also, no haemolytic
toxicity was observed with either I or its siRNA complex
(Fig. S8 and S10C, ESIY). Further in vivo toxicity assessments
in healthy mice also demonstrated the lack of any notable
inflammatory responses or acute toxicity relating to I or its
SiRNA complex (Fig. S11, ESIt). Collectively, these results argue
in favour of a good safety profile for I and promote its use in
biomedical applications.

In conclusion, we successfully established a novel biode-
gradable amphiphilic poly(aminoester) dendrimer I for func-
tional siRNA delivery. This dendrimer is a lipid/dendrimer
hybrid featuring a hydrophobic alkyl chain and a small hydro-
philic poly(aminoester) dendron. It shows excellent biodegrad-
ability and biocompatibility, while being devoid of notable
toxicity. Most importantly, this biodegradable dendrimer has
demonstrated superior siRNA delivery and gene silencing per-
formance by harnessing not only biodegradability but also the
integrated delivery advantages of both lipid and polymer vec-
tors. It therefore holds great promise for siRNA delivery in
future biomedical applications. This study also provides a new
perspective in the search for biodegradable vectors for siRNA
delivery, which we hope will accelerate and extend the clinical
implementation of siRNA therapeutics.
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