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Small interfering RNA (siRNA) can cause specific gene silencing and is considered promising for treating a
variety of cancers, including hepatocellular carcinoma (HCC). However, siRNA has many undesirable
physicochemical properties that limit its application. Additionally, conventional methods for delivering
siRNA are limited in their ability to penetrate solid tumors. In this study, nanodiamonds (NDs) were evalu-
ated as a nanoparticle drug delivery platform for improved siRNA delivery into tumor cells. Our results
demonstrated that ND-siRNA complexes could effectively be formed through electrostatic interactions.
The ND-siRNA complexes allowed for efficient cellular uptake and endosomal escape that protects siRNA
from degradation. Moreover, ND delivery of siRNA was more effective at penetrating tumor spheroids
compared to liposomal formulations. This enhanced penetration capacity makes NDs ideal vehicles to
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deliver siRNA against solid tumor masses as efficient gene knockdown and decreased tumor cell prolifer-
ation were observed in tumor spheroids. Evaluation of ND-siRNA complexes within the context of a 3D
cancer disease model demonstrates the potential of NDs as a promising gene delivery platform against
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Introduction

Liver cancer is the sixth most common cancer and the third
leading cause of cancer-related deaths worldwide in 2020."
Hepatocellular carcinoma (HCC) is the most common type of
primary liver cancer with limited treatment options.” Based on
the tumor stage as well as the degree of liver function impair-
ment, different treatment strategies are applied. Early stage
HCC patients with preserved liver function are able to receive
treatment including surgical resection, liver transplantation
and ablation, with proven survival benefits.® Unfortunately,
most cases of HCC are diagnosed at more advanced stages
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where treatment options are limited to drugs, such as sorafe-
nib and regorafenib, and the prognosis continues to remain
poor.* While immune checkpoint inhibitors, including anti-
PD-1 (programmed cell death protein 1) antibodies, anti-
PD-L1 (programmed cell death 1 ligand 1) antibodies and anti-
CTLA-4 (cytotoxic T-lymphocyte-associated protein 4) anti-
bodies, have been recently explored for use in HCC, these con-
tinue to be limited in clinical application to specific second-
line therapies and require further development.” Though
diverse oncogenes are involved in HCC development, many of
them are considered as undruggable due to their disordered
structure lacking binding sites or having an essential physio-
logical function in normal cells, for example, Myc.*” Different
strategies are applied to overcome the challenges, such as syn-
thetic lethality that counts on gene pairs.® Alternatively, gene
therapy has attracted increasing attention due to the capability
of specifically controlling the expression of disease-related
proteins.

Spalt-like transcription factor 4 (SALL4) is a key factor for
self-renewal and pluripotency maintenance in embryonic stem
cells. The expression level of SALL4 normally decreases during
human development and silences in mature tissue. The aber-
rant re-expression of SALL4 has been reported to be involved
in various types of cancers.”'® In adult liver, SALL4 is silenced
but in HCC it is often reactivated and has been considered as
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a biomarker and potential therapeutic target in HCC.'
However, there is currently no approved drug to target SALL4.

Small interfering RNA (siRNA) is a short double-stranded
RNA molecule, which has been widely used as a tool for gene
inhibition by targeting specific complementary mRNA strands
and then inducing mRNA degradation.’>** However, poor
physicochemical and pharmacological properties, such as
instability, innate immune responses, and anionic and hydro-
philic properties, currently limit its clinical applications.'®
Therefore, several delivery systems have been developed to
solve the challenges of nucleic acid delivery, such as lipid-
based 16718 polymer-based systems,'>* aptamer-
based systems and inorganic systems.**** Many of these
systems have proven useful, particularly in targeting cells and
tissues readily accessible by the circulatory system. Among
them, lipid nanoparticles, especially lipoplexes (LPX), which
are cationic lipid/nucleic acid complexes, are the most widely
used formulation-based delivery systems. Nevertheless, poor
penetrance in solid disease tissue, such as solid tumors, limits
their applications. Although the first approved siRNA drugs are
formulated by lipid nanoparticles, in clinical studies, their
knockdown efficiency in solid tumors is relatively low (<10%
knockdown efficiency in mRNA levels, 0.7 to 1 mg kg™).**3¢

Besides lipid-based nanoparticles, inorganic nanoparticles
have also been widely exploited. Gold nanorods (GNRs)
possess strong near-infrared (NIR) absorption and high photo-
thermal conversion efficiency, giving them unique advantages
in gene delivery. For example, the GNR delivery platform can
control the release of nucleic acid through light triggering or
thermal induction.?” Also, GNRs can induce endosomal dis-
ruption when NIR irradiation was applied,*®*° which is essen-
tial for nucleic acid delivery. In addition, GNRs are a multi-
functional platform that can combine photothermal therapy
and drug delivery in one nanomaterial.

Carbon nanomaterials have been successfully used as
siRNA vectors as well,"*™** such as nanodiamonds. A single
nanodiamond (ND) is a truncated octahedron carbon nano-
particle with a diameter of approximately 5 nm,*>** but it
tends to aggregate tightly in the diameter range of 100-200 nm
with a desirable aqueous dispersion.*> This aggregate size,
however, meets the particle size requirements of nanoscale
drug delivery systems and is of importance for enhanced
tumor targeting.’® With various functional groups on the
surface, NDs can link with drug molecules through chemical
conjugation. They can also bind with certain drugs through
noncovalent interactions because they possess high surface
area-to-volume ratios and unique surface electrostatic fields,
consisting of eight square facets with a positive charge, three
hexagonal facets with a negative charge, and three hexagonal
facets with an intermediate charge.””*® Moreover, the prepa-
ration process of ND-drug complexes is facile, readily reprodu-
cible, and inexpensive, making them more suitable than other
nanomaterials for scale-up production and further translation
to the clinic. Furthermore, they are highly biocompatible with
low toxicity, having been shown to be well tolerated in various
biological systems.’®*° These properties have been leveraged

systems,
25-29

16132 | Nanoscale, 2021, 13, 16131-16145

View Article Online

Nanoscale

towards the use of NDs as a platform to deliver a wide range of
therapeutic and diagnostic reagents, including chemotherapy
drugs,”'™ peptides,”®®" imaging agents®*® and genetic
materials.®>””> In cancer, ND-drugs have shown enhanced
therapeutic efficacy in a wide range of in vitro and in vivo
cancer models, including liver cancer,>®”® pancreatic
cancer,”>”” breast cancer’? and Ewing sarcoma.”® Polyglycerol-
functionalized nanodiamonds (ND-PG) conjugated with Cy7
and showed preferential accumulation in the tumors rather
than the organs when the nanoparticles were systemically
administered into tumor-bearing mice.”®

Given the potential advantages of ND drug delivery against
solid cancer, such as HCC, we evaluated NDs as an siRNA
therapy delivery platform within the context of 3D cancer
disease modelling. ND-siRNA complexes showed enhanced cel-
lular uptake and retention compared to liposomal formu-
lations and were able to escape from endosomes to avoid intra-
cellular degradation. Most importantly, ND-siRNA complexes
were able to more deeply penetrate into tumor spheroids,
resulting in enhanced knockdown efficiency and in vitro thera-
peutic efficacy. Three-dimensional (3D) disease modelling ana-
lysis of ND-siRNA demonstrates the potential of NDs as a
promising gene delivery platform in solid tumors.

Results and discussion

Preparation, physicochemical characterization, and in vitro
release profile of ND-siRNA complexes

As illustrated in Fig. 1A, negatively charged Cy3-siRNA was
bound with a positively charged ND through electrostatic inter-
actions. Of note, different weight ratios of ND to siRNA
(100:1, 50:1, 20:1, 10:1, 5:1) were used to identify the
optimal preparation condition. Loading efficiency and surface
loading capacity were determined by fluorescence spectroscopy
analysis. In general, as the weight ratio of ND:siRNA
decreased, which means more siRNA was added onto NDs, the
loading efficiency of siRNA decreased while the surface
loading capacity of NDs increased (Fig. 1C). DLS analysis
revealed that, when the zeta potential of complexes was close
to neutral, the size of complexes became dramatically large
due to the lack of charge repulsion, which led to aggregation
(Fig. 1B). When more siRNA was added, the zeta potential of
complexes became negative and the size decreased due to
repulsion force. A weight ratio of 50:1 was selected for sub-
sequent experiments due to positive zeta potential, relatively
small size and high loading efficiency. It is also worth noting
that the optimal weight ratio of ND : siRNA for different siRNA
sequences may differ, likely because of variable surface
charges and affinity to NDs amongst different siRNA
sequences. For the SALL4 siRNA used in later experiments, the
optimal weight ratio is 20:1 (according to Table S17).
Transmission electron microscopy (TEM) images of NDs
before and after binding with siRNA showed the surface struc-
ture of particles. As displayed in Fig. 2A; ND and ND-siRNA
particles both showed a small and uniform size with a clear
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Fig. 1 Preparation and characterization of ND-siRNA (Cy3-labelled siRNA) complexes. (A) Schematic diagram of preparing ND-siRNA complexes
through electrostatic interactions. (B) Particle size and zeta potential of ND-siRNA complexes in different weight ratios of ND : siRNA. (C) Loading
efficiency (%) and surface loading capacity (nmol siRNA per mg ND) of ND-siRNA complexes in different weight ratios of ND : siRNA.

lattice structure on the surface. TEM images at low magnifi-
cation are also shown in Fig. S2(C) and (D)} to observe the
aggregation state of NDs and ND-siRNA, which corresponded
to the particle size distribution by DLS measurement.

Following the successful formation of ND-siRNA complexes,
the effect of pH and biological matter on the release of siRNA
from NDs was investigated. The release profile of ND-siRNA
was evaluated in a range of pH values (pH 2, 4, 7, 10, and 12)
as well as at different protein concentrations (DMEM with
1.25%, 2.5%, 5%, and 10% FBS), respectively. siRNA was
bound with NDs strongly and siRNA had difficulty escaping
from the complexes under both alkaline and acidic conditions
(Fig. 2B). Meanwhile, approximately 10% of siRNA was
released from ND-siRNA complexes under neutral pH. To
better mimic a physiological environment, the effect of protein
on siRNA release was also investigated. Interestingly, the
siRNA release was elevated in the presence of FBS, as in
DMEM with 10% FBS, 40% of siRNA was sustainedly released
from the complexes after 4 days (Fig. 2C). Negatively charged
proteins have been reported to competitively bind to NDs and
enhance drug release.’™”” In the intracellular environment,
there are various biological polyanions that can competitively
replace the nucleic acids on nanoparticles.”® Therefore, siRNA
release from NDs increase in the intracellular
environment.

The stability of ND-siRNA was also tested under different
temperature conditions. The particle size of ND-siRNA was
stable for at least 7 days at 4 °C, 25 °C and 37 °C (Fig. S3Af¥).

may
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Meanwhile we also tested the biological activity stability of ND-
siRNA by evaluating the knockdown efficiency of SALL4 siRNA
samples placed at 4 °C or 37 °C for 24 h, with or without pack-
aged in NDs (Fig. S3Bf). When packaged in NDs, siRNA was
more stable and can maintain its biological activity at 37 °C
for at least 24 h.

Cellular uptake and retention of ND-siRNA complexes in 2D
HCC cell lines

The cellular uptake and retention efficiency of ND-siRNA com-
plexes were evaluated and compared with those of bare siRNA
as the negative vehicle control and as well as Lipofectamine
3000 (lipo)-siRNA as the positive vehicle control. The internal-
ization efficiency was quantified and fluorescence intensity
was normalized to the cell number. As shown in Fig. S4,t in
both HCC cell lines, LM3 and SNU398, ND-siRNA showed
more cellular uptake after incubation for 4 hours, especially at
a weight ratio of 50: 1. More interestingly, after incubation for
24 hours and 48 hours, the Cy3 fluorescence signal in the bare
siRNA group and lipo-siRNA group was noticeably weakened.
In contrast, both ND-siRNA groups (100:1, 50:1) showed a
strong Cy3 signal, indicating enhanced cellular retention.

Endosomal/lysosomal escape of ND-siRNA complexes

Besides efficient cellular uptake, successful endosomal and
lysosomal escape is also essential to ensure desirable transfec-
tion for siRNA-mediated gene regulation. Dynamic intracellu-
lar distributions of siRNA after endocytosis were investigated.
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Fig. 2 Physicochemical characterization and in vitro release profile of
ND-siRNA (Cy3-labelled siRNA) complexes. (A) Representative images of
TEM scanning of NDs and ND-siRNA. Red lines in the right images
denote the lattice structure on the particle surface. Scale bar in particle
images, 10 nm; in lattice images, 5 nm. (B) In vitro release profile
of siRNA from ND-siRNA complexes under various pH conditions.
(C) In vitro release profile of siRNA from ND-siRNA complexes in DMEM
with different FBS concentrations.

As illustrated in Fig. 3B, ND-siRNA complexes were trapped in
endosomes for 0.5 hours and then translocated to the cyto-
plasm shortly afterwards (1 hour and 2 hours), which was also
determined by colocalization quantification (Fig. 3C).
Pearson’s correlation coefficient (PCC) was used for quantify-
ing colocalization. PCC ranges from —1 to +1. The value closer
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to 1 indicates better correlation while 0 indicates no corre-
lation. As such, minor portions of ND-siRNA colocalized with
lysosomes (Fig. 3E and F). These results suggested that ND-
siRNA could successfully escape from endosomes as well as
from lysosomes. Lipo-siRNA also achieved partial endosomal
and lysosomal escape but did not outperform ND-siRNA
(Fig. 3A, C, D and F).

Considering the importance of endosomal escape in
efficient cellular delivery, different strategies have been devel-
oped, including osmotic rupture through the proton sponge
effect, destabilizing endosomes by polymers or peptides, and
piercing and destroying the bilayer membrane of endosomes
to release the content.””** Among them, the most popular
method is the proton sponge effect that causes osmotic swell-
ing of endosomes and eventually disrupts the endosome mem-
brane. The defining features of those nanoparticles that
enable escaping from endosomes are pkK, values in the physio-
logical range and high buffering capacity.** Previous studies
have shown that the ND surface is decorated with phenols and
pyrones, with predicted pK, > 7.3.%* These properties of NDs
may help particles to escape from endosomes by binding with
the protons inside the endosomes. Besides, Chu et al
observed that NDs caused rapid endosomal membrane ruptur-
ing after endocytosis, leading to the endosomal escape of NDs
to the cytoplasm.®* However, the study used a different kind of
ND (HPHT ND) from ours (DND). More detailed studies need
to be performed before the mechanisms involved can be
confirmed.

ND-siRNA showed enhanced penetration capacity in 3D HCC
spheroids

3D disease models, including 3D tumor spheroids, are more
clinically relevant in vitro models of cancer biology as they
more realistically recapitulate cell-cell interactions and
tumor structure than 2D cancer cell lines. As such, 3D HCC
spheroids were used to evaluate the effect of ND-siRNAs on
solid tumour structures. The penetration capacity of ND-
siRNA complexes was investigated in two HCC spheroid
models, SNU398 and LM3 (Fig. 4). HCC spheroids were incu-
bated with ND-Cy3 siRNA or lipo-Cy3 siRNA in culture
medium with growth factors. At each time point, spheroids
were stained with Hoechst and imaged using a confocal
microscope. To better show the Cy3 fluorescence intensity,
the Cy3 channel was displayed in LUT fire (Fig. 4B and E).
Images were then analyzed by Fiji using the radial profile plot
plugin to show the radial distribution of Cy3 fluorescence
intensity. Results showed that Cy3 siRNA gradually penetrates
inside the spheroids over time. ND-siRNA showed relatively
higher penetration capacity compared to lipo-siRNA as a
higher intensity of the Cy3 signal was observed inside the
HCC spheroids. After 24 to 48 hours, ND-siRNA was able to
penetrate inside the whole spheroids, whereas the lipo-siRNA
group showed a much lower Cy3 signal and complexes were
mainly stuck in the outer cells.

To better evaluate and quantify the penetration capacity of
ND-siRNA, we adopted a FACS analysis method previously

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (A to C) Fluorescence images showing less colocalization of ND-siRNA with endosomes, indicating enhanced endosomal escape. A time-
dependent intracellular trafficking (0.5 hours, 1 hour, 2 hours) of lipo-siRNA (A) and ND-siRNA (B) was examined and colocalization coefficients of
endosomes and Cy3-labelled siRNA were quantified by Fiji using the Coloc 2 plugin (C). (D to F) Fluorescence images showing less colocalization of
ND-siRNA with lysosomes indicating enhanced lysosomal escape. A time-dependent intracellular trafficking (2 hours, 4 hours, 24 hours) of lipo-
siRNA (D) and ND-siRNA (E) was examined and colocalization coefficients of lysosomes and Cy3-labelled siRNA were quantified by Fiji using the
Coloc 2 plugin (F). Colocalization experiments were conducted in SNU398 cell lines. The blue signal denotes the nucleus; the green signal denotes
endosomes/lysosomes; the red signal denotes Cy3-labelled siRNA. Images were taken under 100x magnification; scale bars, 10 pm. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.

described by Tchoryk et al. that took advantage of gradient
staining when incubating spheroids with Hoechst.®> When
incubating a spheroid with low concentrations of Hoechst, the
spheroid showed a gradient staining with a stronger Hoechst
signal detected in the outer layer of the spheroid and a com-

This journal is © The Royal Society of Chemistry 2021

paratively lower signal observed in the middle of the spheroid,
while the inner core of the spheroid showed low or even no
Hoechst signal (Fig. S5t). Therefore, the degree of Hoechst
staining represents the location of the cells within the spher-
oid, which can be manually divided into three segments: the

Nanoscale, 2021, 13, 16131-16145 | 16135
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Fig. 4 Enhanced penetration capacity of ND-siRNA complexes was observed in SNU398 (A) and LM3 (D) 3D spheroids, compared to the lipo-siRNA
group. The red signal represents the Cy3-labelled siRNA; the blue signal represents the DAPI staining. Scale bars: 50 pm. Cy3 siRNA fluorescence
intensity in SNU398 spheroids (B) and LM3 spheroids (E) was normalized and displayed in LUT fire using the Fiji software. Quantification of Cy3 inten-
sity in SNU398 spheroids (C) and LM3 spheroids (F) shown in (A) and (D) using the radial profile plot plugin in Fiji.

core that had the lowest Hoechst signal, the rim that had the
highest Hoechst signal, and the middle layer that is in
between the core and rim. Thus, we quantified the penetration
of nanoparticles in spheroids by treating spheroids with
ND-Cy3 siRNA or lipo-Cy3 siRNA and Hoechst, followed by
FACS analysis. As shown in Fig. 5, the percentage of Cy3 posi-
tive cells increased over time. Additionally, in accordance with
the confocal result, the percentage of Cy3 positive cells
decreased from the rim towards the core of the spheroids.
Most importantly, in both SNU398 and LM3 spheroids, ND-
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siRNA showed superior penetration capacity over lipo-siRNA,
which was consistent with confocal results. By precisely study-
ing the spheroid penetration with both confocal and FACS ana-
lyses, we quantified and confirmed the enhanced penetration
capacity of ND-siRNA in spheroids. Due to more complex
pathophysiological gradients and more biologically relevant
multicellular organisation compared to conventional 2D cell
lines, 3D tumor spheroids can better recapitulate the tumor
response in vivo.*>*” Thus, in depth 3D disease modelling ana-
lysis of ND-siRNA complexes in spheroids provides strong evi-
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siRNA penetration and distribution in HCC spheroids using FACS analysis. (A) SNU398 spheroids and (B) LM3 spheroids.
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dence that NDs could be a more effective delivery platform of
siRNAs towards solid tumors.

Improved knockdown efficacy and therapeutic effect of ND-
siRNA complexes in tumor spheroids

Our next step was to investigate the gene knockdown efficiency
of siRNA delivered by ND. We chose an siRNA sequence that
specifically targets SALL4 and evaluated it against SNU398
spheroids where SALL4 overexpression is known to contribute
to SNU398 cancer properties.'"®® The knockdown efficiency
was evaluated for both the mRNA level by qRT-PCR and
protein level by western blotting (Fig. 6). qRT-PCR results
showed that ND-siSALL4 can significantly knock down the
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SALL4 mRNA level while lipo-siSALL4 had a limited effect on
SALL4 expression in the spheroids. Western blot data further
showed a strong knockdown effect of ND-siSALL4 as signifi-
cant decreases in SALL4 expression and its downstream gene,
AKT, pAKT and Cyclin D2 expression levels were observed. It is
worth noting that in 2D cells, lipo-siSALL4 was able to knock
down the SALL4 mRNA level significantly (more than 30%
mRNA reduction) in the presence of serum (Fig. S67).

We also compared NDs with two additional commercial
transfection reagents: Lipofectamine® RNAiIMAX (lipid-based
transfection reagent) and X-tremeGENE HP (polymer-based
transfection reagent). While both RNAIMAX-siSALL4 and
X-tremeGENE-siSALL4 were able to significantly knock down
the SALL4 mRNA level in 2D cells in Opti-MEM medium, they
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Fig. 6 Knockdown efficiency of SALL4 siRNA packaged in lipo or ND in SNU398 spheroids, with NTC (non-targeting control) siRNA as the negative
control. (A) SALL4 mRNA level after siRNA treatment in SNU398 spheroids. (B) Western blot of SALL4 and downstream genes, AKT, phosphorylated
AKT (pAKT) and Cyclin D2 expression level after knockdown. The blots were cropped and full length blots are presented in the ESI (Fig. S8+). (C)

Quantification of western blot results. *p < 0.05, **p < 0.01; n = 3.
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showed poor knockdown efficiency in SNU398 spheroids
(Fig. S7A and Bf). FACS analysis was also performed to further
compare the spheroid penetration capacity among RNAiMAX,
X-tremeGENE and ND (Fig. S7Ct). NDs showed better pene-
tration capacity over RNAIMAX and X-tremeGENE as a higher
percentage of Cy3 positive cells in the core part of spheroids
was observed in the ND group.

Previous studies have shown that SALL4 can be a key contri-
butor to cell proliferation in HCC.*>°° Knocking down SALL4
led to inhibition of cell proliferation.”® Thus, we investigated
cancer cell proliferation in spheroids following SALL4 knock-
down by Click-iT EAU assay. 5-Ethynyl-2'-deoxyuridine (EdU) is
a nucleoside analogue of thymidine. It can replace thymidine
and be incorporated into DNA during DNA synthesis. After
adding the EdU detecting reagent, only DNA in proliferative
daughter cells would contain EdU and show a fluorescence
signal, indicating proliferation activity. Spheroids were treated
with lipo-siSALL4 or ND-siSALL4, with NTC (non-targeting
control) siRNA as the negative control, followed by the Click-iT
EdU assay. Then spheroids were imaged by confocal
microscopy and a 3D image stack was obtained. Images were
reconstructed using the Imaris software and the DAPI channel
was surface rendered and given a transparent pseudo color
effect (Fig. 7B 3D image analysis showed that proliferation
activity was significantly decreased following treatment with
ND-siSALL4 compared to the NTC group (Fig. 6). Furthermore,
liposomal siSALL4 treatment showed a minimal effect, poten-
tially due to the deficient penetrative ability in spheroids
(Fig. 4 and 5). These results suggest that the increased pen-
etrative capabilities of ND-siRNA allow for the improved thera-
peutic effect of siSALL4 delivery by ND.

In cell culture medium with growth factors that contain
proteins, positively charged particles would absorb the nega-
tively charged proteins and form a protein corona on the

Lipo NTC

Lipo siSALL4 ND NTC
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surface, leading to the change of zeta potential from positive
to negative (Table S11). How the zeta potential of nanoparticles
affects the cellular uptake and spheroid penetration is dis-
puted. Positively charged nanoparticles have been shown to
have better uptake into cells, converting surface charge to
negative would greatly reduce the cellular uptake efficiency of
nanoparticles. However, as some studies pointed out, reduced
uptake by the surface cells of spheroids may provide higher
chances for nanoparticles to penetrate deeper into spheroids
instead of being entrapped by the outer cells.”’* A study by
Huang et al. proposed that, since the binding of nanoparticles
with proteins was relatively weak and reversible, the
protein corona might collapse when the particles penetrated
inside the spheroids.”® In our case, we hypothesized that in
a medium containing the serum environment, ND-siRNA
complexes were covered by a layer of protein corona and it
helped nanoparticles penetrate inside the spheroids.
While penetrating inside the spheroids, the protein corona on
the surface gradually vanished. After that, the interactions
with cells were mainly dependent on the nanoparticles
themselves.

NDs have been reported to induce the loss of junction inter-
connection of cells and cytoskeleton network remodeling.’*
This effect was mainly caused by the elevated intracellular
level of ROS and Ca'. These changes activated the downstream
signalling pathway, leading to the loss of VE-cadherin inter-
connection and cytoskeleton remodelling. Although the study
was performed in the endothelial cells, we hypothesized that
NDs can also induce the extracellular substrate defects and
gap formation in spheroids since there are an intact cytoskele-
ton and cell-cell junctions within the spheroids.”” Therefore,
with this special property, NDs were able to penetrate inside
the spheroids, making NDs an appropriate vehicle to deliver
siRNA and other therapeutics into solid tumors.

ND siSALL4

*kkk

EdU* cells

Fig. 7 Proliferation in SNU398 spheroids following SALL4 knockdown by Click-iT EdU assay. (A) Representative 3D images of SNU398 spheroids
with different treatments. The blue signal denotes DAPI staining; the red signal denotes the EdU positive cell, indicating the proliferating cells. (B)
Images were reconstructed and surface rendered using the Imaris software. The EdU channel stayed the same while the DAPI channel was surface
rendered and given a transparent pseudo color for better display. Scale bars, 50 um. (C) Percentage of EdU positive cells was quantified using the

Imaris software. ****p < 0.0001, n = 3.
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The heterogeneity of the EPR effect as well as the physio-
logical barriers of the solid tumor hinders the homogeneous
distribution and deep penetration of the nanoparticles
throughout the tumor.’® Solid tumors feature abnormal tumor
vasculature and a high density of the tumor extracellular
matrix (ECM), which greatly retard the diffusion of nano-
particles in the tumor interstitium.’”®° For instance, it has
been proved that liposomes with diameters of around 90 nm
are predominantly located near the vasculature area and can
only be delivered to peripheral cells of the tumor mass.'*
Therefore, particular attention should be paid to develop nano-
particles with improved tumor penetration capability.

Several studies have shown that the physicochemical
characteristics of nanoparticles such as size, particle shape,
and rigidity also have a profound effect on the transport of
nanomedicines within tumors. Nanoparticles with smaller
sizes are demonstrated to have better tumor penetration than
bigger-sized ones.'®"'** However, the balance must be found
since ultrasmall nanoparticles (<5.5 nm) are eliminated more
quickly by kidneys, compromising their blood circulation
time. Besides the particle size, particle shape and charge can
also affect tumor penetration. In terms of the particle shape, a
study conducted by Jain et al. showed that the penetration of
nanorods was 1.7 times the volume of that of nanospheres
with the same hydrodynamic diameter in mice bearing ortho-
topic E0771 mammary tumors.'®>'°® Another study performed
by Black and coworkers indicated the same trend that nano-
rods penetrated into the cores of the tumors, whereas nano-
spheres were retained mostly at the rim of the tumors.'*”
Unlike traditional nanospheres, NDs possess sharp edge struc-
tures. Fluorescence imaging studies indicated that FNDs
capable of escaping from endosomes were homogeneously dis-
tributed inside the cytosol. The endosomal membrane pene-
tration was attributed to the sharp edge structures of the
FNDs.'%%1% In addition, increased rigidity (18-211 kPa) tends
to enhance margination and uptake by relevant tissue cells,
including endothelial and cancer cells."*°

These factors can also explain why LPX used in our study
showed deficient penetrative behavior. Niora et al. compared
the penetration efficiency of lipid-based nanoparticles into
tumor spheroids and found that LPX showed relatively low
penetration efficiency among all the tested lipid-based nano-
particles, likely due to its positive surface charge.”’ Another
study conducted by Carver et al. also observed significantly
reduced delivery of LPX in 3D spheroids compared to 2D
monolayer culture, potentially because of their large size.'"'
However, their versatile structure provided great potential for
further functionalization and modification to enhance the
penetration capacity, tumor targeting, stability and so on.
Strategies include combination of cell-penetrating peptides
and designed size-tunable liposomes were investigated for
better tumor penetration."**'"?

Similarly, the ND platform also can be further decorated to
improve its efficacy. For example, since the binding of NDs
with siRNA was through electrostatic interactions, it is hard to
control the release of siRNA from NDs. Binding affinity must

This journal is © The Royal Society of Chemistry 2021
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be strong enough to retain siRNA before being internalized by
tumor cells, while larger affinity between NDs and siRNA may
cause incomplete siRNA release, leading to reduced knock-
down efficiency. During our testing, some siRNA sequences
worked quite well but some siRNA had difficulty in knockdown
target genes when delivered by NDs, possibly because of the
affinity difference among different siRNA sequences with NDs.
Therefore, controllable siRNA release can be designed in
further studies. Other strategies can also be employed in
future studies to further optimize ND-siRNA therapy. For
example, linkage with tumor-targeting peptides may further
facilitate the specific solid tumor targeting and penetration of
NDs. Additionally, optimization analytics platforms, including
machine learning and complex system analytics, may be used
to refine nanoparticle siRNA design and delivery. Supervised
machine learning has been used to guide the design and
optimization of spherical nucleic acids in immuno-stimulatory
applications.'* Similar approaches can also be performed to
determine appropriate nucleic acid features for optimal
binding and release of nucleic acid payloads from NDs and
other nanomaterials. For complex diseases, such as cancer,
combinatorial delivery of siRNAs and/or drugs may be opti-
mised to further improve efficacy. Complex system analytics
approaches, such as quadratic response surface mapping-
related approaches, have been shown to be able to optimize
therapeutic combinations, even in the context of ND-based
drug delivery."*>""” These approaches have also been used
clinically to optimize drug dosing. Both may be useful in
future studies to determine the appropriate combination of
siRNAs as well as the optimized dosing for maximised thera-
peutic efficacy.

Experimental
Preparation of ND-siRNA complexes

ND gel (NanoAmando® Soft Hydrogel) was obtained from
NanoCarbon Research Institute, Ltd, Nagano, Japan. ND gel
was diluted to the desired concentration with nuclease-free
water and then sonicated for 2 hours. Cy3 siRNA and non-tar-
geting control siRNA were obtained from Integrated DNA
Technologies (Cy® 3 Transfection Control DsiRNA, 51-01-03-
08; Negative Control DsiRNA, 51-01-14-04), and anti-human
SALL4 siRNA was obtained from Horizon Discovery Ltd
(SiIGENOME Human SALL4 siRNA, D-007033-05-0005). All of
the siRNAs were resuspended according to the manufacturer’s
instructions. To prepare ND-siRNA complexes, ND solution
was mixed with different amounts of siRNA (depending on the
weight ratio of ND: siRNA). After 15 minutes of incubation at
room temperature, siRNA was loaded to NDs through electro-
static interactions. The complexes were centrifuged at 15 000
rpm for 45 minutes, and the supernatant was collected to
determine the unloaded amount of siRNA using fluorescence
spectroscope analysis. The fluorescence intensity of the super-
natant was measured (excitation wavelength of 470 nm and
emission wavelength of 565 nm for Cy3 siRNA) and the
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amount of siRNA was calculated through the standard curve,
which was established by serial dilution of Cy3-siRNA in nucle-
ase-free water. Loading efficiency and surface loading were cal-
culated using the following equivalent:

Loading efficiency (%) = (total amount of siRNA-unloaded
amount of siRNA in the supernatant)/
total amount of siRNA x 100%

Surface loading (nmol mg ") = (total amount of
siRNA-unloaded amount of siRNA in the supernatant)/
total amount of nanoparticles

The precipitates were resuspended in nuclease-free water.

Characterization of ND-siRNA complexes

The size and zeta potential of ND and ND-siRNA were
measured by the dynamic light scattering (DLS) method using
a Malvern Zetasizer Nano ZS system (Malvern Instruments,
Malvern, UK). ND and different weight ratios of ND-siRNA
complexes were suspended or diluted in nuclease-free water to
a final concentration of 0.1 mg mL™" (ND concentration). Size
measurements were performed at 25 °C at a 173° backscatter-
ing angle after an equilibration period of 120 seconds. The
refractive index of the dispersant (water) is 1.33 and viscosity
is 0.8872 cP. Each experiment was performed in triplicate. For
each measurement, the number of runs is 11, and the run dur-
ation is 10 seconds. General purpose (normal resolution) of
the analysis model was used. The hydrodynamic size was
determined by cumulant analysis and analyzed under the 3™
order of fit. The zeta potential was determined based on elec-
trophoretic mobility in aqueous suspension with a measured
PpH of 6.5 without any adjustment. Disposable folded capillary
cells (DTS1070) were used for zeta potential measurements.
The automatic measurement duration was used with
minimum runs of 10. Measurements were carried out at 25 °C
after an equilibration time of 120 seconds and each experi-
ment was performed in triplicate. The automatic mode was
used for analysis.

Transmission electronic microscopy (TEM) was performed
using a JEOL JEM-2010 transmission electron microscope
(JEOL, Tokyo, Japan). Briefly, ND and ND-siRNA were sus-
pended or diluted in nuclease-free water at a final concen-
tration of 0.05 mg mL ™" (ND concentration), followed by soni-
cation. After that, the solution was added dropwise onto
copper mesh (coated with a carbon film) and dried overnight
at room temperature before imaging.

siRNA release profile

siRNA release from ND-siRNA complexes was evaluated under
different pH conditions (2, 4, 7, 10 and 12) and various protein
concentrations (10%, 5%, 2.5%, and 1.25% (v/v) of fetal bovine
serum) over a period of 4 days. For different pH solutions, the
pH value was adjusted with HCIl or NaOH using a pH meter
(Biofrontier Technology). For different protein concentration
solutions, certain volumes of FBS were added into Dulbecco’s
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Modified Eagle’s Medium (DMEM) (Biowest). ND-siRNA solu-
tion was incubated in a shaker at 37 °C and 100 rpm. At each
time point (1, 2, 3, 4, 6, 9, 24, 48 and 96 h), ND-siRNA was cen-
trifuged at 15000 rpm for 30 minutes, and then the super-
natant was collected to determine the amount of released
SiRNA.

Cell culture

Human HCC cell lines, SNU398 and LM3, were obtained from
American Type Culture Collection (Manassas, VA, USA).
SNU398 cells were cultured in RPMI-1640 medium (Biowest).
LM3 cells were cultured in DMEM (Biowest). All the media
were supplemented with 10% (v/v) FBS (Gibco, USA) and 1%
penicillin/streptomycin (Gibco, USA). All the cells were cul-
tured in a 5% CO,-humidified incubator at 37 °C.

Cellular uptake and retention evaluation of ND-siRNA complexes

Three thousand LM3 or SNU398 cells per well were seeded into
96-well plates and incubated overnight. After 24 hours, cells
were washed with phosphate buffered saline (PBS) and treated
with bare siRNA, lipo-siRNA or ND-siRNA (with weight ratios of
100:1 or 50:1). The treatment concentration of siRNA was 50
nM and Cy3-labelled siRNA was used for fluorescence imaging.
Lipo-siRNA complexes were used as a positive control and were
prepared according to the manufacturer’s protocol. Cellular
uptake of ND-siRNA was evaluated after 4 h of incubation and
cellular retention of ND-siRNA was evaluated at 24 h and 48 h
time points. At each time point, the medium was aspirated and
cells were washed with PBS to wash away the excess extracellular
SiRNA and then stained with Hoechst 33342 (2'-[4-ethoxy-
phenyl]-5-[4-methyl-1-piperazinyl]-2,5'-bi-1H-benzimidazole  tri-
hydrochloride trihydrate) (Catalog number: 62249, Thermo
Fisher Scientific) for 10 minutes. After replacing with fresh
medium containing 10% of FBS, cells were imaged and Cy3
fluorescence intensity was quantified using an Operetta High-
Content Imaging System (PerkinElmer).

Endosomal/lysosomal escape evaluation of ND-siRNA complexes

Ten thousand SNU398 cells per chamber were seeded into
8-well chamber slides (SPL LIFE SCIENCES) one day before
treatment. After incubation for one day, cells were treated with
lipo-siRNA or ND-siRNA for 0.5, 1 or 2 hours for endosomal
escape evaluation and endosomes were labelled using endo-
somal marker CellLight™ Early Endosomes-GFP (Catalog
number: C10586, Thermo Fisher Scientific). For lysosomal
escape evaluation, cells were treated with lipo-siRNA or ND-
siRNA for 2, 4 or 24 hours and lysosomes were labelled with
LysoTracker™ Deep Red (Catalog number: 112492, Thermo
Fisher Scientific). Thereafter, cells were washed with PBS and
fixed using 4% paraformaldehyde (PFA) for 15 minutes.
Afterwards, chambers were removed and slides were mounted
with ProLong™ Gold Antifade Mountant with DAPI (Catalog
number: P36931, Thermo Fisher Scientific). Samples were visu-
alized using a confocal laser scanning microscope (LSM 880
Airy Scan, Carl Zeiss). Images were analyzed by Fiji for co-local-
ization quantification (Cy3 and GFP or Cy3 and Deep Red)
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using the Coloc2 plugin. Pearson’s correlation coefficient
(PCC) used as a statistical tool for quantifying
colocalization.

was

Generation of HCC spheroids

LM3 and SNU398 spheroids were formed by seeding cells on
ultra-low-attachment culture flasks (Corning, Corning, NY) in a
serum-free spheroid medium. DMEM/F-12 serum-free medium
(3:1, v/v) contained 1% (v/v) of penicillin/streptomycin, 1%
(w/v) of minimum essential media nonessential amino acids,
1% (w/v) of sodium pyruvate, 2% (v/v) of B27, 1% (v/v) of
insulin transferrin selenium, 4 pg mL™" of heparin, 10 mM of
nicotinamide, 20 ng mL~" of epidermal growth factor, and 10
ng mL ™" of fibroblast growth factor 2.

Evaluation of the penetration capacity of ND-siRNA

Spheroids were treated with lipo-Cy3 siRNA or ND-Cy3 siRNA
(with a weight ratio of 50:1 (ND: siRNA)). At each time point,
spheroids were stained with Hoechst 33342 for 1 hour.
Thereafter, spheroids were fixed with 4% PFA for 15 minutes
and washed with PBS. Afterwards, spheroids were imaged with
a confocal microscope using the Z-stack method. siRNA pene-
tration was quantified by Fiji using the radial profile plot
plugin.

Flow cytometry assay was also used to better assess the
penetration capacity of ND-siRNA into spheroids. Spheroids
were incubated with ND-siRNA or lipo-siRNA for 4, 16 or
24 hours and Hoechst 33342 (0.5 pM) for 4 hours then disso-
ciated with Accutase (Gibco) to obtain the single cells and
washed with PBS twice. Cells were resuspended in HBSS
(Gibco) and 7-aminoactinomycin D (7-AAD) (STEMCELL
Technologies, cat: #75001) was added to exclude dead cells.
Samples were analyzed by flow cytometry (LSRII, BD
Bioscience, USA).

Knockdown efficiency of ND-siRNA complexes in spheroids

The knockdown efficiency of SALL4 siRNA delivered by ND was
evaluated in SNU398 spheroids with lipofectamine 3000
(Thermo Fisher Scientific) serving as a positive control.
SNU398 spheroids were seeded into 6-well plates 24 hours
before transfection. After 24-hour incubation, spheroids were
treated with ND-siRNA complexes or lipo-siRNA complexes.
The transfection concentration of siRNA was 50 nM. Cell
pellets were collected at 48 hours for the real-time quantitative
reverse transcription polymerase chain reaction (qPT-PCR) or
72 hours for western blot detection.

For qRT-PCR analysis, RNA was extracted using an RNeasy
Mini Kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s protocol, followed by reverse transcription using an
iScript kit (Bio-Rad). Quantitative PCR was performed using
iTaq™ Universal SYBR Green Supermix (Bio-Rad) on a
QuantStudio 3 Real-Time PCR System (Thermo Fisher
Scientific). All measurements were performed in triplicate. The
sequences of primers used are listed as follows.

SALL4: F: 5'-GCGAGCTTTTACCACCAAAG-3’

R: 5-CACAACAGGGTCCACATTCA-3'

This journal is © The Royal Society of Chemistry 2021
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SALL4A: F: 5'-TGATCCCAACGAATGTCTCA-3'

R: 5-CCCAAGGTGTGTCTTCAGGT-3'

SALL4B: F: 5-AAGCACAAGTGTCGGAGCA-3’

R: 5-GTGCAGCCATGTTGCTTG-3'

GAPDH: F:5'-AAGGTGAAGGTCGGAGTCAA-3'

R:5'-AATGAAGGGGTCATTGATGG-3'

For the western blotting assay, the collected cell pellets
were lysed using Pierce™ RIPA buffer (radioimmunoprecipita-
tion assay buffer, Thermo Fisher Scientific, Waltham, MA) con-
taining protease and phosphatase inhibitors (Roche, Basel,
Switzerland) and the protein concentrations were determined
using Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules,
CA). Equal amounts of proteins from each lysate sample were
resolved by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to polyvinylidene difluor-
ide (PVDF) membranes, followed by standard immunoblotting
procedures. The primary antibodies used are listed as follows.
SALL4 (Santa Cruz #sc-101147), phosphor-AKT (Ser473) (Cell
Signaling, #4060), AKT (Cell Signaling, #9272), Cyclin D2 (Cell
Signaling, #3741), and p-actin (Cell Signaling, #4967). The
blots were cropped to only show relevant slots. Fiji was also
used to increase the graphic contrast. The original, full length
bolts are presented in the ESI (Fig. S87).

Cell proliferation

SNU398 spheroids were seeded 48 hours before transfection.
The transfection steps were the same as those described above.
After 72-hour transfection, the proliferation level of spheroids
was detected using a Click-iT™ EdU Cell Proliferation Kit for
Imaging, Alexa Fluor™ 555 dye (Catalog number: C10338,
Thermo Fisher Scientific). EAU diluted in medium was incu-
bated with spheroids for 1 hour before fixation and permeabi-
lization. The Click-iT reaction was then performed using a
Click-iT reaction cocktail, followed by nuclear staining using
DAPI solution (Catalog number: 62248, Thermo Fisher
Scientific). Spheroids were imaged with a confocal microscope
using the Z-stack method. Three-dimensional reconstruction
and quantification were performed using the Imaris software.

Statistical analysis

All experimental data were at least performed in triplicate. All
data are shown as mean + standard deviation (SD). Unpaired
Student’s ¢ test was used for statistical comparison of 2 inde-
pendent groups. A p value of <0.05 was considered as statisti-
cally significant. The GraphPad Prism 8 software was used for
data analysis.

Conclusions

Our study provides strong evidence that NDs can serve as a
promising gene delivery platform in tumour spheroids.
Through electrostatic interactions, NDs were able to load
siRNA with a suitable size and surface potential as a nanoscale
drug delivery system. siRNA was able to sustainedly release
from ND-siRNA complexes and the presence of protein can
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help the siRNA release. Moreover, we demonstrated that ND-
siRNA complexes were capable of efficient cellular uptake and
retention as well as endosomal escape, allowing for effective
intracellular delivery and siRNA-mediated gene regulation. The
further investigation highlighted the penetration capacity of
ND-siRNA complexes into HCC tumor spheroids, which is of
great significance to the clinical application of siRNA therapy
in solid tumor treatment. The enhanced gene knockdown
efficiency and proliferation inhibition in spheroids mediated
by ND-siSALL4 further demonstrated the superiority of NDs as
a delivery platform.
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