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Oligonucleotide delivery: a cellular prospective
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The use of oligonucleotides (ONs) for gene therapy of certain diseases has been discussed since the late 1970s. ONs are
single stranded chains of nucleic acids that can hybridize with target nucleic acid sequences to inhibit specific proteins,
and therefore allow selective treatment of various diseases. The use of ONs is limited due to their instability in biological
tissues and difficulty in delivery to the intracellular compartments of the cell. Chemical analog approaches have been
used to address the instability issue and delivery systems have been developed to increase cellular uptake of ONs. It is
generally thought that ONs with or without a delivery system are transported into cells by endocytosis, and then accumu-
late within endosomes where they are significantly inactivated. The rate and extent of movement of ON from endosomes
appears to be important in determining ON effects. Consequently, developing accessory compounds or delivery methods
that enhance endosome to cytoplasm transfer may be vital to ON therapy. This review focuses on investigating mechan-
isms of various delivery approaches at the cellular/intracellular level that have demonstrated utility in increasing ON
activity or cellular accumulation. The future prospects of ON delivery are also addressed.

1. Introduction

The ability of short synthetic single-stranded nucleic acids
to interfere with individual gene expression in a sequence-
specific manner is the foundation for ON-based therapy.
The first clear exploration of ONs was reported by Zamec-
nik and Stephenson [1]. However, due to a number of im-
pediments (e.g., understanding the sequence and topology
of the nucleic acid target, synthesis of adequate quantities
of ONs, and modification of ONs to produce stable ana-
logs), research in using ONs for biological studies was
limited until the late 1980s. Following advances in ON
chemistry and initial biological studies [2±4], interest in
ON therapeutics began to increase.
ONs are short (12 to 40 mer) nucleotide polymers of a
synthetic single-stranded nucleic acid and are designed to
bind to a specific gene [5, 6], mRNA [7], or protein
[8, 9]. The binding follows Langmuir isothermal binding
similar to most drugs but with a greater affinity [10].
After interacting with their target in cells, ONs can pre-
vent the production of a specific protein (Fig. 1). Detailed
mechanisms of action are explained in excellent review
articles [11±15]. In brief, a triplex forming ON (antigene
ON) is capable of binding in the major groove of double-
stranded DNA via Hoogsteen base interactions, thereby
creating a triple helical structure resulting in sequence-spe-
cific inhibition of transcription. On the contrary, an anti-
sense ON is complementary to a specific sequence of
mRNA that can hybridize through Watson-Crick hydrogen
bonds [16]. It can inhibit translation by several proposed
mechanisms including activation of RNase H, inhibition
of RNA processing, and blockade of ribosomal reading.
RNase H is an endogenous cellular enzyme recognizing a
hybrid duplex between DNA and RNA [17]. RNase H
cleaves RNA and releases the DNA-ON. The freed DNA-
ON is then able to hybridize to another RNA strand and
repeat the RNase H dependent degradation, thus forming
the basis for a catalytic effect.
ON therapy is most often directed at inhibiting production
of disease causing proteins, and has the potential to be
much more specific than conventional drug therapy [10],
as it interacts specifically with target sequences.

2. Barriers to ON transfer and activity

2.1. In vitro/in vivo stability

Of all the possible obstacles, rapid degradation of unmo-
dified DNA and RNA phosphorodiester ONs in the biolo-
gical milieu is the first problem encountered [18, 19].
Enzymes (non-specific endo- and exo-nucleases) limit
phosphorodiester ONs' physiological half-life to a few
minutes [18]. This short biological half-life makes the
therapeutic use of phosphorodiester ONs unlikely. Biolo-
gically stable ONs can be synthesized by chemically al-
tering the phosphorodiester backbone or the nucleoside
itself. To maximize the effect, the modified ONs should
be stable in both serum and inside the cell, be able to
reach their site of action, and form stable hydrogen
bonds with target sequences (See Uhlman et al. for de-
tails [20]).
Based upon the above criteria, a number of structural ana-
logues such as phosphorothioate [21, 22] and methylphos-
phonate [23, 24] ONs with nuclease resistance have been
developed. Of these modified ONs, phosphorothioate ONs
are possibly the most potent because they are highly resis-
tant to nucleases, retain a net charge, are soluble in water,
and can act as substrates for RNase H. Nonetheless, phos-
phorothioate ONs may also cause a variety of nonse-
quence dependent effects on cellular function, such as ef-
fects on fibroblast growth factor [25], Sp1 nuclear
transcription factor [26], and NF-jB nuclear transcrip-
tional regulatory factor [27].

2.2. Cellular transport

Another major encumbrance to the therapeutic use of ONs
is the inefficient delivery of ONs to the cytoplasm or nu-
cleus. There are two transport aspects, cellular uptake and
entry into the cytoplasm/nucleus that need to be distin-
guished.
Cellular uptake refers to both ON membrane binding and
a general internalization within the cell. Entry into the cy-
toplasm/nucleus concerns the amount of ONs that reach a
pharmacologically active compartment. Internalization of
ONs by cultured cells is inefficient [18, 28] and only a
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small fraction of ONs can actually gain entry into cells. It
is commonly assumed that most ONs are brought into
cells through (receptor mediated, adsorptive, or fluid
phase) endocytosis [29, 30].
After entry into cells, ONs must penetrate the endosomal
membrane to exert their effects. Not all of the internalized
ONs are necessarily available to interact with intended
subcellular targets. Indeed, most of them are eliminated by
lysosomes (Fig. 2). Unlike gene delivery, following cellu-
lar entry and escape from endosomal compartments, ONs
are able to migrate to the nucleus without much difficulty
[31±33] and nuclear pore size is not a barrier for ON
delivery. An issue that needs to be addressed is that, like
other drugs, ONs may bind to intracellular proteins that
can cause side effects and limit free fraction; only free un-

bound ONs can interact with targets at the sites of action
and demonstrate a biological effect [34].
By optimtizing ON transfer at each stage of the delivery
process, the dose of ONs (with or without their carrier) to
achieve the same biological effect can be minimized. In-
creasing the concentration of ON cellular uptake and/or
escape of ONs from the endosomes may be of consider-
able value in improving the inhibition of certain protein
expression. Hence, the cytotoxicity associated with a large
amount of ONs and delivery systems can be minimized.

3. Toxic effects of ONs

High concentrations of phosphorothioate ONs have been
reported to be harmful in animal studies and the toxicity
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Fig. 1: Depiction of protein synthesis and possible sites of action for ONs. There are three potential sites where ONs can have actions. Firstly, ONs
(antigenes) can be used to inhibit the transcription process from double stranded DNA to single stranded mRNA through Hoogsteen base pairing
interactions. Secondly, complimentary ONs (antisense ONs) can be designed to bind with mRNA to restrain the translation process through Watson-
Crick hydrogen bond interactions. Finally, ONs (aptamers) can interact with a synthesized protein to interfere with its activity via hydrogen bond-
ings

Fig. 2: Possible ON fates at the cellular level. It is suggested that most macromolecules like ONs are taken into cells through endocytosis. In order to reach
their sites of action, ONs will face at least two rate-limited steps: cellular uptake (ku) and release from endosome (kr). If ONs can overcome both
steps, they can act at their potential binding sites, 1, 2, and 3, as explained in Figure 1. If ONs are able to penetrate through the cellular membrane
but not the endosomal one, they will be directed into the endocytosis process. Endocytosis is composed of continuous stages, characterized by
various subcellular compartments (i.e., endosome and lysosome). Endosomes carry out several important processes associated with endocytosis,
including fusion and sorting of internalized molecules, acidification, and maturation. The early sorting endosome is the organelle that clathrin-coated
and pit-derived vesicles fuse with right after pinching off from the cell surface and the late endosome contains lysosomally destined molecules.
Acidification caused by the presence of an ATP-dependent proton pump is one of the most significant properties during endocytosis, and has several
important consequences. For example, many ligands that use the receptor-mediated endocytosis pathway dissociate from their receptors at acidic pH,
some toxins undergo conformational changes at low pH, and hydrolytic enzymes generally have an acidic pH optima to develop their full activity.
After endosomes mature into lysosomes, internalized materials (e.g., ONs) are completely broken down by lysosomal hydrolases



of ONs appears to be species dependent. Administration
of ONs in mice and rats have resulted in significant toxi-
city including acute renal failure, liver and spleen damage,
immune stimulation (e.g., spleen B-cell proliferation and
immunoglobulin secretion), severe thrombocytopenia, and
death [35, 36]. Intravenous (i.v.) bolus administration of
ONs in monkeys produced a transient decrease in periph-
eral total white blood cell and neutrophil counts, pro-
longed activated partial-thromboplastin time, and resulted
in hypotension and death [37]. Accumulation of ONs and
their metabolites may be responsible for these toxicities
due to the relatively long retention time in the reticulo-
endothelial system [38].

4. Strategies available to deliver ONs

A number of strategies have been pursued to facilitate en-
try of ONs into the cytoplasm. The strategies are used
either alone or in combination with others to optimize
their effect. Each system has its own advantages and
drawbacks. According to the two mentioned ON transport
aspects, these strategies can generally be classified into
two groups (Table 1).
The first group includes delivery systems that increase the
amount of ON association with target cells by either pro-
tecting them from degradation or by increasing their cellu-
lar interactions. These systems increase the probability of
ONs escaping endocytotic degradation and reaching the
cytoplasm. They include conjugation of molecules to ONs
(i.e., conjugating agents), complexation of ONs with catio-
nic molecules (i.e., complexing agents), encapsulation of
ONs into vesicles (i.e., encapsulating agents), and labeling
targets to either ONs or their delivery carriers (i.e., target-
ing agents).

To further optimize ON delivery, endosome destabilizing
(escaping) systems have been developed. This group ap-
plies devices (i.e., ON cytoplasmic transfer techniques) or
offers delivery systems (i.e., membrane destabilizing
agents) to improve ON efflux to the cytoplasm.

4.1. Conjugating agents

Emphasis on the ability of ONs to penetrate biological
membranes is one of the major elements in making ON
therapy possible. One strategy is to conjugate hydrophobic
anchor groups at either end of the ON through chemical
reactions to extend their hydrophobicity and/or exo-nucle-
ase resistance, thereby increasing the interaction with tar-
get cells (Table 2).
Cholesterol is a typical conjugating agent that has been
used as a hydrophobic anchor group at either the 30- or 50-
terminus of ONs [39±42]. Alkyl side chains are also com-
monly used as conjugating agents. Examples include hex-
adecyl moieties affixed to the 50-end [43], dodecyl moi-
eties to the 30-end [44], hexanol to the 30-end [45],
aminohexyl to the 30-end [45], and undecyl derivative to
the 50-end of ONs [46]. Poly(l-lysine) is another type of
conjugating agent; by attaching ONs to poly(l-lysine) at
the 30-end [47±51], cellular uptake is increased possibly
due to a better interaction with the negatively charged cel-
lular membrane. In addition, the improved biological ef-
fect of poly(l-lysine) conjugates is perhaps due to better
protective properties against nucleases.
As mentioned above, a major advantage of using conju-
gating agents is to increase the initial membrane interac-
tion that leads to greater cellular accumulation of ONs.
However, there are a number of disadvantages that could
hinder the use of conjugating agents, for example, the che-
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Table 1: Proposed routes to improve ON cellular transport

Aspect to enhance ON delivery Strategy (delivery agent) Selected Agent (reference)

Cellular uptake Conjugation of compounds to ONs
(conjugating agent)

Cholesterol [39±42]; Alkyl side chain [43±46];
Poly(l-lysine) [47±51]

Complexation of ONs with cationic molecules
(complexing agent)

Cationic polymers [53±62]; Cationic liposomes
[59, 63±79]; Nanoparticles [80±82]

Encapsulation of ONs into vesicles
(encapsulating agent)

Liposomes [18, 91±96]; Cyclodextrins [97, 98]

Labeling targets to either ONs or their delivery
carriers (targeting agent

Intercalating agents [7, 99±112]; Receptor ligands
[113±117]; Essential nutrients [53, 54, 74, 118±126]

Entry into the cytoplasm
and/or nucleus

Use of a device to carry ONs to cytoplasm/nucleus
(ON cytoplasmic transfer technique)

Electroporation [127±130]; Microinjection
[131±135]

Disruption of endosomal membrane
(membrane destabilizing agent)

Viral peptides [59, 136, 137, 142±147];
Fusogenic and pH-sensitive lipids [123, 152±157];
BPS [59, 72, 163]

Table 2: Advantages of different systems to increase the cellular uptake of ONs

Delivery system Major advantages Major disadvantages

Conjugating agent Increases initial ON membrane interaction Time consuming and expensive chemical synthesis of
the connector

Complexing agent Increases initial ON membrane interaction
Ease of production
High capacity to retain ONs
Prevent ONs from enzymatic degradation

High toxicity
Immunological problems

Encapsulating agent Increases initial ON membrane interaction
Ease of production

Limited capacity to retain ONs

Targeting agent Increases initial ON membrane interaction
Enhances ON cellular uptake specifically

Time consuming and expensive linking process
Receptor subtype dependency



mical synthesis of the connector. This process is time con-
suming and expensive. The addition of conjugating agents
(e.g., poly(l-lysine)) could also account for additional
nonspecific cytotoxic effects [52].

4.2. Complexing agents

Unlike conjugating agents, the basic principle behind the
use of complexing agents is to bind ONs to a carrier in a
strong but non-covalent manner, based upon an electro-
static attraction. This system carries more ONs into cells
through endocytosis and hence increases their probability
of reaching the cytoplasm (Table 2).
Cationic polymers such as poly(l-lysine) [53±55], poly-
ethylenimine [56], polyamidoamine PAMAM starburst
dendrimers [57±61], and avidin [62] have been used as
complexing agents to enhance ON delivery. Cationic lipo-
somes have also been investigated; cationic liposomes in-
cluding N-[1-(2,3-dioleoloxy)-propyl]-N,N,N-trimethylam-
monium chloride (DOTMA) [59, 62±66], N-[1-(2,3-
dioleoloxy)propyl]-N,N,N-trimethylammonium methylsul-
fate (DOTAP) [66±72], 3b-[N-(N 0,N 0-dimethylamino-
ethane)carbamoyl]cholesterol (DC-Chol) [73], sper-
mi(di)ne-cholesterol [74], 2,3-dioleyloxy-N-[2(spermine-
carboxamido)ethyl]-N,N-dimethyl-1-propanaminium tri-
fluoroacetate (DOSPA) [75, 76], 1,2-dimyristyloxypropyl-
3-dimethyl-hydroxyethyl ammonium bromide (DMRIE)
[64], and dimethyldioctadecylammonium bromide
(DDAB) [77±79] as a partial list, have been shown to
improve ON cellular delivery.
Adsorption of ONs on nanoparticles is achieved by form-
ing ion pairs between the negatively charged phosphate
groups of the nucleic acid chain and the hydrophobic ca-
tions. The cellular delivery of ONs was enhanced [80±82]
due to ON protection and better cellular uptake. The ap-
proach behind the ON-nanoparticle interaction by using a
third agent (hydrophobic cations such as tetraphenylphos-
phonium chloride or quaternary ammonium salts) is some-
what different from that of cationic polymers and lipo-
somes. Still, this type of agent is loosely grouped as a
complexing agent as it shares the same principles of elec-
trostatic interactions used in cationic polymers and lipo-
somes.
In contrast to conjugating agents, the biggest advantage of
the complexing agents is their ease of production. No che-
mical linkage between ONs and complexing agents is re-
quired. In addition, they provide high capacity to retain
ONs. Complexing agents may also prevent ONs from en-
zymatic degradation by forming a poor substrate [83].
However, a major concern in using complexing agents are
their possible toxic effects. As the concentrations are in-
creased [84±87], cationic polymers and cationic liposomes
eventually become toxic to cells than their neutral counter-
parts. Also, the intrinsic properties of the carriers like lipo-
somes or nanoparticles can lead to increased immunologi-
cal problems with the ON complex [63, 88].

4.3. Encapsulating agents

Encapsulating and complexing agents are possibly the
most popular systems used in ON delivery. Not only do
both methods protect ONs from degradation [65, 89], but
they also increase cellular uptake [90]. However, the prin-
ciples behind the two methods are different. Complexing
agents bind to ONs through an electrostatic attraction
while encapsulating agents entrap ONs within vesicles
(Table 2).

The most popular encapsulating approach currently being
investigated is the use of liposomes. Liposomes are vesi-
cles comprised of lipid bilayer(s) similar in structure to
biological membranes. Utilizing their versatility (e.g., size,
charge, and composition) and advantages (e.g., economi-
cal, ability to attach chemicals to their surface, and ease of
production), liposomes can be used as vehicles for increas-
ing ON delivery to the site of action. They can also be
used to control or sustain ON release [22]. Numerous ex-
amples utilizing liposomes illustrate the improved effect of
ONs [22, 91±96]. There are reports in the literature of
using cyclodextrin analogs [97, 98] as possible carriers for
delivering ONs.
Similar to complexing agents, the biggest advantage of
encapsulating agents is their ease of production. Unlike
complexing agents, encapsulating agents are believed to
be less cytotoxic. However, compared to complexing
agents, encapsulating agents have a limited capacity to
bring ONs into cells, thereby reducing their efficiency.

4.4. Targeting agents

Targeting agents may be categorized into two groups.
Members of the first group target the nucleic acid level
and are known as intercalating agents. These agents are
most often attached at the 30- or 50-end of ONs. The moi-
eties linked to ONs interact strongly and nonspecifically
with nucleic acids. After entering into cells and interact-
ing with target nucleic acids, the hybrids are stabilized by
the intercalation of agents in the RNA-DNA duplex.
Hence, they increase the affinity of ONs to their targets
(Table 2). Of all the intercalating agents, acridine is the
most widely used and investigated [7, 99±106]. Other in-
tercalators that have been studied include chlorambucil
[107], benzopyridoquinoxaline [108, 109], benzopyridoin-
dole [109, 110], benzophenanthridine [111], and phenazi-
nium [112].
The second group of targeting agents utilizes moieties that
can selectively and specifically transport ONs to a target
cell population. The moieties can either be conjugated to
ONs or attached to a carrier system (e.g., poly(l-lysine) or
liposomes) linked to ONs. For cells that express the char-
acteristics of specific receptor-mediated endocytosis, li-
gands are good candidates for initiating cellular uptake of
ONs. Glycoproteins bearing an appropriate sugar residue
specifically attach to sugar binding receptors [113]. By
labeling ONs at the 30-end to the neoglycoprotein (6-phos-
phomannosylated glycoprotein), an improved effect was
observed in peritoneal macrophages and murine macro-
phage cells (J774) [114]. Similarly, asialoorosomucoid in
NIH 3T3 [115] and human hepatoma (HepG2 2.2.15) cells
[116] or mannosylated glycoprotein in alveolar macro-
phages [117] conjugated to poly(l-lysine) has been em-
ployed to target and enhance cellular uptake of ONs.
Since malignant cells are corpulent with an increased need
for essential nutrients (e.g., folic acid and transferrin) than
benign cells, these nutrients can be used as potential can-
didates to target ONs and inhibit cancerous cell growth.
Further improvement of ON cellular uptake is seen in hu-
man promyelocytic leukaemia (HL-60) cells [118] and hu-
man melanoma (M-14) cells [54] when folic acid is linked
to poly(l-lysine). Similarly, enhanced ON uptake is ob-
served in adenocarcinoma A-549 cells [53] when epider-
mal growth factor is linked to poly(l-lysine), and in hu-
man promyelocytic leukaemia (HL-60) cells [119] when
transferrin is linked to poly(l-lysine). Liposomes coated
with maleylated bovine serum albumin, folic acid, or fer-
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ric protoporphyrin IX, show increased cellular uptake of
ONs in murine macrophages [120], KB cells [121], and
2.2.15 human hepatoma cells [74], respectively.
In order to increase ON uptake, liposomes could also be
attached to antibodies for targeting to desired sites. Sev-
eral monoclonal antibody-targeted liposomes, immunolipo-
somes, have been developed and used for mediatintg ONs
to specific receptors on targeted cells (e.g., mouse L929
cells [122], human myeloid leukaemic (HL60, K562, and
Meg-01) [123], CD2� T-lymphoblastic leukaemic (Jurkatt
and CEM) cells [123], H9 human T cells [124, 125], and
T-lymphoblastoid cells [126]).
The major advantage of targeting agents is to specifically
enhance ON cellular uptake. The targeting strategy can be
incorporated with other systems to further increase the cel-
lular biological activity of ONs. Similar to conjugating
agents, a drawback that may hamper the development of
targeting agents is the synthetic linking process. Further-
more, targeting particular routes of endocytosis depends
upon receptor subtype, and therefore limits the use of
some targeting agents.

4.5. ON cytoplasmic transfer techniques

Even if cellular uptake of ONs is increased by the use of
a delivery system, escape from endosome must still be
accomplished. One way to avoid this barrier is to transfer
them directly into cytoplasm or nucleus (Table 3). This
has been accomplished through electroporation [127±130]
and microinjection [131±135].
Electroporation involves delivering a high-voltage pulse of
a defined magnitude and length to the ON-cell system.
The membrane structures of the cells are loosened and
ONs can be introduced directly into the cell's cytoplasm.
On the other hand, microinjection is performed by inject-
ing ONs directly into the cytoplasm.
The above methods prevent lysosomal elimination without
falling into the trap of the endocytosis pathway. However,
since both methods are invasive, these techniques have
limited use from the clincial therapy standpoint. It is there-
fore necessary to develop more practical delivery systems
to improve ON therapy.

4.6. Membrane destabilizing agents

Membrane destabilizing agents function by disrupting en-
dosomal or cellular membranes (Table 3). Some agents are
directly conjugated to ONs, while others may be a part of
the liposome composition to which ONs are either com-
plexed or encapsulated.

4.6.1. Viral peptides

ONs incubated or coupled to viral peptides (derived from
the haemagglutinin envelop protein of the Influenza virus
[59, 136, 137]) provide a route for improving their cyto-
plasmic delivery. These peptides are able to form a trans-
membrane channel through a conformational change in-
duced by the acidification following endocytosis [138±141].
Viral peptides can then help transfer ONs into the cyto-
plasmic compartment. When liposomes are decorated with
viral peptides from the Sendai virus (hemagglutinating
virus of Japan (HVJ)), ON delivery can also be improved
[142±147]. Unlike the Influenza virus system, most HVJ-
liposomes appear to employ a cell-membrane fusion me-
chanism [148], thus averting ONs from the endocytotic
pathway and releasing them directly into the cytoplasm.
The advantage of fusogenic peptides is their ability to fol-
low the natural virus entry pathway. However, fusogenic
peptides are expensive to produce and could also pose im-
munogenicity problems on repeated administration.

4.6.2. Fusogenic and pH-sensitive lipids

Fusogenic and pH-sensitive lipids are used to form lipo-
somes (i.e., encapsulating agents) and promote the efflux
of ONs from the endosomal compartment [149±151]. Fu-
sogenic lipids include phosphatidylethanolamine (PE) deri-
vatives, and pH-sensitive lipids contain titratable car-
boxylic acids such as oleic acid [123, 152±155] and
cholesteryl hemisuccinate [156, 157]. A fusogenic lipid is
able to form a hexagonal II phase that influences mem-
brane fusion and ON release. However, liposomes must
maintain their integrity to encapsulate ONs before the
endosomal membrane disruption occurs inside cells. A
pH-sensitive lipid is therefore introduced into the liposo-
mal matrix. With a chemical structure complementary to
the hexagonal II phase (e.g., dioleoylphosphatidylethanol-
amine (DOPE)), the pH-sensitive lipid will assist in retain-
ing the bilayer vesicle structure of the liposomes at an
alkaline pH. When the pH decreases, as a result of the
acidification of the endosome, the titratable head group of
the pH-sensitive lipid is protonated causing liposome col-
lapse. The pH-sensitive lipids then destabilize the bilayer
structure and the fusogenic lipids promote membrane fu-
sion [138]. Eventually, ONs are released out of the endo-
somes. Also, cationic liposomes (i.e., complexing agents)
usually comprise a fusogenic lipid (e.g., DOPE) and a ca-
tionic lipid (e.g., DOSPA, DOTAP, DOTMA, DDAB, and
DC-Chol) to improve ON delivery, [74, 76±79, 81, 158].
However, the mechanism is still not fully understood.
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Table 3: Advantages and disadvantages of different systems to increase the transfer of ONs to cytoplasm and/or nucleus

Delivery system Major advantages Major disadvantages

Cytoplasmic transfer
technique

Prevent lysosomal elimination of ONs Limited use in clinical therapy

Membrane destabilizing
agent

Viral peptides:
Minimize lysosomal elimination of ONs
Follow the natural virus entry pathwy

Expensive generating process
Immunological problems

Fusogenic and pH-sensitive lipids:
Minimize lysosomal elimination of ONs
Ease of production

Low capacity to entrap ONs

BPS:
Disrupt the endosomal membrane to release ONs
High capacity to enclose ONs
Ease of production

Potentially Toxic



In addition to increasing cellular uptake of ONs, pH-sensi-
tive liposomes also increase ON entry into the cytoplasm.
However, since both pH-sensitive anionic lipids and nu-
cleic acids have negative charges, they may have a low
capacity to entrap ONs.

4.6.3. Biodegradable pH-sensitive surfactants (BPS)

The use of detergents to disrupt phospholipid bilayers
(e.g., endosomal membranes) is efficient [159] and pro-
vides a rationale approach to enhance ON release from en-
dosomes, but most detergents are indiscriminate of mem-
brane type and attack the first cellular membrane they
contact. In order to provide selectivity, a trigger is required
to activate detergents in specific subcellular locations. A
lysosomotropic amine (pKa 5±7) [160, 161] bearing a hy-
drophobic tail group is classified as a lysosomo-tropic de-
tergent [162] and forms the basis of BPS [59, 72].
When incorporated into liposomes at an alkaline environ-
ment, BPS are predominated by its hydrophobic tail and
reside within lipid bilayers due to limited surface-active
properties [72]. After the whole system is taken into cells,
BPS will be protonated as the pH decreases during endo-
cytosis [163], and activate the membrane destabilization
process using the surfactant-like characteristics from the
ionized BPS. The biodegradable connector in the BPS
would be digested into less toxic metabolites by the diges-
tive enzymes in the cytoplasm following the ON release to
their sites of action. The additional cytotoxic effects from
the delivery system would thus be minimized [72].
Like fusogenic and pH-sensitive liposomes, not only do
BPS containing liposomes increase the amount of ONs
taken into cells, but are also capable of increasing the ON
release from endosomes into the cytoplasm. Unlike pH-
sensitive lipids, BPS do not carry charges at an alkaline
pH environment and can have an increased capacity to
enclose nucleic acids. Nonetheless, if BPS were not com-
pletely degraded before endosomes mature into lysosomes
or are unprotonated until the lysosome stage, the ionized
BPS would end up disrupting the lysosomes and cause
digestive enzyme release that can potentially kill all cells.
Even though there is no significant toxicity observed in
the current study, further investigations are necessary to
address this issue.

5. Summary

An ideal ON should be stable in serum before exerting its
therapeutic effect. In vitro/in vivo stability of ONs must
therefore be considered. Chemical modification of ONs
can be employed to increase their stability. However, mod-
ified ONs should still be able to form a stable complex
with their target sequence. After stabilizing ONs in serum,
the second barrier, cellular uptake, must be overcome
(Table 1 and 2). Indeed, only a small portion of free un-
modified ONs are able to enter cells. To increase cellular
uptake, ONs and/or their delivery system can be modified
in a number of ways. Most ONs with or without a deliv-
ery system are taken into cells through endocytosis and
eliminated at the lysosomal stage. Hence, the endosomal
membrane represents the third potential rate-limiting step.
To increase ON transfer to the cytoplasm, ONs can be
further modified to bypass endocytosis and/or the delivery
system can be designed to deal with membrane destabili-
zation (Table 1 and 3).
By optimizing ON transfer at each step during the deliv-
ery process, the amount of ONs that reach the cytoplasm

can be maximized. Consequently, toxic effects associated
with a large amount of ONs and/or the delivery system
would be decreased.
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