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Abstract: Biological activity of antisense oligonucleotides (asON), especially those with a neutral
backbone, is often attenuated by poor cellular accumulation. In the present proof-of-concept study,
we propose a novel delivery system for asONs which implies the delivery of modified antisense
oligonucleotides by so-called transport oligonucleotides (tON), which are oligodeoxyribonucleotides
complementary to asON conjugated with hydrophobic dodecyl moieties. Two types of tONs, bearing
at the 5′-end up to three dodecyl residues attached through non-nucleotide inserts (TD series) or
anchored directly to internucleotidic phosphate (TP series), were synthesized. tONs with three
dodecyl residues efficiently delivered asON to cells without any signs of cytotoxicity and provided
a transfection efficacy comparable to that achieved using Lipofectamine 2000. We found that,
in the case of tON with three dodecyl residues, some tON/asON duplexes were excreted from
the cells within extracellular vesicles at late stages of transfection. We confirmed the high efficacy of
the novel and demonstrated that MDR1 mRNA targeted asON delivered by tON with three dodecyl
residues significantly reduced the level of P-glycoprotein and increased the sensitivity of KB-8-5
human carcinoma cells to vinblastine. The obtained results demonstrate the efficacy of lipophilic
oligonucleotide carriers and shows they are potentially capable of intracellular delivery of any kind
of antisense oligonucleotides.

Keywords: antisense oligonucleotide; lipophilic oligonucleotide conjugates; delivery; transport
oligonucleotide; multiple drug resistance

1. Introduction

Nucleic acid-based therapy is highly promising approach to treat a variety of diseases. The high
specificity of therapeutic nucleic acids (antisense oligonucleotides, siRNA, antagomirs, etc.) in silencing
particular targets, along with their limited number of side effects, places them at the forefront of
drug development, with several examples already in clinical trials [1,2] and approved for therapeutic
use [3–6]. However, the challenges associated with their use, including the delivery of therapeutic
nucleic acids into target cell/tissues and the short duration of their silencing effects, attributed to
insufficient nuclease resistance, currently limit the application of these therapeutics [7]. Numerous
systems for oligonucleotide delivery have been proposed, including viral vectors and non-viral
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delivery agents, such as liposomes [8,9] polymeric [10,11], and metal nanoparticles [12,13]. Some
of these systems allow efficient delivery of oligonucleotides into cultured cells, however, they have
significant side effects when applied in vivo. For instance, viral vectors are immunogenic and can
induce mutagenesis; liposomes and polyplexes containing cationic lipids or polymers often exhibit
cytotoxicity or/and stimulate immune system; and metal nanoparticles are accumulated in cells and
tissues and are not metabolized.

The conjugation of nucleic acids with various ligands stimulating their accumulation in the target
cells is one of the most promising approaches for their delivery. Conjugates of oligonucleotides
represent the latest products, such as IONIS’s LICA (ligand-conjugated antisense) platform [14,15]
as well as Alnylam’s most recently commercialized siRNA-based drug Givlaari [16], and all drugs
in the pipeline [17] created on the GalNAc (N-acetylgalactosamine) platform. N-acetylgalactosamine
specifically delivers nucleic acids to the liver with high efficiency [1], therefore, the problem of delivery
of nucleic acids to the liver may be considered to be resolved. However, specific delivery of nucleic
acids to other organs is complicated by the necessity to find specific receptors present on the cell surface
in these organs. The other promising strategy for solving this problem is to conjugate nucleic acids
with lipophilic molecules, since these interact in the bloodstream with lipoproteins whose receptors are
expressed throughout the body [18]. Moreover, the binding of lipophilic conjugates with lipoproteins
reduces their excretion by the kidneys and increases their circulation time in the bloodstream [19,20].

While circulating in the bloodstream, nucleic acids remain sensitive to nucleases. Since phosphate
is directly involved in nucleic acid cleavage, there were attempts to introduce chemical modifications
to this position, such as phosphorothioate (PS) [21], boranophosphate [22], N3 phosphoramidate [23],
dimethylethylenediamine [24], phosphonoacetate [25], tert-butyl-S-acyl-2-thioethyl [26],
phosphorylguanidine [27], and mesyl [28], as well as analogues of nucleic acids with modified
structures of the furanose cycle, such as morpholino [29] and peptide nucleic acid [30], increasing
the nuclease resistance of the preparations. However, today the most frequently used phosphate
stabilizing modification of antisense oligonucleotides (asON) is PS, which can cause toxicity due
to non-specific interactions of PS-modified oligonucleotides with cell proteins [31–33]. Recent
attempts to reduce non-specific binding of PS oligonucleotides to cellular proteins and improve
the therapeutic index of fully PS modified asON by controlling phosphorothioate chirality have not
been very successful [34]. Substitution of PS in asON to create a charge-neutral modification, such
as methylphosphonate or methoxypropylphosphonate linkages, can reduce or eliminate toxicity of
PS-modified asON [35]. Among the novel phosphate modifications, those obtained by the Staudinger
reaction, phosphoryl guanidines and mesyl, look to be the most promising [27,28]. Therefore, in this
work, we used a new, non-toxic, charge-neutral phosphoryl guanidine modification (PX) to stabilize
the phosphate of the asON [27].

To improve cellular uptake, asONs are conjugated with various delivery-promoting molecules,
including cholesterol [36], polyethylene glycol [37,38], α-tocopherol [39,40], cell-penetrating
peptides [41,42], etc. Despite the perspective of this approach, the redundant modifications of
asONs with such molecules, especially in combination with modifications of the oligonucleotide
backbone to improve their nuclease resistance, can significantly affect their biological activity, create
problems in adaptation of length and composition of linker groups and, finally, complicate the scheme
of asON synthesis and isolation as well as increase their cost. On the other hand, it was demonstrated
that formation by asONs various supramolecular structures, such as concatemeric complexes with
partially complementary lipophilic oligonucleotides [43,44] or aggregates [45], significantly enhances
their intracellular accumulation and bio-performance.

In the present proof-of-concept study, we propose a novel simple and inexpensive approach
for intracellular delivery of asON, gene-directed oligonucleotides or oligonucleotides with any
other function, based on the use of transport oligonucleotides (tON). tONs are oligonucleotides
complementary to the oligonucleotide to be delivered (here and after, dON) and conjugated with
dodecyl residues. Such delivery systems allow the different functional modifications on two molecules
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to be split; dON can contain only modifications providing nuclease resistance, whereas transport
oligonucleotide (tON) contains moieties promoting intracellular delivery. The hydrophobicity of
the carrier can be modulated by changing the number of hydrophobic of groups. We found that
tONs with two and three dodecyl residues efficiently delivered dONs, including those with a neutral
sugar-phosphate backbone, to cells without being cytotoxic. We confirmed a high efficacy of the novel
transport oligonucleotide-based delivery system using MDR1 mRNA as a target and demonstrated
that MDR1 mRNA targeted asON delivered by tON with three dodecyl residues significantly reduced
the level of P-glycoprotein and increased the sensitivity of KB-8-5 human carcinoma cells to vinblastine.

2. Results

2.1. Design and Synthesis of Transport Oligonucleotides

It is well documented that attachment of various hydrophobic molecules (cholesterol,
for example) to antisense oligonucleotides significantly improves the uptake of such oligonucleotide
conjugates by cells, however, this can affect its bioperformance and intracellular localization
(see reviews [46,47]). In this work, we designed a novel delivery system for antisense oligonucleotides
lacking the disadvantages of asON conjugates. This system consists of antisense oligonucleotides
bearing only those modifications required for its nuclease resistance and bioperformance and
transport oligonucleotides equipped with hydrophobic moieties whose only function is to deliver
the complementary antisense oligonucleotide into the cells.

To test this concept we used a simple hydrophobic moiety, a dodecyl residue, and synthesized
two series of transport oligonucleotides (hereinafter, tON), bearing from one to three dodecyl residues,
in order to investigate the influence of stepwise increases in hydrophobicity of tON on cellular uptake
of tON alone as well as duplexes formed by tON and complementary delivered oligonucleotides (dON).
The choice of a dodecyl residue as a hydrophobic group is based on its “moderate” hydrophobicity,
which allows the regulation of the properties of tON by changing the position and number of
the aliphatic moieties within the oligonucleotide chain.

Two convenient approaches which can be applied without significant changes in the procedure
of oligonucleotide solid phase synthesis were used to introduce dodecyl residues into an arbitrary
position on the oligonucleotide chain. In the first approach, a custom non-nucleosidic phosphoramidite
monomer, obtained according to a recently published protocol [48], was utilized. With the use
of the monomer bearing a dodecylamine residue as a side chain, tONs containing up to three
non-nucleosidic units can be obtained with reasonable yield (up to 50%). The conventional
phosphoramidite synthons allow one to introduce the hydrophobic moieties in the desired positions
of the oligonucleotide chain, as well as additionally decorate the derivatives with reporter groups
(Figures 1 and 2).
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For the second approach, a set of tONs were obtained based on a directed Arbuzov-type reaction
method [49], leading to the formation of phosphoramidate linkages under the oxidative coupling of
an amine with a phosphite triester, which is the conventional intermediate obtained after a condensation
procedure in automated oligonucleotide synthesis. Slight changes in the synthetic protocol, i.e.,
replacement of typical aqueous iodine to an anhydrous dodecylamine/I2 mixture at the oxidation step
of the just-formed phosphite internucleotide linkage in the lengthened oligonucleotide chain, yielded
functionalized phosphoramidate at the desired position. This synthetic trick can be easily repeated
several times during the oligonucleotide synthesis and modified oligonucleotides bearing up to three
contiguously introduced dodecylamine units can be obtained with an acceptable yield (Figures 1 and 2).
Both approaches permit combination of dodecylamine insertion with any additional derivatizations
which are commonly used in solid support synthesis of oligonucleotides, including labeling with
fluorophores. Depending on the synthetic scheme used, synthesized tONs were designated as
TD1–TD3 or TP1–TP3 for schemes 1 and 2, correspondingly (Figure 2). Sequences, modification,
and designations of oligonucleotides used in this work are listed in Table 1. Importantly, a tON
tethering three non-nucleosidic units possesses a high level of hydrophobicity which is comparable
with the hydrophobicity of oligonucleotides equipped with a cholesterol residue [48]. This is one
of the reasons why more than three dodecylamine residues are undesired. Another benefit of
dodecyl-containing derivatives is the significant increase in retention time upon HPLC isolation
(Supplementary Material, Figure S1).

A set of oligonucleotides containing from one to three dodecyl residues with 5′-terminal localization
of non-nucleotide units was synthesized. As a fluorescent label, fluorescein (FAM) or cyanine dye
(By5.5) residues were introduced into the tON structure using a commercially available 5′-modifier.
To avoid the undesirable presence of a free hydroxyethyl moiety as a part of the non-nucleotide backbone
(degradation under alkaline conditions, [48]), in the case of synthesis of unlabeled oligonucleotides
an additional thymidine monomer was introduced at the 5′-terminal position (Figure 2).

A 17-mer oligonucleotide, having no molecular targets in the human and rodent genome,
but forming a stable complementary duplex with the corresponding tON, was selected as the dON.
The scrambled sequence of the dON was chosen to avoid any effects on cells other than those of tONs.
To compare the effectiveness of intracellular accumulation of dON with different backbones, three
types of dONs were synthetized: phosphodiester oligonucleotide (PO), the well-studied analogue
phosphorotioate (PS), and a new type of oligonucleotide analogue with an electrically neutral backbone,
phosphoryl guanidine oligonucleotide (PX). Thus, the ability of tONs to deliver both negatively-charged
(PO and PS) and neutral (PX) oligonucleotides could be evaluated.
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Table 1. Sequences, designations, and modifications of transport and antisense oligonucleotides used
in the study.

Type of
Oligonucleotide Name Sequence and Modifications 1 Mr (Theor)/Mr (Exp)

Transport
Oligonucleotides

TD1
FAM-TD1

5′-T[R1]-GGTAGCAAGTCGAGACT-3′

5′-[FAM]p[R1]-GGTAGCAAGTCGAGACT-3′
n.d. 2

6233.47/6232.40
TD2
FAM-TD2

5′-T[R1][R1]-GGTAGCAAGTCGAGACT-3′

5′-[FAM]p[R1][R1]-GGTAGCAAGTCGAGACT-3′
n.d.

6639.93/6639.00
TD3
FAM-TD3

5′-T[R1][R1][R1]-GGTAGCAAGTCGAGACT-3′

5′-[FAM]p[R1][R1][R1]-GGTAGCAAGTCGAGACT-3′
6783.10/6782.00
7046.39/7044.50

TP1
FAM-TP1

5′-[R2]-GGTAGCAAGTCGAGACT-3′

5′-[FAM]p[R2]-GGTAGCAAGTCGAGACT-3′
5731.05/5723.16
6298.54/6296.50

TP2
FAM-TP2

5′-[R2][R2]-GGTAGCAAGTCGAGACT-3′

5′-[FAM]p[R2][R2]-GGTAGCAAGTCGAGACT-3′
6202.59/6201.14
6770.08/6768.12

TP3
FAM-TP3

5′-[R2][R2][R2]-GGTAGCAAGTCGAGACT-3′

5′-[FAM]p[R2][R2][R2]-GGTAGCAAGTCGAGACT-3′
6674.13/6673.00
7241.62/7241.00

Delivered
Oligonucleotides

ON-PO
FAM-ON-PO
By5.5-ON-PO

5′-AGTCTCGACTTGCTACC-3′

5′-[FAM]pAGTCTCGACTTGCTACC-3′

5′-[By5.5]pAGTCTCGACTTGCTACC-3′

5121.41/5119.43
5688.90/5688.12
5906.42/5905.60

ON-PS
FAM-ON-PS

5′-ASGSTSCSTSCSGSASCSTSTSGSCSTSASCSC-3′

5′-[FAM]pASGSTSCSTSCSGSASCSTSTSGSCSTSASCSC-3′
5378.44/5377.12
5945.94/5944.31

ON-PX
FAM-ON-PX
By5.5-ON-PX

5′-AXGXTXCXTXCXGXAXCXTXTXGXCXTXAXCXC-3′

5′-[FAM]pAXGXTXCXTXCXGXAXCXTXTXGXCXTXAXCXC-3′

5′-[By5.5]pAXGXTXCXTXCXGXAXCXTXTXGXCXTXAXCXC-3′

6643.78/6641.90
7211.28/7208.50
8037.22/8035.00

Antisense
Oligonucleotides

MDR1-ON 5′-GTCCAGCCCCATGGA-TTTT-AGTCTCGACTTGCTACC-3′

MDR1gap-ON 5′-GXUXCXCAGCCCCAUXGXGXA-TTTT-AGTCTCGACTTGCTACC-3′ 11721.24/11721.60
Scramble 5′-GXUXUXCCTCGCGCUXCXCXA-TTTT-AGTCTCGACTTGCTACC-3′ 11651.13/11647.80

1 Structures of groups: S—phosphorothioate group; X—phosphoryl guanidine group. 2 n.d.—not determined.
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2.2. Cell Viability Assay 

The melting temperatures (Tm) of the duplexes formed by dON (PO series) and tONs (TD1–TD3
and TP1–TP3) under physiological conditions showed negligible changes in the thermal stability
of complementary complexes, regardless of the amount of introduced dodecyl residues. The Tm

of the duplex formed by the parent transport oligonucleotide devoid of hydrophobic residues with
FAM-ON-PO is 60 ◦C and only a slight increase in Tm is observed for duplexes FAM-ON-PO/TD1–TD3.
On average, terminal hydrophobization of the duplexes resulted in an approximately +1 ◦C increase
in Tm per dodecyl unit. Thus, hydrophobic modification has only a minimal effect on the affinity of
the oligonucleotides to the complementary sequence. Additionally, it should be noted that both types
of tONs, i.e., those with non-nucleosidic insert (TD-series) and with phosphoramidate internucleotide
linkage (TP-series), are potentially biodegradable. One can be cleaved under mild acidic conditions
and the other by phosphodiesterase action.

2.2. Cell Viability Assay

Transport oligonucleotides with hydrophobic groups could be expected to interact with cell
membranes and affect cell functions. To study tON cytotoxicity, as the most hydrophobic member,
the TD3 oligonucleotide was selected (the highest retention time in HPLC). The in vitro cytotoxicity
of TD3 with respect to A549, HEK293 and KB-8-5 cells was studied in real-time mode by using
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an xCELLigence instrument (ACEA Biosciences, Santa Clara, CA, USA) for 24 h (Supplementary
Material, Figure S2). Based on the data on cell viability, the dose-response curves for TD3 were built
(Figure 3) and IC50 values were evaluated. It was seen that TD3, at high concentrations, could affect
the viability of the cells, with IC50 values showing low cytotoxicity (53.0 and 33.5 µM) for KB-8-5 and
HEK293 cells, respectively, and moderate cytotoxicity (IC50 18.3 µM) for A549 cells. The multidrug
resistant KB-8-5 cells were less sensitive to TD3 than other drug-sensitive cells (Figure 3). It is worth
mentioning that the IC50 values for all three cell lines under the study were significantly higher than
the concentration of asONs usually used in cell culture experiments, which is 1–5 µM. Thus, in the range
of concentration required for asON delivery, which is below 5 µM, tON (TD3) is non-toxic for the cells.
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Figure 3. Dose-response curves of TD3 for A549 (A), HEK293 (B) and KB-8-5 (C) cells. Cells were
incubated with increasing concentrations of TD3 for 24 h. Cell viability was measured by an xCELLigence
instrument in real-time mode. The results are expressed as a percentage of viable cells observed after
treatment with TD3 vs. control cells (100%) incubated in the absence of TD3. All experimental points
were run in triplicate for statistical analysis. Data are presented as MEAN ± SD.

2.3. Intracellular Accumulation of tON in A549 and HEK293 Cells

To assess the ability of tONs to enter the cells in the absence of any delivery vehicles,
the intracellular accumulation of FAM-labeled tONs in A549, KB-8-5 and HEK293 cells was studied
by flow cytometry. Human embryonic kidney HEK293 cells were used because these cells have been
widely used in experiments with various transfectants [43,50–55]. Human epidermoid carcinoma
cells KB-8-5 exhibiting multi-drug resistance phenotype were used because several types of antisense
oligonucleotides and siRNAs were targeted to MDR1 mRNA overexpressed by these cells [56–60].
Human lung carcinoma A549 cells were chosen as possible target cells of tumor origin.

Cells were incubated in DMEM in the presence of FAM-tON for 4 h followed by flow cytometry
analysis (Figure 4A,B). As shown in Figure 4, the transfection efficiency (TE) (number of FAM
positive cells in population) and mean fluorescence intensities (MFI) of cells showing intracellular
accumulation of tON was directly correlated with the number of hydrophobic dodecyl residues in their
structure: an increase in the number of dodecyl residues from one to three regardless of the type of
attachment (R1 or R2) resulted in a significant increase in intracellular accumulation of the respective
oligonucleotide. Transport oligonucleotides TD3 and TP3 very efficiently accumulated both in HEK293
and A549 cells—up to 100% of cells were transfected with an MFI of 130 RFU. It should be emphasized
that TD3 and TP3 had TE comparable to that achieved using Lipofectamine 2000 (LF), considered as
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the “gold standard” of transfection (Figure 4A,B). TD2 and TP2 were less efficient, especially in terms
of the amount of oligonucleotide accumulated in the cells (MFI) (70–80% of transfected cells with
20–40 RFU), while TD1 and TP1 with one dodecyl residue exhibited the lowest transfection efficiency.
Similar levels of intracelluler accumulation of tONs were observed for KB-8-5 cells in terms of both
number of transfected cells and fluorescence intensity (data not shown).
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Figure 4. Intracellular accumulation of FAM-labeled transport oligonucleotides into A549 (yellow bars)
and HEK293 (green bars) cells. The percentage of fluorescent cells (A) and mean fluorescence intensity
(B) were measured using flow cytometry 4 h post transfection. LF = transfection of FAM-ON-PO
mediated by Lipofectamine 2000. Data presented as MEAN ± SD.

2.4. Accumulation of tON/dON Duplexes in A549 and HEK293 Cells

Since TD3 and TP3 very efficiently penetrated into the cells, we used these tONs to study how
duplex formation between model dON and tON could stimulate penetration of dON into the cells.
As mentioned above, dON-model antisense oligonucleotide had a random sequence and was specially
constructed not to affect gene expression in the transfected cells. dONs with different sugar phosphate
backbone modifications were used in this series of experiments: ON-PO, ON-PS, and ON-PX (Table 1).
The TE of tON/dON duplexes with respect to HEK293, A549 cells and KB-8-5 was evaluated using
FAM-labeled dONs.

We found (Figure 5A,B) that FAM-dONs were efficiently delivered into the cells in the duplexes
with TD3 regardless of the type of their backbone modification, including those with a charge-neutral
phosphoryl guanidine. TD3 delivered FAM-dONs with an efficiency comparable to that of
Lipofectamine 2000 (LF), and 90–100% of cells in population were transfected. However, although
the mean fluorescence intensity (MFI) of the cells transfected with the duplexes was high (from 50 to
80 RFU), nevertheless this was 1.3–2 times lower in comparison with Lipofectamine-mediated delivery
of FAM-ON-PO.
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Figure 5. Transport oligonucleotide mediated accumulation of FAM-dONs bearing different sugar
phosphate backbone modifications in A549 (yellow bars) and HEK293 (green bars) cells. The percentage
of fluorescent cells (A) and mean fluorescence intensity (B) were measured using flow cytometry 4 h
post transfection. LF = transfection of FAM-ON-PO mediated by Lipofectamine 2000. Data presented
as the mean ± SD.
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TP3 delivered FAM-dONs with approximately the same efficiency as TD3 in A549 (100% of cells,
90–100 RFU) and KB-8-5 cells (data not shown). In the case of HEK293 cells, an abnormally high
mean fluorescence intensity of FAM-dONs delivered by TP3 was observed (Figure 5B) that exceeded
the level of LF-mediated delivery of FAM-ON-PO by 2–2.5 fold. The abnormal TE of duplexes TP3/dON
observed for HEK293, but not for A549 and KB-8-5 cells, does not correlate with MFI levels of FAM-TP3
intracellular accumulation (Figure 4B) and the reasons for this fact are not clear. These results, together
with the highly reproducible efficiency of transfection mediated by TD type of tON, forced us to
exclude TP the type of tON from further research and subsequent experiments were performed with
TD type of tON (TD2 and TD3).

It should be noted that modifications of the sugar-phosphate backbone of dON did not influence
the level of intracellular accumulation of tON/dON duplexes: TEs as well as MFIs of all three duplexes
were almost equal (Figure 5). Since oligonucleotides containing phosphorothioate modifications
could interact with intracellular proteins and phosphorothioate oligonucleotides are toxic to cells at
concentrations over 5 × 10−6 M [32], only non-modified ON-PO and phosphoryl guanidine-modified
ON-PX were selected for further experiments.

KB-8-5 cells were selected for further investigations because as it was mentioned above a number
of antisense oligonucleotides and siRNAs were targeted MDR1 mRNA overexpressed by these
cells [56–60]. Thus these cells represent a well-studied model to determine the silencing activity of
antisense oligonucleotides delivered by tONs.

2.5. Intracellular Localization of tON/dON Duplexes

To find out whether the tON/asON duplexes were bound on cell membrane or accumulated
in the cytoplasm we performed a confocal fluorescent microscopic study of the localization of duplexes
tON/asON in KB-8-5 cells which will be further used to evaluate the biological activity of this delivery
system (Figure 6). In these experiments tONs labeled with FAM (FAM-TD3 and FAM-TD2) and dON
labeled with By5.5 (By5.5-ON-PO and By5.5-ON-PX) were used, and confocal microscopic analysis
was performed 4 h post transfection.Molecules 2020, 25, x FOR PEER REVIEW 9 of 28 
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Figure 6. Intracellular localization of duplexes of transport oligonucleotide/antisense oligonucleotide
in KB-8-5 cells. (A) FAM-TD3/By5.5-ON-PO. (B) FAM-TD3/By5.5-ON-PX. (C) FAM-TD2/By5.5-ON-PO.
(D) FAM-TD2/By5.5-ON-PX. Analysis was performed by confocal fluorescent microscopy
(Plan-apochromat 63×/1.40 Oil DIC M27 objective) 4 h post transfection. Data are presented as
orthogonal projections. Blue signal = fluorescence of DAPI (nuclei staining), green signal = fluorescence
of FAM-tONs, red signal = fluorescence of By5.5-dONs. Scale bar: 10 µm.
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Orthogonal projections of Z-stack images of KB-8-5 cells transfected with duplexes are presented
in Figure 6. The orange signal that is combined signal from the green channel corresponding to
FAM-labeled tONs and red channel corresponding to By5.5-labeled dONs is located in the cytoplasm of
the cells in large granules and is absent or reduced in the nuclei (Figure 6). It should be mentioned that
complexes of nucleic acids with Lipofectamine 2000 are also located in the cell cytoplasm in the form of
similar granules [61]. From the presented data, it can be concluded that tON is fully co-localized with
dON inside the cells. It is worth mentioning that TD3 delivered dON into KB-8-5 cells more efficiently
as compared to TD2, regardless of the type of sugar phosphate backbone modifications of dON, which
correlated with the flow cytometry data (Figure 5A,B).

2.6. Kinetics of tON/dON Duplex Accumulation in KB-8-5 Cells

2.6.1. Flow Cytometry

Kinetics of accumulation of tON/dON duplexes in KB-8-5 cells was investigated by flow cytometry
and confocal microscopy. Analysis of transfected cells was performed 1, 2, 4, 8, 16, and 24 h after
addition of the duplex to the cells. To visualize the oligonucleotides under study, tONs were labeled with
FAM (FAM-TD3 and FAM-TD2) and dONs were labeled with By5.5 (By5.5-ON-PO and By5.5-ON-PX).
It worth mentioning that duplexes tON/dON were pre-formed prior to addition to the cells and
analysis of duplex formation revealed that no free oligonucleotides (neither tON nor dON) were
present in the mixture (data not shown).

It could be seen that duplexes containing TD3 rapidly accumulated in 100% of cells: a plateau was
reached within an hour after the addition of duplexes to the cells (Figure 7A,B orange and blue lines).
In the course of further incubation, the intracellular accumulation of TD3 decreased to 80% for duplexes
TD3/ON-PX and to 50–40% for TD3/ON-PO (Figure 7A, orange and blue lines). However, the same
cell population was characterized by 100% of By5.5-positive cells, indicating that dONs remained
in the cells during the 24 h of the experiment (Figure 7B, orange and blue lines). Duplexes containing
TD2 were accumulated in cells less efficiently in comparison with TD3-containing ones; the plateau
was reached in 4–8 h (Figure 7A,B, magenta and green lines) and the percentage of TD2-positive cells
was 50–70% and gradually decreased to the level of 15–35% (Figure 7A,B, magenta and green lines).
Similar to dON delivered in TD3/dON duplexes, the accumulation of dON mediated by TD2 reached
the level of 100% of cells and remained at this level until 24 h (these kinetics were similar to that of
TD3-containing duplexes) (Figure 7B, compare orange and blue with magenta and green lines).

The accumulation of duplexes (MFI values) revealed unusual kinetics. Duplexes containing TD3
efficiently accumulated in the cells during the first 4 h, both measured by FAM-TD3 or By5.5-dONs
fluorescence; the mean florescence intensity reached 14 and 45 RFU, respectively (Figure 7C,D,
orange and blue lines). Further incubation of cells resulted in a sharp decrease in TD3 accumulation
(FAM fluorescence) and dON accumulation (By5.5 fluorescence). The intracellular content of TD3
reduced to the level of about 4 RFU, whereas a two-fold decrease in MFI corresponding to dONs
was observed by 8 h. Then, these levels of MFI remained unchanged until the end of the experiment
(Figure 7C,D, orange and blue lines).

Completely different kinetics of intracellular accumulation were observed for TD2-containing
duplexes. The intensity of fluorescence of FAM-TD2 remained stably low (1 RFU) during the entire 24 h
of incubation (Figure 7C, magenta and green lines), while intracellular accumulation of dONs mediated
by TD2 gradually increased over 24 h, reaching MFI 10–20 RFU (Figure 7D, magenta and green lines).
Interestingly, at the 24 h time point, the level of intracellular accumulation of both ON-PO and ON-PX
mediated by TD2 was similar to that achieved in the presence of TD3, at 10–30 RFU (Figure 7D).

It should be mentioned that ON-PX-containing duplexes accumulated in cells less efficiently
in comparison with ON-PO, both in the case of TD3 and TD2; approximately 15–40% differences during
kinetics were observed from 0–24 h (Figure 7B,D compare orange with blue lines or magenta with
green lines, respectively).
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Figure 7. Kinetics of duplex accumulation into KB-8-5 cells. Analysis of samples was performed
1, 2, 4, 8, 16 and 24 h after addition of duplexes to the cells. Duplexes consisting of FAM-tON
(TD3 or TD2) and By5.5-dON (ON-PO or ON-PX) were added to the cells at a final concentration of
1 µM. (A) The percentage of FAM-tON-positive cells. (B) The percentage of By5.5-dON-positive cells.
(C) The mean fluorescence intensity of FAM-tON-positive cells. (D) The mean fluorescence intensity of
By5.5-dON-positive cells. Duplexes TD2/ON-PO = magenta line with squares; TD2/ON-PX = green
line with diamonds; TD3/ON-PO = orange line with triangles; TD3/ON-PX = blue line with circles.
Dashed grey line = time point where FBS were added to the cells. Data presented as MEAN ± SD.

2.6.2. Confocal Fluorescent Microscopy

Confocal microscopic analysis of the intracellular accumulation of tONs/dONs duplexes was
performed at the same time points as flow cytometry analysis (1, 2, 4, 8, 16, and 24 h after duplex
addition to KB-8-5 cells) with the same tONs (FAM-TD3 and FAM-TD2, green channel) and dONs
(By5.5-ON-PO and By5.5-ON-PX, red channel). The typical kinetics of intracellular accumulation of
TD3/ON-PO and TD2/ON-PO duplexes are presented in Figures 8 and 9, respectively. Accumulation of
corresponding ON-PX-containing duplexes was similar to that of ON-PO containing ones and is shown
in Supplementary Information (Figures S3 and S4 for TD3/ON-PX and TD2/ON-PX, respectively).

It was seen that all tendencies of intracellular accumulation of duplexes observed by flow cytometry
could also be seen by confocal microscopy. For instance, the maximal accumulation of TD3-containing
duplexes was observed at the 4 h time point; afterwards the intensities of tON and dON signals
decreased (Figure 8 and Figure S3). Kinetics of the intracellular accumulation of TD2-containing
duplexes was characterized by the absence of any sharp decrease in the intensity of tON and dON
signals (Figure 9 and Figure S4), however, total efficiency of its accumulation was significantly lower
in comparison with TD3-containing duplexes (compare Figures 8 and 9).
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Figure 8. Accumulation of duplexes TD3/ON-PO in KB-8-5 cells. Analysis of samples was performed
1, 2, 4, 8, 16 and 24 h after addition of duplexes (1 µM) to the cells. Duplexes consisted of FAM-labeled
TD3 and By5.5-labeled ON-PO. Analysis was performed with confocal fluorescent microscopy by using
a plan-apochromat 63×/1.40 Oil DIC M27 objective. Three-channel (BGR) pictures were obtained using
staining by DAPI (nuclei staining) (B); FAM (G), attached to TD3, and By5.5 (R), attached to ON-PO.
Scale bars: 20 µm.
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Figure 9. Accumulation of duplex TD2/ON-PO in KB-8-5 cells. Analysis of samples was performed 1, 2,
4, 8, 16 and 24 h after addition of duplexes (1 µM) to the cells. Duplexes consisted of FAM-labeled TD2
and By5.5-labeled ON-PO. Analysis was performed with confocal fluorescent microscopy by using
a plan-apochromat 63×/1.40 Oil DIC M27 objective. Three-channel (BGR) pictures were obtained using
staining by DAPI (nuclei staining) (B); FAM (G), attached to TD2, and By5.5 (R), attached to ON-PO.
Scale bars: 20 µm.
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The data show that signals of tON and dON, in most cases, are co-localized, indicating that
duplexes did not dissociate inside the cells. Apparently, this fact is related to the high melting
temperature of duplexes. It should be mentioned that no fluorescence associated with the duplexes
was found in the nuclei of cells during the entire 24 h of analysis, indicating their predominant
cytoplasmic localization.

Surprisingly, starting from the 8 h time point, large amounts of TD3/dON-containing duplexes
were observed in the extracellular space (Figure 8 and Figure S3), correlating with the decrease
in fluorescence intensity of transfected cells according to flow cytometry data (Figure 7C,D).

2.7. On the Mechanism of Release of TD3/dON Duplexes from Cells

We can assume several mechanisms of formation of the observed granules in the extracellular space,
these are: (1) the formation of aggregates of a hydrophobic duplex with serum proteins; (2) the induction
of apoptosis duplexes and their incorporation into apoptotic bodies; or (3) the inclusion of duplexes
in vesicles exocytozed from cells. Therefore, we tested these assumptions experimentally.

The ability of FBS components to bind duplexes was analyzed by confocal microscopy to check
if TD3/dON duplexes located outside the cells at the late stages of transfection could be their aggregates
with proteins of FBS. A total of 1 µM of FAM-TD3/By5.5-ON-PO duplexes were incubated on coverslips
in 24-well plate with cultural medium supplemented with 10% FBS in the absence of cells for 16 h
followed by confocal microscopic analysis. No aggregates of duplexes or their complexes with serum
components were detected.

In order to exclude the accumulation of duplexes in apoptotic bodies, KB-8-5 cells incubated
with 1 µM of TD3/ON-PO for 24 h were analyzed by an annexin-FITC apoptosis staining/detection kit
(Abcam, Cambridge, UK). The data showed that incubation of cells with TD3/ON-PO duplexes for 24 h
did not induce apoptosis of cells (Supplementary Material, Figure S6A). Furthermore, TD3/ON-PO
duplexes did not affect the cell cycle (Supplementary Material, Figure S6B) or mitochondrial potential
(Supplementary Material, Figure S6C).

Thus, it should be assumed that TD3/ON-PO duplexes observed in the extracellular space
are included in some kind of vesicles produced by the transfected cells. To check this hypothesis,
conditioned medium from KB-8-5 cells incubated in the presence of 1 µM of TD3/ON-PO duplexes
for 16 h was sequentially centrifuged. The pellet collected at 16,000× g was analyzed by transmission
electron microscopy (Figure 10). We found that, in contrast to the control cells, the pellet from cells
incubated with TD3/ON-PO duplexes was enriched with vesicles of different sizes (Figure 10A,B).

Quantification of the vesicles revealed a high abundance of vesicles produced by cells incubated
with TD3/ON-PO duplexes (Figure 10C). The diameter of these vesicles varied from 40–300 nm, with
a mean value of 95.9 ± 1.9, whereas in control cells the diameter of vesicles varied from 80–200 nm, with
a mean value of 134.4 ± 6.5 (Figure 10C–F). According to the morphological characteristics (cup-shaped)
and the mean diameter (around 90 nm), we can assume that the majority of the vesicles secreted by
TD3/ON-PO treated cells is represented by exosomes [62]. However, further investigations in this
phenomenon are required.
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2.8. Biological Activity of TD3/asON Duplexes

2.8.1. Silencing of P-Glycoprotein Expression in KB-8-5 Cells by Duplexes TD3/ON-MDR1

In order to evaluate whether delivery using tONs provides a manifestation of the biological
activity of the delivered oligonucleotide, we synthesized a series of antisense oligonucleotides targeting
MDR1 mRNA (Table 1; Supplementary Materials, Table S1). The sequence within MDR1 mRNA to
which the antisense oligonucleotides were directed was successfully used by us previously [56]. Drug
resistant KB-8-5 cells that overexpress the MDR1 gene and can grow in the presence of vinblastine
were used to evaluate the silencing activity of duplexes tON/asONs since these cells are a convenient
model to assess the biological activity of therapeutic nucleic acids [57–60].

At the first stage, we synthesized the asON-MDR1 antisense oligonucleotide and
the complementary tON-MDR1 (Supplementary Materials, Table S1). However, preliminary
experiments showed that asON-MDR1 delivered into the cells in the duplex with tON-MDR1
exhibited much lower silencing activity as compared with asON-MDR1 transfected by LF (data
not shown). This low activity could be explained by the fact that the melting temperature of the duplex
asON-MDR1/tON-MDR1 is 63.6 ◦C, and as such the stable duplex could not dissociate at 37 ◦C.
These data correlate with the confocal microscopy investigation of cells loaded with TD3/dON duplexes
of approximately the same stability that revealed almost complete co-localization of tON and dON,
indicating absence of dissociation of the duplexes inside the cells.

To destabilize the duplex we introduced two or three mismatches in different sites of the tON,
decreasing the Tm of its duplex with asON-MDR1 to 34–48 ◦C. However, the silencing activity of
asON-MDR1 delivered by these mismatched duplexes, or delivered by LF but within asON/tON
duplexes was still much lower than that of asON-MDR1 delivered by LF alone (data not shown). Thus,
the destabilization of the duplex did not provide a sufficient concentration of free asON in the cell
cytoplasm required for effective gene silencing. On the other hand, further decreases in Tm could have
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resulted in a dissociation of the tON from the duplex with the delivered oligonucleotide that was too
fast, resulting in the failure of the asON accumulation in the cytoplasm of target cells.

Therefore, instead of asON-MDR1, we designed elongated MDR1 mRNA targeting antisense
oligonucleotides which consisted of (1) MDR1 mRNA targeted asON, (2) a thymidine spacer containing
four thymidine residues, and (3) a 17-mer oligonucleotide complementary to the TD3 transport
oligonucleotide. The antisense part of the resulting oligonucleotide was either unmodified or
was a gapmer flanked by three phosphorylguanidine modifications of the sugar-phosphate backbone
at both the 5′- and 3′-ends (see Table 1, MDR1-ON and MDR1gap-ON, respectively).

The biological activity of the duplexes of novel design, TD3/MDR1-ON and TD3/MDR1gap-ON,
was studied in KB-8-5 cells grown in the presence of 300 nM vinblastine due to the overexpression
of P-glycoprotein encoded by MDR1 mRNA. The level of P-glycoprotein was estimated by Western
blotting after 72 h incubation of cells with 6 µM TD3/MDR1-ON or TD3/MDR1gap-ON duplexes
in the absence of the cytostatic in order to avoid the negative selection of living cells. The level of
β-actin was used as an internal control. A scrambled oligonucleotide of the same design as MDR1-ON,
but having no molecular targets in the human transcriptome, was used as control of specificity.
The levels of P-glycoprotein were normalized to the levels of β-actin for data presentation (Figure 11).
It was found that MDR1-ON delivered in cells by TD3 reduced the level of P-glycoprotein by 50%
in comparison with scrambled oligonucleotide and non-treated control cells (Figure 11). The gapmer
oligonucleotide, MDR1gap-ON, was delivered into cells in a similar way and exhibited a P-glycoprotein
silencing activity similar to that of non-modified MDR1-ON oligonucleotide (Figure 11). Moreover,
we showed that both MDR1-ON and MDR1gap-ON delivered by TD3 (Table 1) exhibited MDR1
silencing activity close to the activity of the same oligonucleotides but delivered by Lipofectamine
(Figure 11).
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Figure 11. Silencing of P-glycoprotein expression in KB-8-5 cells by asONs delivered in the duplexes
with TD3. The data were obtained using Western blotting carried out after 72 h of cell incubation.
Human β-actin protein was used as an internal standard. Data were normalized to the ration of
the P-glycoprotein/β-actin levels in untreated cells (control). Mean values (± SD) from three independent
experiments are shown.

2.8.2. Reversion of Multiple Drug Resistance Phenotype of KB-8-5 Cells by Antisense Oligonucleotides
Delivered with TD3

To confirm the efficiency of the transport oligonucleotide-based delivery system, the alterations
in the sensitivity of drug-resistant KB-8-5 cells to vinblastine were estimated. KB-8-5 cells were
incubated in the presence of duplexes TD3 with either MDR1 targeted antisense oligonucleotide
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(MDR1-ON or MDR1gap-ON) or scrambled oligonucleotide (Scramble) (See Table 1) at a concentration
of 6 µM. One day after addition of the duplexes, the cell medium was supplemented with 300 nM
vinblastine and the sensitivity of cells to vinblastine was assessed in real-time with an xCELLigence
instrument. The obtained data revealed that the growth rate of cells incubated with TD3/Scramble
duplexes did not differ from the growth rate of intact cells (Figure 12, lines 1 and 2). Incubation of
KB-8-5 cells with TD3/MDR1-ON and TD3/MDR1gap-ON duplexes resulted in a significant increase
in the sensitivity of tumor cells to vinblastine and retarded tumor cell growth by approximately 40–45%
in comparison with Scramble-treated cells (Figure 12, lines 3 and 4). Altogether, these results confirm
both efficient intracellular delivery of asON by tONs and execution of silencing activity by the delivered
antisense oligonucleotide. The level of cell sensitivity to vinblastine observed in these experiments was
similar to that previously achieved by MDR1 gene silencing with siRNA delivered by Lipofectamine
2000 or conjugates of siRNA with cholesterol penetrating into the cell in a carrier-free mode [58].
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Figure 12. Restoration of sensitivity of KB-8-5 cells to vinblastine. The cell index of living KB-8-5
cells was estimated in real-time mode with an xCELLigence instrument. Cells were treated with 6
µM TD3/MDR1-ON or TD3/MDR1gap-ON duplexes for 24 h followed by addition incubation of cells
in the presence of 300 nM vinblastine for 72 h. (1) control, intact cells; cells treated with (2) TD3/Scramble,
(3) TD3/MDR1-ON, or (4) TD3/MDR1gap-ON duplexes (6 µM).

3. Discussion

In this study, a new approach has been developed that allows functional oligonucleotides to be
delivered to cells with high efficiency while maintaining their biological activity. This approach is
based on the formation of a duplex between an asON or other functional oligonucleotide containing
modifications that ensure its stability with a tON carrying lipophilic or other residues to ensure
penetration into the cell.

Two series of tONs were synthesized, in which dodecyl residues were attached to the 5′-end of
the oligonucleotide strand through diamide-containing non-nucleotide inserts (TD-series) or anchored
directly to the internucleotide phosphate (TP-series). To rationalize the scheme of tON synthesis
we declined the post-synthetic modifications of tON with hydrophobic moieties and, instead, introduced
dodecyl modifications during standard solid phase synthesis.

Simple hydrophobic dodecyl residues were chosen on purpose to tune the hydrophobicity of tONs
by the variation in their number. Another benefit of dodecyl-containing derivatives is the significant
increase in retention time upon HPLC isolation, which simplifies the isolation procedure. Yields
of dodecyl-modified tON decreased from ~ 55% to ~ 40% and ~ 35% with increases in the number
of dodecyl residues from one to three for both series of tONs (Supplementary Material, Figure S1).
Further increases in the number of hydrophobic residues is likely to reduce the tON yield even more.



Molecules 2020, 25, 3663 17 of 27

It is unlikely that further increases in the number of hydrophobic tails above three could improve
significantly the in vivo biodistribution of the duplexes, since such hydrophobic conjugates will interact
mainly with LDL particles that guide the transport of oligonucleotides mainly to the liver [18,20].
It should be mentioned that using the scheme of synthesis utilized in our work, tONs can be modified
with other hydrophobic molecules, for example, cholesterol.

The efficiency of penetration of developed tONs to cells depends directly on the number of dodecyl
residues introduced into tONs regardless of the type of attachment of aliphatic molecules (TD or TP
series), since no differences were observed in the intracellular accumulation of tONs bearing the same
number of dodecyl residues but attached to either internucleotide phosphate or non-nucleotide inserts.
tONs themselves, especially TD3 and TP3, efficiently accumulated in the cells with similar or even
higher efficiency in comparison with oligonucleotides with Lipofectamine 2000-mediated delivery.

Duplexes of tONs/dONs were accumulated into the cells with somewhat lower efficiency
in comparison with tONs alone, and this was apparently due to their higher molecular weight and
total negative charge. Nevertheless, the level of intracellular accumulation of tONs/dONs duplexes
was comparable with those observed in the presence of Lipofectamine 2000. It should be emphasized
that dONs with different modifications of the sugar-phosphate backbone, such as phosphorothioate,
phosphoryl guanidine modifications, or non-modified asONs, were delivered in duplexes with tONs
with similar efficiencies. It was expected that dONs with phosphorothioate modifications could be
delivered with a higher efficiency, but experiments demonstrated that the transfection efficiency was
determined rather by the hydrophobic residues of tONs.

An important finding from our study is that transport oligonucleotides can deliver asONs into
cells regardless of the type of the modification pattern of their sugar-phosphate backbone: unmodified,
PS or PX oligonucleotides (Figure 5). The transfection activity of tONs (TD3 and TP3) was only slightly
inferior in efficiency to Lipofectamine 2000-mediated ON-PO delivery (Figure 5). Thus, the proposed
method of tON is working and provides in vitro transfection efficiency similar to the best protocols
of lipofection.

The accumulation of duplexes measured by flow cytometry demonstrated different kinetics for
tON and dON, in this case the ratio of the fluorescence intensity of cells at wavelengths corresponding
to FAM and By5.5 gradually changed. However, confocal microscopy showed that tON and dON
were co-localized during the entire observation. Since the duplexes used in the study of kinetics are
stable at 37 ◦C, it can be expected that the emission of FAM and By5.5 fluorophores occurs in the same
compartments. It has been shown that the fluorescence of FAM, in contrast to By5.5, is pH-sensitive
and decreases significantly with decreasing pH [63], then the pH of the compartments with lipophilic
conjugates can be indirectly estimated by the ratio of FAM/By5.5 fluorescence. We observed a slight
decrease in the ratio during the kinetic study, and these ratios varied differently for duplexes with 2
and 3 hydrophobic tails. Based on the data on the decrease in FAM emission depending on pH and
FAM/By5.5 ratios [63], it can be indirectly suggested that the localization of the duplexes with TD2 after
2 h is most likely in the compartments with pH 6 (early endosomes); after 4 h, in the compartments with
5.5 pH (late endosomes); and after 8 h, in the compartments with pH 4.5 (lysosomes). This estimated
kinetics of trafficking correlates with the literature data reported previously for the fully modified
PS asON delivered in a carrier-free mode [64,65]. Interestingly, in changing in the FAM/By5.5 ratios
during the kinetic study, the duplexes with TD3 were higher than for those with TD2 and the main
changes were observed 8 h after the addition of duplexes to the cells. Probably these differences
are associated with the active process of recycling TD3 duplexes, since the recycling endosomes
have a less acidic content, with a pH of 6.5; thus, the presence of duplexes in these compartments
increase the average FAM/By5.5 ratio for the duplexes with TD3. We also observed a sharp decrease
in the accumulation of duplexes with TD3 at the 8 h time point (Figure 7), which was accompanied by
an increase in the number of extracellular vesicles detected by fluorescence microscopy (Figure 8) and
transmission electron microscopy (Figure 10). Therefore, it can be concluded that duplexes with TD3,
but not with TD2, are involved in active process of recycling.
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Similar accumulation kinetics with a sharp decline as observed for TD3/dONs has been described
in the literature for some other lipophilic nucleic acid conjugates. In particular, a 75% decrease
in accumulation 5 h after addition to the cells has been observed for conjugates of siRNA and
cholesterol in HeLa cells in the presence of serum [66]. A 25% reduction in accumulation 24 h post
transfection after graduate augmentation was observed in the case of a conjugate of cholesterol
and siRNA with a short single stranded tail containing PS modifications [67]. Such a decline is
required for maintenance of cellular homeostasis, including constant concentrations of lipids and
cholesterol, and is important for the survival and division of cells. Therefore, the maintenance of these
parameters is ensured along with endocytosis by the reverse processes of recycling or exocytosis [68].
Thus, the decrease in the accumulation of lipophilic conjugates could be associated with a compensatory
response of the cell to a high concentration of lipophilic molecules in the cytoplasm.

It should be noted that the delivery of asON as part of a duplex imposes certain limitations and puts
forward additional requirements on the structure of the asON. The presence of a highly stable complex
between asON and tON, which promotes efficient delivery, in turn, interferes with the implementation
of the biological function, so we designed an elongated modular version of the antisense oligonucleotide.
This duplex with a single stranded antisense part demonstrated similar silencing activity as anti-MDR1
asONs transfected with LF. Moreover, TD3/MDR1-ON and TD3/MDR1gap-ON efficiently silenced
the MDR1 gene without LF (Figure 11) and the reverse phenotype of multidrug resistance of KB-8-5 cells
(Figure 12). It should be noted that the use of such elongated modular asONs allows the use of the same
tON to deliver a wide range of asONs directed to different sequences: in this elongated modular asONs
the antisense part can be changed depending on the target sequence while tetra-thymidylate linker and
tON complementary sequence will remain constant. An obvious advantage of the proposed system
is that the sequence of the transport oligonucleotide does not require changes and remains constant
for any RNA targets. In the future, it will be possible to design asONs containing non-nucleotide
inserts or stimuli responsive bonds instead of the oligo-dT linker in the middle of the molecule, which
will allow the antisense part to be cleaved from the duplex in certain compartments and, possibly,
to avoid recycling.

It is known from literature data that an increase in the level of expression of MDR1 by 1.5–2 times
detected in clinical samples is already sufficient for the formation of a multiple drug resistance phenotype
in tumor cells [69]. Therefore, a 50% reduction of p-glycoprotein levels by TD3/MDR1gap-ON is
sufficient to restore the sensitivity of cells to vinblastine and to decrease the cell viability in the presence
of vinblastine by 40–45% (Figure 3, Figure 4, and Figure 12). In vivo suppression of MDR1 gene
expression has been examined in a number of works [70–74] where xenograft models showed a decrease
in tumor growth during chemotherapy combined with MDR1 silencing. However, in these studies,
the silencing of MDR1 expression was achieved by using siRNA and the delivery was performed by
liposomes, which may have side effects, including immunostimulation. The absence of toxicity of
the developed delivery system in our experiments is promising to test the silencing and therapeutic
potential of TD3/MDR1gap-ON in vivo in future experiments.

Thus, the developed tONs were proven to be efficient delivery vectors to transport asON to cells.
Such an alternative delivery method allows for simplification and a reduction in the cost of asON
delivery approach by reducing the complexity of conjugate synthesis and providing the possibility of
using the entire arsenal of routine chemical synthesis. The proposed approach may allow the regulation
of the hydrophobicity and other properties of tONs by the introduction of hydrophobic molecules and
different functional groups, not only at the 5′-end, but also at the 3′-end or inside the oligonucleotides.
Furthermore, the introduction of other hydrophobic and targeted molecules, such as PEG and
cell-penetrating peptides, is possible through attachment to functional groups introduced into tON by
the proposed method.
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4. Materials and Methods

4.1. Oligonucleotide Preparation

Standard phoshoramidite solid-phase synthesis of all modified and unmodified oligonucleotides
containing phosphodiester linkages (PO) was carried out on the ASM-800 DNA/RNA synthesizer
(Biosset, Novosibirsk, Russia). Oligonucleotides were synthesized at 0.2 µmol scale, using standard
commercial 2-cyanoethyl deoxynucleoside phosphoramidites and CPG solid supports (Glen Research,
San Diego, CA, USA).

Oligonucleotides with internucleotide uncharged phosphoryl 1,3-dimethylimidazolidine-2-imino
groups (PX) were synthetized as described by Kupryushkin et al. [27] and Stetsenko et al. [75].

Oligonucleotides containing phosphorothioate linkages (PS) were synthesized using sulfurizing
reagent II (3-((dimethylaminomethylidene)amino)-3H-1,2,4-dithiazole-3-thione) (Glen Research, USA)
0.1 M in pyridine–acetonitrile 3:2 v/v according to the manufacturer’s protocol.

For introducing non-nucleosidic dodecyl-containing units into a TD-type of tON, the appropriate
phosphoramidite, prepared as described in [48], was used as a 0.1 M solution in anhydrous acetonitrile,
and the coupling time was extended from 1 to 10 min.

tON of TP-series containing phosphoramidate linkages (PN) at the internucleotidic phosphates
were synthesized on a DNA/RNA synthesizer using a modified oxidation step. Oxidation was
performed by addition of an iodine solution in pyridine (40 mM, 20 µL), followed by addition of
2.5 M dodecylamine in DMF/N,O-Bis(trimethylsilyl)acetamide (7:4, v/v, 20 µL). These two steps were
repeated six times. The total time of the oxidation step was 12 min.

Labeling of oligonucleotides was performed using commercially available 5′-modifiers according
to the manufacturer’s protocols. For labeling FAM and By5.5 2-Dimethoxytrityloxymethyl-6-(3′,6′-
dipivaloylfluorescein-6-yl-carboxamido)-hexyl-1-O-[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite
(Glen Research, USA) or 2-[5-[3-butyl-1,1-dimethylbenzo[e]indol-2-ylidene]penta-1,3-dien-1-yl]-1,1-
dimethyl-3-(5-{[4-{[(2-cyanoethoxy)(diisopropylamino)phosphanyl]oxy}cyclohexyl]carbamoyl}pentyl)
benzo[e]indol-3-ium tetrafluoroborate (Cy5.5 analog, Promtech, Minsk, Belarus) were used, respectively.
The sequences of the oligonucleotides are presented in Table 1.

4.2. Oligonucleotide Purification and Identification

Native and modified oligonucleotides were isolated by reverse-phased HPLC on an Agilent
1200 HPLC system (Santa Clara, CA, USA) using a Zorbax SB-C18 5 mm column 4.6 × 150 mm in a linear
gradient of acetonitrile 0–50% or 0–90% in 20 mM triethylammonium acetate, pH 7.0, at flow rate of
2 mL/min. Fractions containing the desired product were pooled, concentrated in vacuo, dissolved in 0.1 mL
of deionized water and precipitated by 1 mL of 2% LiClO4 in acetone. After centrifugation at 14,500 rpm
for 2 min, washing with acetone and drying on air for 20 min, oligonucleotide pellets were dissolved
in deionized water and stored at −20 ◦C. Oligonucleotide homogeneity was assessed by electrophoresis
in PAAG 20%, 8 M urea, gel with 0.1 M Tris-borate, pH 8.3 as running buffer. The oligonucleotide bands
were visualized in gel by staining with Stains-All (Sigma-Aldrich, Darmstadt, Germany).

Molecular masses of oligonucleotides were confirmed by LC-MS/MS ESI MS on an Agilent
G6410A mass spectrometer (Santa Clara, CA, USA) in a negative ion mode. The samples were prepared
by dissolving of oligonucleotides in 20 mM triethylammonium acetate in 60% aq. acetonitrile at
a concentration of 0.1 mM. For phosphoryl guanidine oligonucleotides (PX), positive ion mode was
applied. The PX samples (0.1 mM) were prepared by dissolving in 20 mM formic acid in 60% aq.
acetonitrile. The volume of the samples was 10 µL. Analysis was carried out using 80% aq. acetonitrile
as an eluent at a flow rate of 0.1 mL/min and using standard device settings. Molecular masses were
calculated using experimental m/z values, obtained for each sample.
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4.3. Duplex Thermal Denaturation Experiments

Thermal denaturation/renaturation experiments were carried out using a Cary 300 Bio
spectrophotometer equipped with a Peltier temperature-controlled cuvette holder (Varian, Mulgrave,
Victoria, Australia). Equimolar amounts (10 µM, 50 µL of each strand) of complementary
oligonucleotides were used. Melting curves were recorded at 260 and 270 nm, within a temperature
range from 5 ◦C to 95 ◦C with a heating/cooling rate of 0.5 ◦C/min, in a buffer consisting of 10 M
sodium cacodylate pH 7.0 and 100 mM NaCl.

4.4. Cell Lines

KB-8-5 (human multidrug resistant cervical cancer cells), A549 (human lung carcinoma cells) and
HEK293 (human embryonic kidney cells) were cultivated in DMEM medium supplemented with
10% FBS and 1% antibiotic/antimycotic mix (100 units/mL penicillin, 0.1 mg/mL streptomycin and
0.25 µg/mL amphotericin) at 37 ◦C in a humidified atmosphere with 5% CO2 (standard conditions,
here and after SC) and passaged regularly to maintain exponential growth. In the case of KB-8-5, cell
culture medium was additionally supplemented with 300 nM vinblastine.

4.5. Duplex Formation

Duplexes of tON with complementary dON were formed by heating equimolar amounts of
oligonucleotides in PBS buffer at 95 ◦C for 3 min followed by incubation at room temperature until
complete cooling. The obtained duplexes were used in experiments immediately after annealing.

4.6. Cell Viability Assay

Cytotoxicity of tON with respect to A549, HEK293 and KB-8-5 cells was monitored in real-time
mode using the xCELLigence instrument (ACEA Biosciences, Santa Clara, CA, USA) for 48 h. Cells
were seeded to adhere into 16-well E-plates (ACEA Biosciences, Santa Clara, CA, USA) at a density of
1.5 × 104 cells/well in 150 µL/well DMEM medium supplemented with 10% FBS. E-plates with cells
were placed into the xCELLigence instrument and incubated under SC for 24 h. On the next day, culture
medium was replaced with 150 µL/well DMEM without serum and antibiotics and supplemented
with 0.5, 1, 2.5, 5, 10, 25, and 50 µM of TD3. Cells were incubated in the xCELLigence instrument for
4 h under SC, then FBS was added to the cells up to a concentration of 10% and cells were incubated
under SC for an additional 20 h. Cell index values were measured every 30 min. Dose-dependent
curves were plotted for the time points 24 h post tON addition to the cells using MS Excel software.
IC50 values were determined as the tON concentration required to decrease the cell index to 50% of
the control cells (incubated in the absence of tON).

4.7. Effects of tON/asON Duplexes on Apoptosis Induction, Cell Cycle and Mitochondrial Potential

KB-8-5 cells were seeded to adhere into 24-well plates at a density of 1 × 105 cells/well in 250 µL
DMEM medium supplemented with 10% FBS in the absence of antibiotics and incubated for 20 h at
SC. On the next day, culture medium was replaced with 200 µL serum- and antibiotic-free DMEM
medium supplemented with 1 µM FAM-tON/By5.5-dON duplex, and cells were incubated for 4 h
under SC. FBS was then added into the medium up to 10% and the cells were incubated for 12 h
under SC. Apoptosis and cell cycle analysis was performed using an Annexin V-FITC Apoptosis
Staining/Detection Kit (Abcam, Cambridge, UK) according to the manufacturer’s protocols. Briefly,
the cells were detached from the plate with 2% trypsin (MP Biomedicals, Irvine, CA, USA), washed
with PBS, resuspended in 200 µL of 1× binding buffer supplemented with 2 µL of Annexin V-FITC and
2 µL of propidium iodide (for apoptosis analysis) or 2 µL of propidium iodide alone (for cell cycle
analysis). The cells were incubated for 5 min at room temperature in the dark, washed with PBS,
fixed with 2% formaldehyde in PBS and analyzed on a NovoCyte flow cytometer (ACEA Biosciences,
Santa Clara, CA, USA).
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Mitochondrial membrane potential of KB-8-5 cells treated with tON/dON duplexes for 16 h was
estimated using a MitoTracker Orange CMTMRos kit (ThermoFisher Scientific, Waltham, MA, USA)
according to the manufacturer’s protocols. Briefly, after incubation with tON/dON duplexes, KB-8-5
cells were incubated in DMEM (serum- and antibiotic- free) medium supplemented with 0.2 µM
MitoTracker for 30 min at 37 ◦C. After incubation, the cells were detached from the plate with 2%
trypsin (MP Biomedicals, USA), centrifuged for 5 min at 300× g, washed with PBS, resuspended in PBS,
and then analyzed on a NovoCyte flow cytometer (ACEA Biosciences, Santa Clara, CA, USA).

4.8. Analysis of Cellular Accumulation of tON or Duplexes of tON/dON

A549 or HEK293 cells were seeded into 24-well plates at a density of 105 cells/well in DMEM
medium supplemented with 10% FBS and left to adhere overnight. On the next day, culture medium
was replaced with 250 µL/well DMEM without serum and antibiotics. FAM-tON or tON/FAM-dON
duplexes formed as described above were added to the cells to a final concentration in each well of
1 µM and cells were incubated for 4 h under SC.

Upon analysis of the kinetics of intracellular accumulation of tON/dON duplexes, KB-8-5 cells
were incubated in DMEM with 1 µM FAM-tON/By5.5-dON duplexes in the absence of serum and
antibiotics for 4 h under SC; then FBS was added to the cells to a concentration of 10% and cells were
incubated for 20 h under SC.

4.9. Flow Cytometry

Flow cytometry was used to characterize the levels of intracellular accumulation of
the oligonucleotides labeled with fluorophores (transfection efficiency, TE), namely either FAM-tON or
the duplexes of FAM-tON/By5.5-dON. The TE of tON or duplexes was estimated after 4 h of incubation
(for A549 and HEK293 cells) or after 1, 2, 4, 8, 16, and 24 h of incubation (for KB-8-5 cells). After
incubation, cells were detached from the plate with 2% trypsin (MP Biomedicals, Irvine, CA, USA),
resuspended in complete DMEM, centrifuged at 200 g for 5 min, washed with PBS and fixed with 2%
formaldehyde in PBS buffer (10 min, room temperature). Cells were analyzed on a NovoCyte flow
cytometer (ACEA Biosciences, Santa Clara, CA, USA) and data was processed with NovoExpress
(ACEA Biosciences, Santa Clara, CA, USA). All experiments were run in triplicate for statistical analysis.
The TE was characterized by two values: percentage of fluorescent-positive cells in a population and
mean fluorescent intensity (MFI) of cells in a sample.

4.10. Confocal Microscopy

KB-8-5 cells were seeded on coverslips and placed into 24-well plates at a density of 6 × 104

cells/well in DMEM medium containing 10% FBS, 300 nM vinblastine, and 1% antibiotics and incubated
overnight under SC. Then, cell medium was replaced by DMEM without FBS and antibiotics and
FAM-tON or duplexes FAM-tON/By5.5-dON were added to each well (1 µM). Cells were incubated
with tON or duplexes for 1, 2, and 4 h in the absence of FBS in the medium. At the 4 h time point,
FBS was added to cells up to a concentration of 10% and cells were further incubated for 4, 12,
and 20 h under SC. After incubation, coverslips with cells were washed with PBS and placed on slides
in a drop of DAPI/Antifade (Millipore). Intracellular localization of tON or duplexes was assessed with
confocal fluorescent microscopy on LSM710 (Zeiss, Oberkochen, Germany), using a plan-apochromat
63×/1.40 Oil DIC M27 objective. Analysis of intracellular accumulation of tON/dON duplexes and
Z-stack were performed using ZEN software (Zeiss, Oberkochen, Germany). Confocal analysis was
performed in three channels (blue, green, red). Fluorescence in the blue channel corresponded to
DAPI (nuclei staining); the green channel corresponded to fluorescence of tON labeled with FAM
(FAM-TD3 or FAM-TD2) and the red channel corresponded to dON labeled with By5.5 (By5.5-ON-PO
or By5.5-ON-PX).



Molecules 2020, 25, 3663 22 of 27

4.11. Transmission Electron Microscopy of Extracellular Vesicles Containing Duplexes

KB-8-5 cells were seeded to adhere onto 60 mm Petri dishes at a density of 5 × 105 cells in 3 mL
of DMEM medium supplemented with 10% FBS in the absence of antibiotics and incubated for
20 h at SC. On the next day, culture medium was replaced with 3 mL of serum- and antibiotic-free
DMEM supplemented with 1 µM FAM-tON/By5.5-dON duplexes and cells were incubated for 4 h
under SC. Then FBS was added into the medium up to a concentration of 10% and the cells were
incubated additionally for 12 h under SC. Next, the conditioned medium was collected and sequentially
centrifuged at (1) 200× g, 10 min, 4 ◦C (to remove detached cells); (2) 2000× g, 20 min, 4 ◦C (to remove
cell debris); (3) 16,000× g, 1 h, 4 ◦C (to precipitate microvesicles). Then, the supernatant was discarded,
the microvesicle pellet was resuspended in PBS buffer and centrifuged for 30 min, at 16,000× g and 4 ◦C.
Finally, the pellet was stored at 4 ◦C and processed for negative staining with a 1% aqueous solution of
uranyl acetate and electron microscopy. A 5 µL drop of buffer with gently resuspended microvesicles
was applied to the glow-discharged copper grid and drawn off with filter paper. Then, the grid was
placed onto a drop of uranyl acetate solution for a few seconds and the excess liquid was removed
with filter paper. The last step was repeated keeping the grid on the drop for 30 s. The grids were left
to dry and then analyzed with a transmission electron microscope (Jeol JEM 100-SX). The diameter
of the vesicles was measured on three different areas of the grid (10 × 10 µm) with ImageJ software
(v.1.5) [76].

4.12. Western Blotting

The level of P-glycoprotein in KB-8-5 cells was evaluated in a vinblastine-free medium. The cells
in the exponential phase of growth were plated in 48-well plates (104 cells/well) and incubated for
24 h. Then, growth medium was replaced by fresh DMEM without FBS supplemented with 6 µM
TD3/Scramble, TD3/MDR1-ON or TD3/MDR1gap-ON duplexes and cells were incubated for 4 h under
SC. Next, FBS was added into the medium up to a concentration of 10% and the cells were incubated
additionally for 72 h under SC. The cells were lysed in 60 µL sample buffer (Sigma-Aldrich, Darmstadt,
Germany). A total of 10 µL of each sample was loaded onto a 10% SDS/polyacrylamide gel and
then separated at 60 mA for 1 h. The proteins were transferred from PAAG to a PVDF membrane
(Millipore, Burlington, NJ, USA) using a tank criterion blotter (Bio-Rad, USA) and the membrane
was then blocked overnight in 2% non-fat dried milk in PBS. The membranes were incubated with
monoclonal anti-P-glycoprotein and anti-β-actin antibodies (Sigma-Aldrich, Darmstadt, Germany) at
1:1000 and 1:3000 dilutions, respectively, for 1 h. Afterwards, the membranes were washed in PBS
with 0.1% Tween-20 and subsequently incubated for 1 h with secondary rabbit anti-mouse antibodies
conjugated with horseradish peroxidase (Invitrogen, Waltham, MA, USA). Luminescence detection
was performed by Versadoc 4000 MP (Bio-Rad, Hercules, CA, USA) using a chemiluminescent reagent
kit (Abcam, Cambridge, UK). Human β-actin protein was used as an internal control. Data were
analyzed using GelPro 4.0. software (Media Cybernetics, Rockville, MD, USA).

4.13. Evaluation of Sensitivity of KB-8-5 Cells to Vinblastine

Sensitivity of KB-8-5 cells loaded with tON/asON duplexes to vinblastine was estimated by
monitoring cell survival for 120 h in real time mode with an xCELLigence instrument (ACEA
Biosciences, Santa Clara, CA, USA). KB-8-5 cells were seeded in 16-well E-plates at a density of 5 × 104

cells per well and incubated overnight. Then, culture medium was replaced with fresh DMEM without
FBS and antibiotics, and supplemented with 6 µM tON/asON duplexes, and cells were incubated for
4 h under SC. Next, FBS and antibiotics were added to the concentrations of 10% and 1%, respectively.
Cells were cultured for 24 h under SC followed by 300 nM vinblastine addition and incubation for 96 h
under SC.
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4.14. Statistical Analysis

The data were statistically processed using one-way ANOVA. Post-hoc testing was completed
using Fisher’s least significant differences (LSD). p < 0.05 was considered to be significant. The statistical
package STATISTICA version 10.0 (TIBCO Software, Palo Alto, CA, USA) was used for analysis.

Supplementary Materials: The following are available online. Figure S1: HPLC profiles of transport
oligonucleotides; Figure S2: Cytotoxicity of TD3 transport oligonucleotide; Figure S3: Accumulation of duplexes
TD3/ON-PX in KB-8-5 cells; Figure S4: Accumulation of duplexes TD2/ON-PX in KB-8-5 cells; Figure S5:
Extracellular localization of FAM-TD3/By5.5-ON-PO duplexes; Figure S6: Influence of TD3/ON-PO duplexes on
apoptosis, cell cycle and mitochondrial potential of KB-8-5 cells; Table S1: Additional list of oligonucleotides used
in preliminary experiments on MDR1 gene silencing.

Author Contributions: Design and study: V.V.V. and Z.M.A.; designed synthesis of oligonucleotides: D.V.C.
and M.S.K.; synthesized and analyzed all oligonucleotides: M.S.K.; performed experiments related to delivery
efficiency (flow cytometry, confocal microscopy), apoptosis, and cytotoxicity assessment: O.V.M. and A.V.F.;
designed the study of biological activity of oligonucleotides: M.A.Z. and E.L.C.; evaluated biological activity
of novel delivery system: I.V.C. and O.A.P.; performed transmission electron microscopy: A.A.S.; prepared
illustrations and draft the manuscript: O.V.M., I.V.C., E.L.C., and M.A.Z.; contributed to discussion and manuscript
editing: V.V.V., E.L.C., and D.V.P.; data curation: D.V.P. and M.A.Z.; formal analysis: M.S.K. and E.L.C.; funding
acquisition: V.V.V and D.V.P.; project administration: V.A.Z. and V.V.V.; supervision: D.V.P. and M.A.Z. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Russian Science Foundation (grant #19-74-30011), by Russian State
funded budget projects of ICBFM SB RAS AAAA-A17-117020210021-7.

Acknowledgments: The authors gratefully acknowledge Albina V. Vladimirova (Institute of Chemical Biology
and Fundamental Medicine SB RAS) for cell maintenance and Andrey L. Matveev (Institute of Chemical Biology
and Fundamental Medicine SB RAS) for confocal microscopy analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Setten, R.L.; Rossi, J.J.; Han, S. The current state and future directions of RNAi-based therapeutics. Nat. Rev.
Drug Discov. 2019, 18, 421–446. [CrossRef] [PubMed]

2. Shen, X.; Corey, D.R. Chemistry, mechanism and clinical status of antisense oligonucleotides and duplex
RNAs. Nucleic Acids Res. 2018, 46, 1584–1600. [CrossRef] [PubMed]

3. Stein, C.A.; Castanotto, D. FDA-Approved Oligonucleotide Therapies in 2017. Mol. Ther. 2017, 25, 1069–1075.
[CrossRef] [PubMed]

4. Adams, D.; Gonzalez-Duarte, A.; O’Riordan, W.D.; Yang, C.C.; Ueda, M.; Kristen, A.V.; Tournev, I.;
Schmidt, H.H.; Coelho, T.; Berk, J.L.; et al. Patisiran, an RNAi therapeutic, for hereditary transthyretin
amyloidosis. N. Engl. J. Med. 2018, 379, 11–21. [CrossRef]

5. Hoy, S.M. Nusinersen: First Global Approval. Drugs 2017, 77, 473–479. [CrossRef]
6. Paik, J.; Duggan, S. Volanesorsen: First Global Approval. Drugs 2019, 79, 1349–1354. [CrossRef]
7. Chernikov, I.V.; Vlassov, V.V.; Chernolovskaya, E.L. Current development of siRNA bioconjugates: From

research to the clinic. Front. Pharmacol. 2019, 10, 444. [CrossRef]
8. Sato, Y.; Hashiba, K.; Sasaki, K.; Maeki, M.; Tokeshi, M.; Harashima, H. Understanding structure-activity

relationships of pH-sensitive cationic lipids facilitates the rational identification of promising lipid
nanoparticles for delivering siRNAs in vivo. J. Control. Release 2019, 295, 140–152. [CrossRef]

9. Jayaraman, M.; Ansell, S.M.; Mui, B.L.; Tam, Y.K.; Chen, J.; Du, X.; Butler, D.; Eltepu, L.; Matsuda, S.;
Narayanannair, J.K.; et al. Maximizing the potency of siRNA lipid nanoparticles for hepatic gene silencing
in vivo. Angew. Chemie-Int. Ed. 2012, 51, 8529–8533. [CrossRef]

10. Khan, O.F.; Kowalski, P.S.; Doloff, J.C.; Tsosie, J.K.; Bakthavatchalu, V.; Winn, C.B.; Haupt, J.; Jamiel, M.;
Langer, R.; Anderson, D.G. Endothelial siRNA delivery in nonhuman primates using ionizable low–molecular
weight polymeric nanoparticles. Sci. Adv. 2018, 4, eaar8409. [CrossRef]

11. Dahlman, J.E.; Barnes, C.; Khan, O.F.; Thiriot, A.; Jhunjunwala, S.; Shaw, T.E.; Xing, Y.; Sager, H.B.; Sahay, G.;
Speciner, L.; et al. In vivo endothelial siRNA delivery using polymeric nanoparticles with low molecular
weight. Nat. Nanotechnol. 2014, 9, 648–655. [PubMed]

http://dx.doi.org/10.1038/s41573-019-0017-4
http://www.ncbi.nlm.nih.gov/pubmed/30846871
http://dx.doi.org/10.1093/nar/gkx1239
http://www.ncbi.nlm.nih.gov/pubmed/29240946
http://dx.doi.org/10.1016/j.ymthe.2017.03.023
http://www.ncbi.nlm.nih.gov/pubmed/28366767
http://dx.doi.org/10.1056/NEJMoa1716153
http://dx.doi.org/10.1007/s40265-017-0711-7
http://dx.doi.org/10.1007/s40265-019-01168-z
http://dx.doi.org/10.3389/fphar.2019.00444
http://dx.doi.org/10.1016/j.jconrel.2019.01.001
http://dx.doi.org/10.1002/anie.201203263
http://dx.doi.org/10.1126/sciadv.aar8409
http://www.ncbi.nlm.nih.gov/pubmed/24813696


Molecules 2020, 25, 3663 24 of 27

12. Kim, B.; Park, J.H.; Sailor, M.J. Rekindling RNAi Therapy: Materials Design Requirements for In Vivo siRNA
Delivery. Adv. Mater. 2019, 31, e1903637. [CrossRef] [PubMed]

13. Hossen, M.N.; Rao, G.; Dey, A.; Robertson, J.D.; Bhattacharya, R.; Mukherjee, P. Gold Nanoparticle Transforms
Activated Cancer-Associated Fibroblasts to Quiescence. ACS Appl. Mater. Interfaces 2019, 11, 26060–26068.
[CrossRef] [PubMed]

14. Crooke, S.T.; Baker, B.F.; Xia, S.; Yu, R.Z.; Viney, N.J.; Wang, Y.; Tsimikas, S.; Geary, R.S. Integrated
Assessment of the Clinical Performance of GalNAc 3-Conjugated 2′-O-Methoxyethyl Chimeric Antisense
Oligonucleotides: I. Human Volunteer Experience. Nucleic Acid Ther. 2019, 29, 16–32. [CrossRef]

15. Yu, R.Z.; Graham, M.J.; Post, N.; Riney, S.; Zanardi, T.; Hall, S.; Burkey, J.; Shemesh, C.S.; Prakash, T.P.;
Seth, P.P.; et al. Disposition and Pharmacology of a GalNAc3-conjugated ASO Targeting Human Lipoprotein
(a) in Mice. Mol. Ther.-Nucleic Acids 2016, 5, e317. [CrossRef]

16. Scott, L.J. Givosiran: First Approval. Drugs 2020, 80, 335–339. [CrossRef]
17. Huang, Y. Preclinical and Clinical Advances of GalNAc-Decorated Nucleic Acid Therapeutics. Mol. Ther.

Nucleic Acids 2017, 6, 116–132. [CrossRef]
18. Biscans, A.; Coles, A.; Haraszti, R.; Echeverria, D.; Hassler, M.; Osborn, M.; Khvorova, A. Diverse lipid conjugates

for functional extra-hepatic siRNA delivery in vivo. Nucleic Acids Res. 2019, 47, 1082–1096. [CrossRef]
19. Prakash, T.P.; Mullick, A.E.; Lee, R.G.; Yu, J.; Yeh, S.T.; Low, A.; Chappell, A.E.; Østergaard, M.E.;

Murray, S.; Gaus, H.J.; et al. Fatty acid conjugation enhances potency of antisense oligonucleotides
in muscle. Nucleic Acids Res. 2019, 47, 6029–6044. [CrossRef]

20. Osborn, M.F.; Coles, A.H.; Biscans, A.; Haraszti, R.A.; Roux, L.; Davis, S.; Ly, S.; Echeverria, D.; Hassler, M.R.;
Godinho, B.M.D.C.; et al. Hydrophobicity drives the systemic distribution of lipid-conjugated siRNAs via
lipid transport pathways. Nucleic Acids Res. 2019, 47, 1070–1081. [CrossRef]

21. Eckstein, F. Phosphorothioates, essential components of therapeutic oligonucleotides. Nucleic Acid Ther. 2014,
24, 374–387. [CrossRef] [PubMed]

22. Hall, A.H.S.; Wan, J.; Spesock, A.; Sergueeva, Z.; Shaw, B.R.; Alexander, K.A. High potency silencing by
single-stranded boranophosphate siRNA. Nucleic Acids Res. 2006, 34, 2773–2781. [CrossRef] [PubMed]

23. Gryaznov, S.M. Oligonucleotide N3′→P5′ phosphoramidates and thio-phoshoramidates as potential
therapeutic agents. Chem. Biodivers. 2010, 7, 477–493. [CrossRef] [PubMed]

24. Vlaho, D.; Fakhoury, J.F.; Damha, M.J. Structural studies and gene silencing activity of siRNAs containing
cationic phosphoramidate linkages. Nucleic Acid Ther. 2018, 28, 34–43. [CrossRef] [PubMed]

25. Sheehan, D.; Lunstad, B.; Yamada, C.M.; Stell, B.G.; Caruthers, M.H.; Dellinger, D.J. Biochemical properties
of phosphonoacetate and thiophosphonoacetate oligodeoxyribonucleotides. Nucleic Acids Res. 2003, 31,
4109–4118. [CrossRef] [PubMed]

26. Meade, B.R.; Gogoi, K.; Hamil, A.S.; Palm-Apergi, C.; Van Den Berg, A.; Hagopian, J.C.; Springer, A.D.;
Eguchi, A.; Kacsinta, A.D.; Dowdy, C.F.; et al. Efficient delivery of RNAi prodrugs containing reversible
charge-neutralizing phosphotriester backbone modifications. Nat. Biotechnol. 2014, 32, 1256–1261. [CrossRef]

27. Kupryushkin, M.S.; Pyshnyi, D.V.; Stetsenko, D.A. Phosphoryl guanidines: A new type of nucleic acid
analogues. Acta Naturae 2014, 6, 116–118. [CrossRef]

28. Miroshnichenko, S.K.; Patutina, O.A.; Burakova, E.A.; Chelobanov, B.P.; Fokina, A.A.; Vlassov, V.V.; Altman, S.;
Zenkova, M.A.; Stetsenko, D.A. Mesyl phosphoramidate antisense oligonucleotides as an alternative to
phosphorothioates with improved biochemical and biological properties. Proc. Natl. Acad. Sci. USA 2019,
116, 1229–1234. [CrossRef]

29. Sheng, L.; Rigo, F.; Bennett, C.F.; Krainer, A.R.; Hua, Y. Comparison of the efficacy of MOE and PMO
modifications of systemic antisense oligonucleotides in a severe SMA mouse model. Nucleic Acids Res. 2020,
48, 2853–2865. [CrossRef]

30. Muangkaew, P.; Vilaivan, T. Modulation of DNA and RNA by PNA. Bioorg. Med. Chem. Lett. 2020, 30, 127064.
[CrossRef]

31. Shen, W.; De Hoyos, C.L.; Sun, H.; Vickers, T.A.; Liang, X.H.; Crooke, S.T. Acute hepatotoxicity of 2
fluoro-modified 5–10–5 gapmer phosphorothioate oligonucleotides in mice correlates with intracellular
protein binding and the loss of DBHS proteins. Nucleic Acids Res. 2018, 46, 2204–2217. [CrossRef] [PubMed]

32. Shen, W.; De Hoyos, C.L.; Migawa, M.T.; Vickers, T.A.; Sun, H.; Low, A.; Bell, T.A.; Rahdar, M.;
Mukhopadhyay, S.; Hart, C.E.; et al. Chemical modification of PS-ASO therapeutics reduces cellular
protein-binding and improves the therapeutic index. Nat. Biotechnol. 2019, 37, 640–650. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/adma.201903637
http://www.ncbi.nlm.nih.gov/pubmed/31566258
http://dx.doi.org/10.1021/acsami.9b03313
http://www.ncbi.nlm.nih.gov/pubmed/31117437
http://dx.doi.org/10.1089/nat.2018.0753
http://dx.doi.org/10.1038/mtna.2016.26
http://dx.doi.org/10.1007/s40265-020-01269-0
http://dx.doi.org/10.1016/j.omtn.2016.12.003
http://dx.doi.org/10.1093/nar/gky1239
http://dx.doi.org/10.1093/nar/gkz354
http://dx.doi.org/10.1093/nar/gky1232
http://dx.doi.org/10.1089/nat.2014.0506
http://www.ncbi.nlm.nih.gov/pubmed/25353652
http://dx.doi.org/10.1093/nar/gkl339
http://www.ncbi.nlm.nih.gov/pubmed/16717282
http://dx.doi.org/10.1002/cbdv.200900187
http://www.ncbi.nlm.nih.gov/pubmed/20232321
http://dx.doi.org/10.1089/nat.2017.0702
http://www.ncbi.nlm.nih.gov/pubmed/29195060
http://dx.doi.org/10.1093/nar/gkg439
http://www.ncbi.nlm.nih.gov/pubmed/12853628
http://dx.doi.org/10.1038/nbt.3078
http://dx.doi.org/10.32607/20758251-2014-6-4-116-118
http://dx.doi.org/10.1073/pnas.1813376116
http://dx.doi.org/10.1093/nar/gkaa126
http://dx.doi.org/10.1016/j.bmcl.2020.127064
http://dx.doi.org/10.1093/nar/gky060
http://www.ncbi.nlm.nih.gov/pubmed/29390093
http://dx.doi.org/10.1038/s41587-019-0106-2
http://www.ncbi.nlm.nih.gov/pubmed/31036929


Molecules 2020, 25, 3663 25 of 27

33. Iannitti, T.; Morales-Medina, J.; Palmieri, B. Phosphorothioate Oligonucleotides: Effectiveness and Toxicity.
Curr. Drug Targets 2014, 15, 663–673. [CrossRef] [PubMed]

34. Østergaard, M.E.; De Hoyos, C.L.; Wan, W.B.; Shen, W.; Low, A.; Berdeja, A.; Vasquez, G.; Murray, S.;
Migawa, M.T.; Liang, X.H.; et al. Understanding the effect of controlling phosphorothioate chirality
in the DNA gap on the potency and safety of gapmer antisense oligonucleotides. Nucleic Acids Res. 2020, 48,
1691–1700. [CrossRef] [PubMed]

35. Migawa, M.T.; Shen, W.; Brad Wan, W.; Vasquez, G.; Oestergaard, M.E.; Low, A.; De Hoyos, C.L.; Gupta, R.;
Murray, S.; Tanowitz, M.; et al. Site-specific replacement of phosphorothioate with alkyl phosphonate
linkages enhances the therapeutic profile of gapmer ASOs by modulating interactions with cellular proteins.
Nucleic Acids Res. 2019, 47, 5465–5479. [CrossRef] [PubMed]

36. Wada, S.; Yasuhara, H.; Wada, F.; Sawamura, M.; Waki, R.; Yamamoto, T.; Harada-Shiba, M.; Obika, S. Evaluation
of the effects of chemically different linkers on hepatic accumulations, cell tropism and gene silencing ability of
cholesterol-conjugated antisense oligonucleotides. J. Control. Release 2016, 226, 57–65. [CrossRef]

37. Hagiwara, K.; Kurihara, K.; Honma, M.; Yamamoto, J.; Shinohara, F. PEG-modification on the endo-position
of an antisense oligonucleotide increases tumor accumulation via the EPR effect. J. Biomater. Sci. Polym. Ed.
2018, 29, 448–459. [CrossRef]

38. Shokrzadeh, N.; Winkler, A.M.; Dirin, M.; Winkler, J. Oligonucleotides conjugated with short chemically defined
polyethylene glycol chains are efficient antisense agents. Bioorg. Med. Chem. Lett. 2014, 24, 5758–5761. [CrossRef]

39. Tepel, J.; March, C.; Ketterer, T.; Kapischke, M.; Arlt, A.; Kremer, B.; Kalthoff, H.; Kruse, M.L.
A modified random oligonucleotide-based combination therapy for adjuvant treatment of pancreatic
ductal adenocarcinoma. Int. J. Oncol. 2006, 28, 1105–1112. [CrossRef]

40. Nishina, T.; Numata, J.; Nishina, K.; Yoshida-Tanaka, K.; Nitta, K.; Piao, W.; Iwata, R.; Ito, S.; Kuwahara, H.;
Wada, T.; et al. Chimeric antisense oligonucleotide conjugated to α-Tocopherol. Mol. Ther. Nucleic Acids
2015, 4, e220. [CrossRef]

41. Le, T.D.; Nakagawa, O.; Fisher, M.; Juliano, R.L.; Yoo, H. RGD conjugated dendritic polylysine for cellular
delivery of antisense oligonucleotide. J. Nanosci. Nanotechnol. 2017, 17, 2353–2357. [CrossRef] [PubMed]

42. Wolfe, J.M.; Fadzen, C.M.; Holden, R.L.; Yao, M.; Hanson, G.J.; Pentelute, B.L. Perfluoroaryl Bicyclic
Cell-Penetrating Peptides for Delivery of Antisense Oligonucleotides. Angew. Chem. Int. Ed. 2018, 57,
4756–4759. [CrossRef] [PubMed]

43. Gusachenko, O.N.; Pishnyi, D.V.; Vlassov, V.V.; Zenkova, M.A. Modified concatemeric oligonucleotide
complexes: New system for efficient oligonucleotide transfer into mammalian cells. Hum. Gene Ther. 2008,
19, 532–546. [CrossRef]

44. Simonova, O.N.; Vladimirova, A.V.; Zenkova, M.A.; Vlassov, V.V. Enhanced cellular binding of concatemeric
oligonucleotide complexes. Biochim. Biophys. Acta Biomembr. 2006, 1758, 413–418. [CrossRef]

45. Misu, S.; Kurihara, R.; Kainuma, R.; Sato, R.; Nishihara, T.; Tanabe, K. Hybridizing Oligonucleotides
with Hydrophobic Peptide Nucleic Acids Assists Their Cellular Uptake through Aggregate Formation.
ChemBioChem 2020, 21, 1140–1143. [CrossRef] [PubMed]

46. McClorey, G.; Banerjee, S. Cell-penetrating peptides to enhance delivery of oligonucleotide-based therapeutics.
Biomedicines 2018, 6, 51. [CrossRef]

47. Raouane, M.; Desmaële, D.; Urbinati, G.; Massaad-Massade, L.; Couvreur, P. Lipid conjugated
oligonucleotides: A useful strategy for delivery. Bioconjug. Chem. 2012, 23, 1091–1104. [CrossRef]

48. Kupryushkin, M.S.; Nekrasov, M.D.; Stetsenko, D.A.; Pyshnyi, D.V. Efficient functionalization of
oligonucleotides by new achiral nonnucleosidic monomers. Org. Lett. 2014, 16, 2842–2845. [CrossRef]

49. Nielsen, J.; Caruthers, M.H. Directed arbuzov-type reactions of 2-cyano-1,1-dimethylethyl deoxynucleoside
phosphites. J. Am. Chem. Soc. 1988, 110, 6275–6276. [CrossRef]

50. Thomas, P.; Smart, T.G. HEK293 cell line: A vehicle for the expression of recombinant proteins. J. Pharmacol.
Toxicol. Methods 2005, 51, 187–200. [CrossRef]

51. Foreman, H.C.C.; Lalwani, G.; Kalra, J.; Krug, L.T.; Sitharaman, B. Gene delivery to mammalian cells using
a graphene nanoribbon platform. J. Mater. Chem. B 2017, 5, 2347–2354. [CrossRef] [PubMed]

52. Medvedeva, D.A.; Maslov, M.A.; Serikov, R.N.; Morozova, N.G.; Serebrenikova, G.A.; Sheglov, D.V.;
Latyshev, A.V.; Vlassov, V.V.; Zenkova, M.A. Novel cholesterol-based cationic lipids for gene delivery.
J. Med. Chem. 2009, 52, 6558–6568.

http://dx.doi.org/10.2174/1389450115666140321100304
http://www.ncbi.nlm.nih.gov/pubmed/24655142
http://dx.doi.org/10.1093/nar/gkaa031
http://www.ncbi.nlm.nih.gov/pubmed/31980820
http://dx.doi.org/10.1093/nar/gkz247
http://www.ncbi.nlm.nih.gov/pubmed/31034558
http://dx.doi.org/10.1016/j.jconrel.2016.02.007
http://dx.doi.org/10.1080/09205063.2017.1422853
http://dx.doi.org/10.1016/j.bmcl.2014.10.045
http://dx.doi.org/10.3892/ijo.28.5.1105
http://dx.doi.org/10.1038/mtna.2014.72
http://dx.doi.org/10.1166/jnn.2017.13335
http://www.ncbi.nlm.nih.gov/pubmed/29641161
http://dx.doi.org/10.1002/anie.201801167
http://www.ncbi.nlm.nih.gov/pubmed/29479836
http://dx.doi.org/10.1089/hum.2007.049
http://dx.doi.org/10.1016/j.bbamem.2006.03.031
http://dx.doi.org/10.1002/cbic.201900607
http://www.ncbi.nlm.nih.gov/pubmed/31702103
http://dx.doi.org/10.3390/biomedicines6020051
http://dx.doi.org/10.1021/bc200422w
http://dx.doi.org/10.1021/ol500668n
http://dx.doi.org/10.1021/ja00226a069
http://dx.doi.org/10.1016/j.vascn.2004.08.014
http://dx.doi.org/10.1039/C6TB03010F
http://www.ncbi.nlm.nih.gov/pubmed/32263626


Molecules 2020, 25, 3663 26 of 27

53. Ju, J.; Huan, M.L.; Wan, N.; Qiu, H.; Zhou, S.Y.; Zhang, B. Le Novel cholesterol-based cationic lipids as transfecting
agents of DNA for efficient gene delivery. Int. J. Mol. Sci. 2015, 16, 5666–5681. [CrossRef] [PubMed]

54. Svoboda, O.; Fohlerova, Z.; Baiazitova, L.; Mlynek, P.; Samouylov, K.; Provaznik, I.; Hubalek, J. Transfection
by polyethyleneimine-coated magnetic nanoparticles: Fine-tuning the condition for electrophysiological
experiments. J. Biomed. Nanotechnol. 2018, 14, 1505–1514. [CrossRef] [PubMed]

55. Shahbazi, S.; Haghighipour, N.; Soleymani, S.; Nadji, S.A.; Bolhassani, A. Delivery of molecular cargoes
in normal and cancer cell lines using non-viral delivery systems. Biotechnol. Lett. 2018, 40, 923–931. [CrossRef]

56. Kostenko, E.V.; Laktionov, P.P.; Vlassov, V.V.; Zenkova, M.A. Downregulation of PGY1/MDR1 mRNA level
in human KB cells by antisense oligonucleotide conjugates. RNA accessibility in vitro and intracellular
antisense activity. Biochim. Biophys. Acta 2002, 1576, 143–147. [CrossRef]

57. Logashenko, E.B.; Vladimirova, A.V.; Repkova, M.N.; Venyaminova, A.G.; Chernolovskaya, E.L.; Vlassov, V.V.
Silencing of MDR 1 gene in cancer cells by siRNA. Nucleosides Nucleotides Nucleic Acids 2004, 23, 861–866.
[CrossRef] [PubMed]

58. Petrova, N.S.; Chernikov, I.V.; Meschaninova, M.I.; Dovydenko, I.S.; Venyaminova, A.G.; Zenkova, M.A.;
Vlassov, V.V.; Chernolovskaya, E.L. Carrier-free cellular uptake and the gene-silencing activity of the lipophilic
siRNAs is strongly affected by the length of the linker between siRNA and lipophilic group. Nucleic Acids Res.
2012, 40, 2330–2344. [CrossRef]

59. Chernikov, I.V.; Gladkikh, D.V.; Meschaninova, M.I.; Ven’yaminova, A.G.; Zenkova, M.A.; Vlassov, V.V.;
Chernolovskaya, E.L. Cholesterol-Containing Nuclease-Resistant siRNA Accumulates in Tumors
in a Carrier-free Mode and Silences MDR1 Gene. Mol. Ther. Nucleic Acids 2017, 6, 209–220. [CrossRef]

60. Chernikov, I.V.; Gladkikh, D.V.; Karelina, U.A.; Meschaninova, M.I.; Ven’yaminova, A.G.; Vlassov, V.V.;
Chernolovskaya, E.L. Trimeric small interfering RNAs and their cholesterol-containing conjugates exhibit improved
accumulation in tumors, but dramatically reduced silencing activity. Molecules 2020, 25, 1877. [CrossRef]

61. Cardarelli, F.; Digiacomo, L.; Marchini, C.; Amici, A.; Salomone, F.; Fiume, G.; Rossetta, A.; Gratton, E.;
Pozzi, D.; Caracciolo, G. The intracellular trafficking mechanism of Lipofectamine-based transfection reagents
and its implication for gene delivery. Sci. Rep. 2016, 6, 25879. [CrossRef]

62. Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013, 200,
373–383. [CrossRef] [PubMed]

63. Doughty, M.J. PH dependent spectral properties of sodium fluorescein ophthalmic solutions revisited.
Ophthalmic Physiol. Opt. 2010, 30, 167–174. [CrossRef]

64. Crooke, S.T.; Wang, S.; Vickers, T.A.; Shen, W.; Liang, X.H. Cellular uptake and trafficking of antisense
oligonucleotides. Nat. Biotechnol. 2017, 35, 230–237. [CrossRef] [PubMed]

65. Wang, S.; Sun, H.; Tanowitz, M.; Liang, X.H.; Crooke, S.T. Annexin A2 facilitates endocytic trafficking of
antisense oligonucleotides. Nucleic Acids Res. 2016, 44, 7314–7330. [CrossRef] [PubMed]

66. Gilleron, J.; Paramasivam, P.; Zeigerer, A.; Querbes, W.; Marsico, G.; Andree, C.; Seifert, S.; Amaya, P.;
Stöter, M.; Koteliansky, V.; et al. Identification of siRNA delivery enhancers by a chemical library screen.
Nucleic Acids Res. 2015, 43, 7984–8001. [CrossRef] [PubMed]

67. Ly, S.; Navaroli, D.M.; Didiot, M.C.; Cardia, J.; Pandarinathan, L.; Alterman, J.F.; Fogarty, K.; Standley, C.;
Lifshitz, L.M.; Bellve, K.D.; et al. Visualization of self-delivering hydrophobically modified siRNA cellular
internalization. Nucleic Acids Res. 2017, 45, 15–25. [CrossRef]

68. Shukla, R.S.; Jain, A.; Zhao, Z.; Cheng, K. Intracellular trafficking and exocytosis of a multi-component
siRNA nanocomplex. Nanomed. Nanotechnol. Biol. Med. 2016, 12, 1323–1334. [CrossRef]

69. Zenkov, A.N.; Scvortsova, N.V.; Chernolovskaya, E.L.; Pospelova, T.I.; Vlassov, V.V. Expression of the MDR1
and MRP genes in patients with lymphoma with primary bone marrow involvement. Nucleosides Nucleotides
Nucleic Acids 2004, 23, 843–847. [CrossRef]

70. Yang, H.; Ding, R.; Tong, Z.; Huang, J.; Shen, L.; Sun, Y.; Liao, J.; Yang, Z.; Hoffman, R.M.; Wang, C.; et al.
SiRNA targeting of MDR1 reverses multidrug resistance in a nude mouse model of doxorubicin-resistant
human hepatocellular carcinoma. Anticancer Res. 2016, 36, 2675–2682.

71. Essex, S.; Navarro, G.; Sabhachandani, P.; Chordia, A.; Trivedi, M.; Movassaghian, S.; Torchilin, V.P.
Phospholipid-modified PEI-based nanocarriers for in vivo siRNA therapeutics against multidrug-resistant
tumors. Gene Ther. 2015, 22, 257–266. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/ijms16035666
http://www.ncbi.nlm.nih.gov/pubmed/25768346
http://dx.doi.org/10.1166/jbn.2018.2602
http://www.ncbi.nlm.nih.gov/pubmed/29903065
http://dx.doi.org/10.1007/s10529-018-2551-2
http://dx.doi.org/10.1016/S0167-4781(02)00339-1
http://dx.doi.org/10.1081/NCN-200026032
http://www.ncbi.nlm.nih.gov/pubmed/15560073
http://dx.doi.org/10.1093/nar/gkr1002
http://dx.doi.org/10.1016/j.omtn.2016.12.011
http://dx.doi.org/10.3390/molecules25081877
http://dx.doi.org/10.1038/srep25879
http://dx.doi.org/10.1083/jcb.201211138
http://www.ncbi.nlm.nih.gov/pubmed/23420871
http://dx.doi.org/10.1111/j.1475-1313.2009.00703.x
http://dx.doi.org/10.1038/nbt.3779
http://www.ncbi.nlm.nih.gov/pubmed/28244996
http://dx.doi.org/10.1093/nar/gkw595
http://www.ncbi.nlm.nih.gov/pubmed/27378781
http://dx.doi.org/10.1093/nar/gkv762
http://www.ncbi.nlm.nih.gov/pubmed/26220182
http://dx.doi.org/10.1093/nar/gkw1005
http://dx.doi.org/10.1016/j.nano.2016.02.003
http://dx.doi.org/10.1081/NCN-200026029
http://dx.doi.org/10.1038/gt.2014.97
http://www.ncbi.nlm.nih.gov/pubmed/25354685


Molecules 2020, 25, 3663 27 of 27

72. Yhee, J.Y.; Song, S.; Lee, S.J.; Park, S.G.; Kim, K.S.; Kim, M.G.; Son, S.; Koo, H.; Kwon, I.C.; Jeong, J.H.; et al.
Cancer-targeted MDR-1 siRNA delivery using self-cross-linked glycol chitosan nanoparticles to overcome
drug resistance. J. Control. Release 2015, 198, 1–9. [CrossRef] [PubMed]

73. Zhang, J.; Du, Z.; Pan, S.; Shi, M.; Li, J.; Yang, C.; Hu, H.; Qiao, M.; Chen, D.; Zhao, X. Overcoming Multidrug
Resistance by Codelivery of MDR1-Targeting siRNA and Doxorubicin Using EphA10-Mediated pH-Sensitive
Lipoplexes: In Vitro and in Vivo Evaluation. ACS Appl. Mater. Interfaces 2018, 10, 21590–21600. [CrossRef] [PubMed]

74. Gao, Y.; Jia, L.; Wang, Q.; Hu, H.; Zhao, X.; Chen, D.; Qiao, M. PH/Redox Dual-Responsive Polyplex with
Effective Endosomal Escape for Codelivery of siRNA and Doxorubicin against Drug-Resistant Cancer Cells.
ACS Appl. Mater. Interfaces 2019, 11, 16296–16310. [CrossRef] [PubMed]

75. Stetsenko, D.A.; Kupryushkin, M.S.; Pyshnyi, D.V. Modified Oligonucleotides and Methods for Their
Synthesis. International Patent No. WO2016028187A1, 22 June 2014.

76. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods
2012, 9, 671–675. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jconrel.2014.11.019
http://www.ncbi.nlm.nih.gov/pubmed/25481438
http://dx.doi.org/10.1021/acsami.8b01806
http://www.ncbi.nlm.nih.gov/pubmed/29798663
http://dx.doi.org/10.1021/acsami.9b02016
http://www.ncbi.nlm.nih.gov/pubmed/30997984
http://dx.doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Design and Synthesis of Transport Oligonucleotides 
	Cell Viability Assay 
	Intracellular Accumulation of tON in A549 and HEK293 Cells 
	Accumulation of tON/dON Duplexes in A549 and HEK293 Cells 
	Intracellular Localization of tON/dON Duplexes 
	Kinetics of tON/dON Duplex Accumulation in KB-8-5 Cells 
	Flow Cytometry 
	Confocal Fluorescent Microscopy 

	On the Mechanism of Release of TD3/dON Duplexes from Cells 
	Biological Activity of TD3/asON Duplexes 
	Silencing of P-Glycoprotein Expression in KB-8-5 Cells by Duplexes TD3/ON-MDR1 
	Reversion of Multiple Drug Resistance Phenotype of KB-8-5 Cells by Antisense Oligonucleotides Delivered with TD3 


	Discussion 
	Materials and Methods 
	Oligonucleotide Preparation 
	Oligonucleotide Purification and Identification 
	Duplex Thermal Denaturation Experiments 
	Cell Lines 
	Duplex Formation 
	Cell Viability Assay 
	Effects of tON/asON Duplexes on Apoptosis Induction, Cell Cycle and Mitochondrial Potential 
	Analysis of Cellular Accumulation of tON or Duplexes of tON/dON 
	Flow Cytometry 
	Confocal Microscopy 
	Transmission Electron Microscopy of Extracellular Vesicles Containing Duplexes 
	Western Blotting 
	Evaluation of Sensitivity of KB-8-5 Cells to Vinblastine 
	Statistical Analysis 

	References

