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Specific and efficient knockdown of intracellular
mMiRNA using partially neutralized phosphate-
methylated DNA oligonucleic acid-loaded
mesoporous silica nanoparticlesy
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Antisense oligonucleotides (ASOs) are molecules used to regulate RNA expression by targeting specific RNA
sequences. One specific type of ASO, known as neutralized DNA (nDNA), contains site-specific methyl
phosphotriester (MPTE) linkages on the phosphate backbone, changing the negatively charged DNA
phosphodiester into a neutralized MPTE with designed locations. While nDNA has previously been employed as
a sensitive nucleotide sequencing probe for the PCR, the potential of NDNA in intracellular RNA regulation and
gene therapy remains underexplored. Our study aims to evaluate the regulatory capacity of nDNA as an ASO
probe in cellular gene expression. We demonstrated that by tuning MPTE locations, partially and intermediately
methylated NDNA loaded onto mesoporous silica nanoparticles (MSNs) can effectively knock down the
intracellular miRNA, subsequently resulting in downstream mMRNA regulation in colorectal cancer cell HCT116.
Additionally, the nDNA ASO-loaded MSNs exhibit superior efficacy in reducing miR-21 levels over 72 hours
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DOI: 10.1039/d4tb00509k compared to the efficacy of canonical DNA ASO-loaded MSNs. The reduction in the miR-21 level subsequently

resulted in the enhanced MRNA levels of tumour-suppressing genes PTEN and PDCD4. Our findings underscore
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1. Introduction

Colorectal cancer is the second leading cause of cancer-related
death worldwide, largely attributed to challenges in early diagnosis
and its high rate of metastasis."” Conventional treatments, such as
chemotherapy, are non-specific and usually accompanied by serious
side effects. Therefore, there is a pressing need for more efficient
therapies without these adverse effects, including treatments based
on oligonucleotide derivatives.® It is important to note that most
cancers arise from genetic mutations. Emerging evidence suggests
that the abnormal expression of specific proteins in cancer cells
significantly impacts tumour growth.*”® Therefore, regulating mes-
senger RNA (mRNA) levels, which in turn control the downstream
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the potential of NDNA in gene therapies, especially in cancer treatment via a fine-tuned methylation location.

protein expression, offers a promising strategy for anti-tumour
therapies with potentially fewer serious side effects.

Antisense oligonucleotides (ASOs) are short DNA or RNA
strands between 18-30 nucleotides long that target specific RNA
sequences to modulate mRNA expression and translation.” By
binding to microRNA (miRNA, small RNA molecules that usually
suppress mRNA expression through the RNA-induced silencing
complex (RISC) to degrade mRNA), ASOs can regulate specific
mRNA translation and protein expression.® Their therapeutic
action can also be achieved by directly binding to target mRNA,
known as steric blockage, or triggering RNase H-dependent RNA
degradation to decrease mRNA and protein levels.” While several
ASOs have been approved for diseases linked to the abnormal
production of certain proteins, none have been approved for
cancer, likely due to delivery challenges.”® Other issues with ASOs
include weak binding to their target RNA and susceptibility to
enzymatic breakdown due to poor bio-stability.

One common strategy to increase RNA affinity is through the
chemical modification of ASO probes. For example, the phos-
phorothioate (PS) backbone involves replacing one of the non-
bridging oxygen atoms in the phosphate backbone with a sulfur
atom.'" While PS-modified ASOs perform in both the cytoplasm
and nucleus, their therapeutic effectiveness can be influenced by
their localization to various subcellular regions.’* Another strategy

This journal is © The Royal Society of Chemistry 2024


https://orcid.org/0009-0005-0456-5353
https://orcid.org/0000-0001-9900-0972
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tb00509k&domain=pdf&date_stamp=2024-06-13
https://doi.org/10.1039/d4tb00509k
https://doi.org/10.1039/d4tb00509k
https://rsc.li/materials-b
https://doi.org/10.1039/d4tb00509k
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB012026

Published on 04 2024. Downloaded on 17.10.2025 05:35:36.

Paper
(A) o s
*—01 _o o
miR-21 DNA miR-21 nDNA
7
0-P=0
EEnE N
9
o}
]
(B)
- miR-21
miR-21 nora LU
T
RS 1779, nDNA
\_///
PDCD4 mRNA lieatment

Fig. 1 Illustration of the MPTE-modified DNA-based ASO probe (nDNA)
and miR-21 knockdown by nDNA. (A) nDNA reduces electrostatic repul-
sion between nucleotides of the probe/RNA duplex to enhance binding
affinity. (B) Knockdown of miR-21 by nDNA results in enhanced down-
stream MRNA expression.

uses locked nucleic acid (LNA). The LNA modification connects the
2/-oxygen and 4’-carbon of the ribose through a methylene linkage,
thereby locking the ribose in the 3’-endo conformation."* This
improves binding affinity to target RNA and enhances nuclease
resistance. Beyond these strategies, we have introduced a novel
approach. We developed a DNA analogue (Fig. 1A) containing site-
specific methyl phosphotriester (MPTE) linkages on its backbone
(methylating the phosphate groups of the phosphodiester
bonds).”'® This is termed as neutralized DNA (nDNA). The nDNA
probes reduce the negative charge on the phosphate backbone
through MPTE modification (Fig. 1A), thereby decreasing the
electrostatic repulsion between nucleotides of the probe/RNA
duplex, which results in enhanced hybridization affinity and duplex
stability.”®**® Our several studies have demonstrated that nDNA
probes exhibit higher hybridization affinity than canonical DNA
probes when used as sensitive sequencing probes and polymerase
chain reaction (PCR) primers.'*™'® We can also synthesize an nDNA
probe with designed MPTE frequency and location. From our latest
study, we showed that nDNA with partial MPTE modification
exhibited a heightened in situ hybridization (ISH) affinity to miR-
21 (a microRNA frequently overexpressed in various cancers) com-
pared to fully and highly MPTE-modified nDNA due to the reduced
steric hindrance of nDNA."” The enhanced hybridization affinity
between the nDNA probe and target RNA also provides resistance to
enzymatic degradation without compromising binding specificity.
Thus, partially MPTE-modified nDNA also showed DNAase resis-
tance compared to fully and highly MPTE-modified nDNA; the ISH
affinity of the nDNA probe was comparable to that of the LNA
probe. However, the potential of nDNA for using in antisense
therapy at the cellular level remains unexplored.

While recent advancements have enhanced ASO hybridiza-
tion efficiency and stability, delivering ASO probes to tumour
tissues still has significant challenges, mainly due to various
physiological barriers (e.g. enzyme degradation and interstitial
fluid pressure).'® Therefore, the importance of carrier systems
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cannot be overstated. These carriers not only protect ASOs from
nucleases in the bloodstream but also offer a way to overcome
delivery barriers by tweaking properties like size, charge, and
hydrophilicity."® Among the various carriers developed in the past
decade, mesoporous silica nanoparticles (MSNs) continue to garner
much recent attention for their biocompatibility, high loading
capacity, tuneable physicochemical properties, and site-specific
functionalization.”®*® In particular, the unique pore channel and
the large surface area of MSNs provide an excellent platform for
multifunctional cargo loading and modification (onto particle pores
and surfaces) compared to other nanocarriers. Typically, MSNs are
functionalized with polyethylene glycol (PEG) to bolster their resis-
tance to unintended biological interactions via creating a hydration
layer around MSNs, termed anti-fouling.?! To elevate their loading
and transfection efficiency, a cationic component like polyethyle-
neimine (PEI) is often introduced.>'* PEI facilitates stronger inter-
actions with negatively charged nucleotides and enhances cellular
uptake, contributing to the interactions with the anionic phospho-
lipid headgroups of the cell membrane. Furthermore, while PEI-
coated MSNs are internalized through endocytosis, PEI induces
osmotic swelling in endosomes, leading to endosome rupture and
subsequently releasing the cargo into the cytoplasm, a phenomenon
known as the proton sponge effect.”> We recently developed an
MSN variant functionalized with both PEI and PEG (MSN-PEG/
PEI).>* This design harnesses the stability benefits of PEG and the
cellular uptake and endosomal escape properties of PEI, effectively
addressing cytosolic barriers. Subsequently, MSN-PEG/PEI refers to
MSNs. Given these attributes, we sought to perfect a strategy
employing MSNs to transport loaded nDNA to target RNA in color-
ectal cancer cells.

In this study, we successfully developed the first nDNA-loaded
MSN system tailored for the cytosolic transport of nDNA ASO
probes, achieving effective miRNA silencing via a fine-tuned MPTE
location on the ASO backbone, which resulted in an elevated
downstream mRNA level (Fig. 1B). Our results revealed that partial
MPTE-modification in the middle position of nDNA efficiently
suppressed miR-21 levels in colorectal cancer cell HCT116, conse-
quently altering downstream mRNA expression. Specifically, miR-21
regulates the expression of various genes at the post-transcriptional
level such as tumour suppressor programmed cell death 4 (PDCD4)
and phosphatase and tensin homolog (PTEN). Successful knock-
down of miR-21 by nDNA ASO probes resulted in enhanced PDCD4
and PTEN mRNA levels in HCT116 and indirectly led to tumour
growth suppression. Through a well-tuned MPTE location, the
nDNA-loaded MSN system effectively regulated miRNA and mRNA
expression in cancer cells. This foundational work paves the way for
future in vivo studies, suggesting a promising avenue for next-
generation oligonucleotide therapeutics in oncology.

2. Results and discussion

2.1 Inhibition of miR-21 RT by N4-mid nDNA in synthetic
human plasma

When DNA-based ASO probes bind to miR-21 strands, they can
interfere with the reverse transcription (RT) of miR-21. The
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efficiency of this inhibition can be measured using quantitative
RT-PCR (RT-qPCR). Specifically, a higher number of cycle
thresholds (Ct) indicate a stronger binding affinity of duplex
and stronger RT inhibition by the probe, therefore resulting in
a lower miR-21 amount. In our previous study, we confirmed
that the partially methylated N4 nDNA, featuring four MPTE
modifications at the 5’ end, exhibited enhanced ISH with the
miR-21 strand and increased enzyme resistance compared to
fully or highly methylated nDNA and canonical DNA." In this
study, we further investigate the inhibitory potential of specific
MPTE locations within the N4 nDNA, including those at the 5’
end (N4-5' nDNA), 3’ end (N4-3’ nDNA), and middle positions
(N4-mid nDNA), within synthetic human plasma (Fig. 2).
According to the RT-qPCR results, all ASO probes exhibited
significantly more miR-21 suppression than both nontreatment
(NT) and scramble groups (Fig. 2B) suggesting successful ISH
with the miR-21 strand using ASO probes. Due to the strong
duplex binding affinity and enzyme resistance, all nDNA probes
showed significantly reduced miR-21 levels than the DNA probe
even in the presence of human plasma (Fig. 2B). The greater
suppression of N4-5 nDNA compared to that of N4-3' nDNA
(Fig. 2B) was likely attributed to the cellular machinery that
typically degrades RNA in a 5’ to 3’ direction.>** Thus,
modifications at the 5’ end might be more effective than those
at the 3’ end. Among these probes, N4-mid nDNA displayed the
highest miR-21 suppression, significantly surpassing those of
N4-5' nDNA, N4-3' nDNA, and canonical DNA (Fig. 2B) indicat-
ing that N4-mid nDNA possesses the strongest hybridization
affinity than N4-5' nDNA, N4-3' nDNA, and DNA. Computer
simulations reveal that a duplex structure is more easily
unzipped from middle locations than terminal positions.>®
This suggests that stabilizing the middle of the duplex with
MPTE modifications might more effectively sustain nDNA-RNA
binding compared to modifications at both ends. Therefore,
the enhanced miR-21 inhibition via N4-mid nDNA over N4-5’
and N4-3' nDNA (Fig. 2B) possibly resulted from both the
difficulty in duplex unwinding from middle locations on the
duplex and general enhanced duplex stability via partial MPTE
modification. These results indicate that methylation at differ-
ent positions resulted in varying levels of RT suppression,
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Fig. 2 miR-21 RT inhibition efficacy of various nDNA or DNA probes in
the synthetic human plasma medium. (A) Ct value determined using RT-
gPCR. (B) Relative amount of the miR-21 RNA strand. nDNA probes were
partially methylated with 4 MPTE linkages at the 5" end (N4-5'), 3’ end (N4-
3’), and middle locations (N4-mid). All results are expressed as the mean +
S.D. (n = 4), ***p < 0.001, ****p < 0.0001 (Tukey's multiple comparisons
test).
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attributed to differences in hybridization affinity. The N4-mid
nDNA probe exhibited the most efficient inhibition of miR-21
RT, consequently making the N4-mid nDNA the preferred
option for subsequent assessments.

2.2 MSN characterization

MSNs were initially functionalized with PEG to enhance their
anti-fouling properties and with PEI to facilitate nucleotide
adsorption and endosomal escape. The successful modification
was confirmed by thermogravimetric analysis (TGA) (Fig. S1,
ESIT). Subsequently, MSNs refer to MSN-PEG/PEI unless other-
wise indicated. To investigate the potential uptake of MSNs by
colorectal tumour cells, we labelled MSNs with fluorescent
rhodamine B isothiocyanate (RITC). The RITC-labelled MSNs
were then administered to the cells, and the cellular uptake
within 2.5 hours was analysed through fluorescence micro-
scopy and confocal laser scanning microscopy (CLSM). Intra-
cellular fluorescence was only observed in cells treated with
RITC-labelled MSNs indicating that MSNs can be internalized
into cells within 2.5 hours (Fig. 3A and B). While PEI, which was
modified onto MSNs, might be cytotoxic in certain situations,””
we confirmed that no significant cytotoxicity was observed
upon MSN internalization for up to 72 hours (Fig. S2, ESIT).
MSN-loaded nDNA (N4-mid nDNA) was then prepared by
directly mixing negatively charged ASO probes and positively
charged MSNs at various N/P ratios (the ratio of amine groups
to nucleic acid phosphate groups) to optimize the amount of
nDNA charged onto the MSNs (Fig. 3C and D). The amount of
nucleic acid charged onto MSNs increased with the N/P ratio,
primarily due to the higher concentration of positively charged
PEI in the system. At an N/P ratio below 2, the amount of nDNA
charged onto MSNs was higher than that of DNA. Variations in
the electrostatic interaction with PEI possibly influenced these
differences between the nDNA and DNA loading. Compara-
tively, the nDNA probe carries a lower negative charge, allowing
more nDNA probes to be adsorbed by the positively charged
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Fig. 3 Cellular uptake assessment and loading efficiency. (A) Fluores-
cence microscopy images of RITC-labelled MSN internalization into
HCT116 colorectal cancer cells for 2.5 h observation (scale bar =
100 mm) and (B) CLSM images at an RITC-labelled MSN (red) concen-
tration of 100 ug mL™* for 2.5 h observation (scale bar = 10 pm). Nuclei
were stained using DAPI (blue). (C) Agarose gel electrophoresis image and
(D) loading efficiency of nucleic acid charging onto MSNs at various N/P
ratios. The results are expressed as the mean + S.D. (n = 3).
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PEL At an N/P ratio of 5, nDNA and DNA loading onto MSNs
exceeded 95% (Fig. 3C and D). This indicates that nDNA and
DNA probes can be efficiently loaded onto MSNs under these
conditions. Consequently, an N/P ratio of 5 was selected for all
subsequent experiments.

The hydrodynamic size of the MSNs and probe-loaded MSNs
in water was approximately 40 nm (Table 1 and Fig. S3, ESIT).
This size range, larger than 5 nm, effectively prevents renal
filtration,'® yet remains small enough (less than 100 nm) to
penetrate tumour cells through the enhanced permeability and
retention (EPR) effect."® In addition, the {-potential of the MSNs
and probe-loaded MSNs in water was measured to be around +20
mV (Table 1 and Fig. S3, ESIT). As mentioned above, the slight
positive charge is expected to enhance cellular uptake by inter-
acting with the negatively charged lipid heads in cell membranes
and facilitate endosomal escape by the proton sponge effect. The
similarity in both the hydrodynamic size and {-potential between
the MSNs and probe-loaded MSNs is likely attributed to the
adsorption of most anionic ASO probes within the cationic PEI-
modified mesoporous structure of MSNs. We subsequently exam-
ined serum stability using probe-loaded MSNs (Fig. S4, ESIt). The
slightly increased particle size observed was attributed to the
positively charged MSNs, which might induce protein adsorption
in the presence of serum (Fig. S4A, ESIT). The slightly increased
polydisperse index (PDI) resulted from the presence of both
MSNs and serum (Fig. S4B, ESIf). There were no significant
changes in the particle size, and the PDI was observed over 24
hours (Fig. S4, ESIt). Additionally, both nDNA- and DNA-loaded
MSNs exhibited less than 10% release of ASO probes for 24 hours
in the presence of serum (Fig. S5, ESIT). The results indicate that
probe-loaded MSNs possessed serum stability.

2.3 Knockdown of miR-21 in HCT116 by nDNA-loaded MSNs

Given the efficient binding affinity of the N4-mid nDNA probe
to miR-21 and the ability to induce miR-21 RT inhibition in
synthetic human plasma medium (Fig. 2), and considering that
the probe-loading, particle size, and {-potential of MSNs were
suitable for probe delivery to cancer cells (Table 1 and Fig. 3C,
D), our next objective was to evaluate the potential of the N4-
mid nDNA probe to suppress miR-21 expression in cancer cells
HCT116. At 0 nM ASO concentration, miR-21 expression
remained unchanged (Fig. 4A). In both the N4-mid nDNA-
loaded and DNA-loaded MSN-treated groups, miR-21 expres-
sion decreased, and the reduction level increased with the ASO
concentration (Fig. 4A). Successful MSN internalization
(Fig. 3A) without causing cytotoxicity (Fig. S2, ESIt) enabled
the ASO probe targeting miR-21 to reduce miR-21 levels once
the ASO probes were released into the cytosol. Remarkably, the

Table 1 Characterization of MSNs and probe-loaded MSNs. The results
are expressed as the mean £+ S.D. (n = 3)

Size (nm)  PDI ({-potential (mV)

MSNs 38+ 0.2 0.220 £ 0.001 23 £0.5
DNA-loaded MSNs 40 £ 0.2 0.190 £+ 0.019 19 £ 0.5
nDNA-loaded MSNs 42 £ 0.2 0.271 4 0.009 23 £0.5
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Fig. 4 Assessment of miR-21 suppression efficacy with N4-mid nDNA- or
DNA-loaded MSN treatment in HCT116 cells. miR-21 expression was
assessed under two conditions: (A) incubation at various probe concen-
trations for 24 hours and (B) incubation at a probe concentration of 75 nM
for 24 to 72 hours. All results are expressed as the mean + S.D. (n = 4),
**p < 0.01, ***p < 0.001, ****p < 0.0001 (Tukey's multiple comparison test for
(A) and two-way ANOVA with Tukey's multiple comparison test for (B)).

N4-mid nDNA-treated group exhibited significant suppression
of miR-21 expression compared to the DNA-treated group at all
concentrations (Fig. 4A). The suppression level showed no
differences at a probe concentration of 75 nM or higher in
the given cell density. Therefore, cells were treated with a 75 nM
probe concentration in subsequent assessments. Next, we
investigate the knockdown efficiency during a 72-h incubation
(cell viability started to decrease after a 72-h incubation (Fig. S6,
ESIt) due to the limited area of the well-plate). Both N4-mid
nDNA-loaded and DNA-loaded MSN treatments showed signifi-
cant miR-21 repression over the NT group from 24 to 72-h
incubation (Fig. 4B). Notably, the N4-mid nDNA probe demon-
strated a significantly greater repression level than the DNA
probe during 72-h incubation (Fig. 4B). These results suggest
that the reduced negative charge on the phosphate backbone of
nDNA enhances the affinity of the nDNA/miR-21 duplex by
mitigating electrostatic repulsion between nDNA and the miR-
21 duplex in comparison with the canonical DNA/miR-21
duplex. Consequently, this leads to the suppression of miR-21
levels in HCT116. Since miRNA is known to participate in the
degradation of target mRNA through RISC, we subsequently
investigated whether the reduction in miR-21 by N4-mid nDNA
would increase downstream mRNA expression.

2.4 PDCD4 and PTEN mRNA upregulation in HCT116 via
miR-21 knockdown

miR-21 has been reported to regulate the expression of numer-
ous target mRNAs, including PDCD4 and PTEN.”® PDCD4 is
involved in apoptosis regulation and acts as a tumour suppres-
sor, while PTEN is a tumour suppressor gene that regulates cell
growth and death. Therefore, we further evaluated the mRNA
expression of PDCD4 and PTEN using N4-mid nDNA-loaded
MSNs in 72-h treatment. According to the RT-qPCR results,
both N4-mid nDNA-loaded MSN treatment and DNA-loaded
MSN treatment showed significantly higher PDCD4 and PTEN
mRNA levels than the NT group (Fig. 5A and B). Notably, the
N4-mid nDNA group exhibited significantly greater PDCD4 and
PTEN mRNA levels than the DNA group (Fig. 5A and B). These
results indicate that by knocking down miR-21 expression with
the N4-mid nDNA probe, we successfully induced an increase in
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Fig. 5 Assessment of PDCD4 and PTEN mRNA levels (regulated by miR-
21) with N4-mid nDNA- or DNA-loaded MSN treatment in HCT116 cells.
Cells were incubated at a probe concentration of 75 nM for 72 hours.
MRNA expression of (A) PDCD4 and (B) PTEN were evaluated by RT-gPCR.
All results are expressed as the mean + S.D. (n = 4).

PDCD4 and PTEN mRNA expression, preventing miR-21 from
targeting PDCD4 and PTEN mRNA to cause mRNA degradation.
Since PDCD4 and PTEN are tumour suppressors, we observed
whether N4-mid nDNA-loaded MSNs could indirectly lead to
the suppression of cancer cell growth. According to the cell
viability assay, N4-mid nDNA-loaded MSN treatment signifi-
cantly suppressed cell growth compared to DNA-loaded MSN
treatment and NT group during 72-h incubation (Fig. S7, ESIt).
In contrast, the DNA group showed no significant difference
compared to the NT group (Fig. S7, ESIT). The results suggested
that enhanced PDCD4 and PTEN mRNA levels via N4-mid
nDNA treatment indirectly suppressed cancer cell growth. Over-
all, we successfully utilized the N4-mid nDNA probe to target
intracellular miRNA and induce miRNA knockdown, and down-
stream mRNA regulation.

2.5 Discussion

nDNA synthesis confers flexibility in frequencies and locations
of MPTE modification. The modification location influences
the binding affinity of nDNA to the miR-21 duplex. The data in
this study confirmed that nDNA with partial MPTE modifica-
tion at the middle position effectively inhibited miR-21 reverse
transcription when nDNA and miR-21 shared similar nucleo-
tide numbers. Our results highlight the promising potential of
nDNA as an ASO probe in gene cancer therapy. The regulation
of gene expression involves a complex, multi-step process. The
complexity extends from transcription to translation regula-
tion. Among the genes regulated, miR-21 plays a significant role
in controlling tumour suppressors like PDCD4 and PTEN,
which were specifically studied in this research. Notably, these
genes can also be influenced by various other miRNAs. For
instance, miR-25 has been identified as targeting PTEN mRNA
in certain cancer types,**° while miR-182 has been reported to
target PDCD4 mRNA.*'** However, in this study, relying on a
single nDNA ASO probe solely to regulate one miR-21 is far
from an effective cancer cell treatment due to the complex and
dynamic interactions between miRNA and gene. Promising
prospects lie in future improvements for this system. For
example, from an ASO perspective, delivering multiple nDNA
probes to knockdown several miRNAs simultaneously could
present a more robust and precise strategy to enhance anti-
tumour capabilities by elevating mRNA levels of tumour
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suppressors. Additionally, directly targeting mRNA using
MPTE-modified oligonucleotide may be a potential method to
silence overexpressed mRNAs such as polo-like kinase 1 (PLK1)
in cancer cells.****

PEG and PEI are commonly employed as surface modification
agents for nanoparticles. However, some studies have reported that
PEG-modified nanoparticles may induce immune responses. The
permanent positive charge of PEI may lead to protein adsorption
during circulation. Therefore, exploring alternative surface modifi-
cation materials for MSNs is crucial to enhance the delivery efficacy.
For instance, pH-sensitive ethylenediamine-based polyzwitterions
exhibit a surface charge switch from neutral to positive under
tumourous and endosomal pH conditions.**® This property
enhances tumour accumulation by facilitating improved cellular
uptake and endosomal escape.*>*® Similarly, the tertiary amine-
based polymers convert to a positive charge within tumour micro-
environments and exhibit comparable hydrophilicity to PEG.>”
Additionally, pH-labile materials facilitate drug release within
slightly acidic tumour microenvironments.*® Improvements in sur-
face modification for MSNs hold the potential to advance the
delivery system’s efficiency and tumour-targeting capabilities in
the future.

3. Conclusions

In this study, we developed a novel ASO-MSN complex using
nDNA with site-specific MPTE modifications on its backbone to
improve its targeting affinity and stability by reducing negative
charge repulsion in the duplex. The binding affinity of the duplex
was affected by fine-tuning the MPTE locations. We successfully
knocked down cytosolic miR-21 of HCT116 through the N4-mid
nDNA-loaded MSNs with sustained knockdown efficacy for up to
72 hours. Additionally, miR-21 silencing with the nDNA probes
led to enhanced downstream mRNA expression of PDCD4 and
PTEN, resulting in suppressed tumour growth compared to that
with the canonical DNA probes. These findings lay the founda-
tion for future in vivo investigations and signify a promising
strategy for ASO therapeutics in cancer treatment.

4. Experimental section
4.1 Materials

Chemicals and reagents were purchased from Sigma-Aldrich
(St. Louis, MO, USA) unless specified otherwise. McCoy’s 5A
medium, fetal bovine serum (FBS), penicillin, phosphate-
buffered saline (PBS), trypsin-EDTA, and human plasma-like
medium (HPLM) were purchased from Invitrogen (Waltham,
MA, USA). Bovine serum albumin (BSA) was obtained from
Merck Millipore (Burlington, MA, USA).

4.2 Cells

Human colorectal cancer cells (HCT116) were provided by
Professor Li-Jen Su from the Institute of Systems Biology and
Bioinformatics, National Central University (Taoyuan, Taiwan).
Cells were cultured in McCoy’s 5A medium with 10% FBS and

This journal is © The Royal Society of Chemistry 2024
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1% penicillin (w/v) and were maintained at 37 °C in an
incubator (5% CO,, 95% humidified environment).

4.3 nDNA probes

nDNA and DNA oligonucleotide primers were purchased from
Helios Biotech, Inc. (Taipei, Taiwan). An antisense DNA oligo-
nucleotide against miR-21 with the sequence 5'-TCA ACA TCA
GTC TGA TAA GCTA-3’ was modified through site-specific inter-
nucleoside methyl phosphotriester (MPTE) linkages in the
designated positions (Table S1, ESIt). MPTE modification was
carried out according to procedures developed in our previous
research."”

4.4 RNA hybridization

The hybridization of nDNA with miR-21 strand and DNA with
miR-21 strand was performed following established protocols
described previously."” Briefly, the 10 pL hybridization reaction
contained 1 uL miR-21 (1 nM) (mdbio, Taipei, Taiwan), one
microliter of DNA or nDNA probe (40 nM), eight microliters of
1x HPLM, and was incubated at 37 °C for 30 min.

4.5 RT-qPCR

To stabilize miR-21 (template sequence: 5-UAG CUU AUC AGA
CUG AUG UUG A-3'), poly(A) tails were added to both using E. coli
poly(A) polymerase (New England Biolabs (NEB), Ipswitch, Massa-
chusetts, USA) according to the manufacturer’s instructions.
miRNA containing poly(A) (1 nM) was then converted into cDNA
using 2x Fast Premix (10 pL). RT primer sequence was described
in our previous research.”” RT primer (2 uL), and HiScript I Reverse
Transcriptase (1 puL) were used according to the manufacturer’s
instructions. RT was conducted at 42 °C for 30 min, followed by
heating to 85 °C to inactivate reverse transcriptase. A two-step RT-
gPCR was performed by first preparing a mixture (10 pL) contain-
ing 1 pL ¢cDNA mixed with 1 pL forward/reverse primers (mdbio)
(forward: 5’-TCA GTA GCT TAT CAG ACT GAT G-3'; reverse: 5'-CGT
CCA GTT TTT TIT TTT TTT TCA AC-3'), RealQ Plus 2x Master Mix
Green (5 pL) (Ampliqon, Odense, Denmark), and UitraPure dis-
tilled water (2 pL) (Invitrogen) followed by analysis on a StepOne™
Real-Time PCR System (Applied Biosystems, Waltham, MA, USA)
as described previously."” Ct values were analyzed through Step-
One™ software v2.3. The PCR amplification cycles consisted of an
initial heat activation for 15 minutes at 95 °C, followed by
denaturation for 15 seconds at 95 °C and annealing for 1 minute
at 60 °C, repeated for 40 cycles.

4.6 Synthesis and characterization of MSNs

MSNs functionalized with PEI and PEG (MSN-PEG/PEI) were
synthesized following our previously published procedure.?
Briefly, an aqueous ammonia solution was prepared to dissolve
hexadecyltrimethylammonium bromide (CTAB) as a surfactant.
3-Aminopropyltrimethoxysilane (APTMS)-conjugated RITC was
added, followed immediately by the dropwise addition of
tetraethyl orthosilicate (TEOS) diluted in 99.5% ethanol. PEI-
silane and PEG-silane diluted in ethanol were introduced for
surface modification. The nanoparticles were aged and sub-
jected to hydrothermal treatment followed by the removal of
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surfactants. Subsequently, MSN refers to MSN-PEG/PEL. TGA
was performed to confirm the successful modification (Fig. S1,
ESIT). Hydrodynamic size, PDI, and {-potential of MSNs were
determined using a Zetasizer Nano ZS90 (Malvern Panalytical,
Worcestershire, UK).

4.7 Preparation of nDNA-loaded MSNs

N4-5', N4-mid, and N4-3’ nDNA probes (75 nM) and MSNs were
mixed at different N/P ratios and dissolved in ultrapure water
(Thermo Scientific, Waltham, MA, USA) to a total volume of 6
pL followed by a one-hour incubation at room temperature to
form an nDNA/MSN complex. Control DNA-loaded MSN com-
plexes were prepared following the same method using a
canonical ASO sequence (Table S1, ESIt). Hydrodynamic size,
PDI, and (-potential of nDNA-MSN were determined using a
Zetasizer Nano ZS90 (Malvern Panalytical).

4.8 Agarose gel electrophoresis and loading efficiency of
nDNA or DNA onto MSNs

Agarose gel electrophoresis was performed in 4% (w/v)
agarose gels containing 1x TAE buffer (Bioman Scientific, New
Taipei, Taiwan), also used as the running buffer. Each sample
(97.6 g mL™") (probe-loaded MSNs and probes) was mixed with
1.2 pL 6x orange DNA loading dye (Thermo Scientific), and 6 pL
was loaded onto the gel, followed by gel running at 120 V for 30 min
at room temperature. DNA and nDNA were stained using 1x
SYBR™ Gold nucleic acid gel stain (Invitrogen) at 60 rpm for
30 min. Agarose gel electrophoresis results were analyzed through
Image] software (1.52a) (National Institutes of Health, Bethesda,
Maryland, USA). The amount of nucleic acid charged onto the MSNs
was calculated by comparing the fluorescence of the band repre-
senting probe-loaded MSNs (which represents the amount of
nucleic acid) to the band representing the probe.

4.9 Serum stability of the probe-loaded MSNs

Serum stability was performed by incubating probe-loaded MSNs in
McCoy’ 5A medium containing 10% FBS at 37 °C at designated
intervals. Hydrodynamic size and PDI were measured at different
time points using a Zetasizer Nano ZS90 (Malvern Panalytical).

4.10 Release test

Suspended nDNA-loaded MSNs (43.94 pg mL ™% 100 pL) and
DNA-loaded MSNs (43.94 ug mL™"; 100 pL) were placed into
separate dialysis membranes (Slide-A-Lyzer™ MINI Dialysis
Devices, 10k MWCO, Thermo Scientific), each containing 1.5
mL of McCoy’ 5A medium with 10% FBS. These membranes
were then maintained at 37 °C using a water bath. At desig-
nated intervals, a 20 uL sample was extracted from each
membrane to measure the DNA concentration. After sampling,
20 pL of fresh medium was added to replenish the system. The
DNA concentration over time was assessed using a BioDrop
pLite+ (BioDrop Ltd, Cambridge, UK).

4.11 Cellular uptake

RITC-conjugated MSNs were synthesized as previously reported.*
HCT116 cells were seeded into a 6-well plate (Thermo Scientific) at a
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density of 8 x 10> cells per well. After 24-h incubation in an
incubator (37 °C, 5% CO,, 95% humidified environment), cells were
washed with 1x PBS and the culture medium (McCoy’s 5A medium
containing 10% FBS and 1% penicillin) was replaced with 2.5 mL
fresh medium containing various concentrations of RITC-
conjugated MSNs, followed by a 2.5 h treatment. Subsequently,
the fluorescence of the cells was measured using a fluorescence
microscope (10x objective) (IM-3FL4, OPTIKA, Ponteranica, Italy).
HCT116 cells were seeded into a 6-well plate at a density of 2 x
10 cells per dish. After 24-h incubation in an incubator (37 °C, 5%
CO,, 95% humidified environment), cells were washed with 1x PBS
and the culture medium (McCoy’s 5A medium containing 10% FBS
and 1% penicillin) was replaced with 2.5 mL fresh medium contain-
ing 100 ug mL™* of RITC-conjugated MSNs, followed by a 2.5 h
treatment. Subsequently, cells were washed with 1x PBS and
stained with DAPI (4',6-diamidino-2-phenylindole, SouthernBiotech,
Birmingham, AL, USA) according to the manufacturer’s instruc-
tions. The fluorescence of the cells was observed using a CLSM
(Leica STELLARIS 8 Confocal Spectral Scanning System with Multi-
Band Spectrophotometer, Wetzlar, Germany).

4.12 Cell viability assay

HCT116 cells were seeded into 96-well microplates (Corning,
Corning, NY, USA) at a density of 7 x 10° cells per well with
culture medium containing 10% FBS and 1% penicillin. After
24-h incubation at 37 °C, cells were treated with a fresh 0.1 mL
medium containing various concentrations of MSNs or ASO
probe-loaded MSNs followed by further incubation for 24 to
72 h. Cell viability was evaluated using Cell Counting Kit-8
(Abcam, Cambridge, UK) according to the manufacturer’s
instructions. The living cell density was estimated in a 96-well
plate by measuring A45onm Using a SpectraMax iD3 microplate
reader (Molecular Devices, Downingtown, PA, USA).

4.13 RNA extraction from HCT116

HCT116 cells were seeded into a 6-well plate (Thermo Scientific) at a
density of 2 x 10> cells per well with culture medium containing
10% FBS and 1% penicillin. After 24-h incubation in an incubator
(37 °C, 5% CO,, 95% humidified environment), cells were washed
with 1x PBS and the culture medium (McCoy’s 5A medium
containing 10% FBS and 1% penicillin) was replaced with 2.5 mL
fresh medium containing various concentrations of ASO, followed
by incubation at designated intervals. After incubation (37 °C, 5%
CO,, 95% humidified environment), the culture medium was
removed and cells were washed twice with 1x PBS. Cells were lysed
and RNAs were extracted using the miRNeasy Micro Kit (Qiagen,
Hilden, Germany), according to the manufacturer’s instructions.

4.14 miR-21 knockdown assessment

HCT116 cells were seeded into a 6-well plate at a density of 2 x
10° cells per well followed by 24-h incubation (37 °C, 5% CO,,
95% humidified environment). After cells were washed twice
using 1x PBS, cells were treated with fresh medium containing
probes or probe-loaded MSNs (25 to 100 nM). A group of non-
treatment was prepared as a negative control. After 24 to 72-h
incubation (37 °C, 5% CO,, 95% humidified environment), cells
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were lysed and RNAs were extracted using the miRNeasy Micro
Kit (Qiagen). After RNAs were extracted from cells, RT-qPCR was
performed as described above. The cDNA reaction mixtures were
prepared with appropriate primer pairs and RealQ Plus 2x
Master Mix Green (5 L) (Ampligon). miR-21 levels were calculated
using the comparative Ct method with U6 as the endogenous
housekeeping gene. Gene expression was normalized to the value
for nontreated cells. The following primer pairs were used: miR-21:
forward: 5-TCA GTA GCT TAT CAG ACT GAT G-3'; reverse: 5'-CGT
CCA GTT TTIT TIT TIT TIT TCA AC-3; U6: 5-CTCGCTTCGG
CAGCACAT-3' (forward); 5'-TTTGCGTGTCATCCTTGCG-3' (reverse).

4.15 mRNA expression evaluation

HCT116 cells were seeded into a 6-well plate at a density of 2 x
10° cells per well followed by 24-h incubation (37 °C, 5% CO,,
95% humidified environment). After cells were washed twice
using 1x PBS, cells were treated with fresh medium containing
probes or probe-loaded MSNs (75 nM). A group of non-treatment
was prepared as a negative control. After 72-h incubation (37 °C,
5% CO,, 95% humidified environment), cells were lysed and
RNAs were extracted using the miRNeasy Micro Kit (Qiagen).
After RNAs were extracted from cells, RT-qPCR was performed as
described above. The cDNA reaction mixtures were prepared with
appropriate primer pairs and RealQ Plus 2x Master Mix Green
(5 pL) (Ampliqon). mRNA levels were calculated using the com-
parative Ct method with GAPDH as the endogenous housekeeping
gene. Gene expression was normalized to the value for nontreated
cells. The following primer pairs were used: PTEN mRNA: 5'-
TGAGT TCCCT CAGCC GTTAC CT-3’ (forward); 5-GAGGT TTCCT
CTGGT CCTGG TA-3' (reverse); PDCD4 mRNA: 5-ATGAG ACTGT
GGTTC TGCCC-3' (forward); 5'-TCCCT TAACA TCTCC GCGAC-3’
(reverse); GAPDH: 5’-ACGGA TTTGG TCGTA TTGGG-3' (forward);
5'-CGCTC CTGGA AGATG GTGAT-3’ (reverse).

4.16 Statistical analysis

Statistical analysis was conducted using ANOVA with Tukey’s
multiple comparison tests. A p-value <0.05 was considered
statistically significant.
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