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Abstract
To deliver nucleic acids including plasmid DNA (pDNA) and short interfering RNA (siRNA),
polymeric gene carriers equipped with various functionalities have been extensively investigated.
The functionalities of these polymeric vectors have been designed to overcome various
extracellular and intracellular hurdles that nucleic acids and their carriers encounter during their
journey from injection site to intracellular target site. This review briefly introduces known
extracellular and intracellular issues of nucleic acid delivery and their solution strategies. We
examine significant yet overlooked factors affecting nucleic acid delivery (e.g.,
microenvironmental pH, polymer/siRNA complexation, and pharmaceutical formulation) and
highlight our reported approaches to solve these problems.
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1. Introduction
Protein expression encoded by plasmid DNA (pDNA) and target mRNA silencing by short
interfering RNA (siRNA), parts of gene therapy, are considered attractive methods to
control some gene- and protein-related disorders. [1–4] However, when naked nucleic acids
are exposed to blood and the extracellular milieu, genes are subject to degradation by serum
nucleases. [5, 6] When nucleic acids that survive degradation by digestive enzymes reach
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their target cells, the intrinsic phosphate-origin negative charge character seriously limits
their penetration through the plasma membrane. [7, 8] These problems have been addressed
by complexation of nucleic acids with cationic lipids and/or polymers, allowing the resulting
complexes to protect the nucleic acids from nucleases and improve cellular internalization.
[8–11]

Although Spitnik et al. complexed DNA with polylysine and polyvinylamine as an initial
attempt in the 1950s [12], the full potential of cationic polymeric electrolytes for nucleic
acid delivery had not been realized until the late 1980s. The earliest investigation of
functional polymers (i.e., poly(L-lysine)-grafted asialoorosomucoid and
poly(ethyleneimine)) for use in receptor-mediated endocytosis by Wu et al. was reported in
the late 1980s [13], and endosomal disruption by Boussif et al. was reported in the
mid-1990s [14], respectively. After serious concerns of safety (e.g., cytotoxicity,
immunogenicity, and tumorigenicity) and manufacturing (e.g., difficulty of mass
production) of viral vectors emerged [2, 4, 9, 15, 16], polymer-based nonviral vectors for
gene delivery were extensively researched in the last two decades. Their flexibility in
chemistry, size, and structure and acceptable biocompatibility (e.g., less cytotoxicity, less
immunogenicity, and no tumorigenicity) have allowed for the extensive design of various
functional polymeric materials (Fig. 1). [9, 10, 17, 18]

Polymeric gene carriers require a range of functionalities to perform the dual roles of
condensing nucleic acids into stable and compact nanoparticles in the extracellular
environment and delivering these nanoparticles to the intracellular site of action (the nucleus
for pDNA and the cytoplasm for siRNA). On its journey from injection site to intracellular
target site of action, a polyplex nanoparticle encounters a series of physicochemical and
biological barriers. Most research articles describing pDNA/siRNA delivery report new
polycations with different cationic species [10, 17–19], degradability (or reducibility) [20–
23], surface modifications (for stealth function [24, 25], target cell interaction [17], and
endosomolytic activity [26, 27]), comparative cytotoxicity, in vitro transfection efficiency,
and intracellular trafficking [28–30]. Currently known strategies to overcome extracellular
and intracellular hurdles during polymeric transfection are summarized in Table 1.

In vivo disease models, macroscopic biodistribution, and in vivo biological effects have only
been occasionally reported. Whereas the microscopic distribution of polyplexes in a target
tissue is rarely observed in the literature, it is critical for evaluating its clinical potential.
Additional biological factors to be taken into account may include the extracellular
microenvironment of the target tissue, the nature of target cells (such as surface marker
heterogeneity [31] and mitotic activity [32–34]), and intracellular dynamics. Despite the
richness of nonviral vector designs and delivery strategies, the clinical potential of
polymeric gene delivery remains to be determined because of gaps in our understanding of
in vitro systems and the entire delivery pathway in vivo.

Furthermore, to make gene delivery systems more feasible as therapeutic pharmaceuticals, a
range of formulation factors should be addressed, including the inertness of a selected
polycation at various biological levels and the stability of the vector in a given dosage form
with a defined shelf life.

This review summarizes our recent efforts to address the following issues in polymeric gene
delivery: environmental pH effects [29, 30, 35], tuned endosomolytic activity [27], an
siRNA/pDNA co-delivery approach [36], and cryopreservation and reconstitution [37].
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2. Significant yet overlooked factors in gene delivery
2.1. Environmental pH

Polyplexes form via electrostatic attraction. Polymers, nucleic acids, and the resulting
polyplex are exposed to various pHs during different steps from polyplex preparation to
transfection. When preparing a polyplex with a basic polyelectrolyte and nucleic acids, the
pH of medium used for complexation determines the charge densities of the polymer and the
gene, leading to different polyplex compactness. For in vivo disease cases, before the
polyplex enters cells of interest, it may face an extracellular microenvironmental pH that is
not identical to the normal blood pH of 7.4. For certain diseases, such as ischemia and solid
tumors, the extracellular pH is known to be acidic (approximate pH values of 6.4–7.0 for
solid tumors [38] and approximate pH values of 6.4–6.8 for ischemia [39, 40]). The
endocytosed polyplex encounters dynamic pH microenvironments in the endosomes due to
their acidified maturation processes. Although pH dynamics in extracellular and intracellular
environments are known and expected, the environmental pH effects on polymeric
transfection are lacking. Thus, our group has investigated how environmental pH influences
cellular uptake, intracellular trafficking, dissociation kinetics, and transfection efficiency of
the polyplex.

2.1.1. Extracellular microenvironmental pH—When polyplexes were exposed to
extracellular transfection media of various pH values (6.3, 6.7, 7.0, and 7.4), although
certain cationic polyplexes (e.g., branched polyethyleneimine- (bPEI) based polyplex) may
possess increased positive surface charges with acidification that would lead to slightly
higher cellular uptake at lower pH values in some cell lines, the cellular uptake of most
cationic polyplexes did not exhibit significant differences.[30] However, when the
extracellular pH altered the surface charges of the polyplex from neutral to positive (termed
acid-induced deshielding technology, illustrated in Fig. 2), the resulting transfection
efficiency from different cellular uptakes was higher at acidic pH than at the normal pH of
7.4.[35] Sethuraman et al. designed poly(methacryloyl sulfadimethoxine)-block-
poly(ethylene glycol)- (PSD-b-PEG) shielded PEI/DNA complex via electrostatic attraction.
[35] PEG shielding may endow polyplex stability during blood circulation at normal blood
pH and limit non-specific interactions with non-target cells, thus minimizing transgene
expression in non-target cells. However, acidic extracellular environments (e.g., tumor
extracellular environments) trigger a charge alteration from negative at pH 7.4 to neutral at
pH 6.6 in PSD, resulting in deshielding of PSD-b-PEG, thus exposing the cationic surface of
the PEI/DNA complex. The acidic pH-specific (e.g., tumor-specific) enhanced endocytosis
of the designed polyplex may maximize transfection efficiency at the target cells (in this
case, tumor cells). Specifically, this concept may be beneficial for anti-tumor gene therapy
due to heterogeneity of tumor cells [31].

2.1.2. Intracellular microenvironmental pH—After a polyplex enters a cell via
endocytosis, the polyplex is exposed to dynamic pH microenvironments. Endolysosomal
compartments are acidified from the extracellular environmental pH of 7.4 to approximately
pH 4–5 because ATP-activated proton pumps located in the endosomal membrane promote
the influx of cytosolic protons into the endosomes, where acidic lysosomal compartments
merge with the acidic matured endosomes. [9] However, most researchers have ignored
endosomal pH dynamics and their cell specificities and have instead focused on endosomal
release of polyplex.

The exposure of the polyplex to the altered endosomal pH may change polyplex stability,
especially the degree of decomplexation (or release of nucleic acids). In our recent report,
we showed that in acidic environments, the polyplexes (PEI/pDNA and poly(L-lysine)
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(PLL)/pDNA) may prevent or delay decomplexation compared to neutral pH environments.
(Fig. 3) [30] This result may arise from the increasing positive charges of polycations to
negative charges of pDNA because the phosphate groups of pDNA (approximately pKa 6.3)
contain less negative charge as pH decreases. These findings suggest that the polyplex may
be compact or stable in acidic microenvironments (i.e., pathological tumor or ischemic
extracellular environments and endocytic compartments) but may be loose or dissociated in
neutral pH environments (i.e., the cytoplasm and the nucleus), allowing for the release of
nucleic acids.

Understanding the cell-specificity of endosomal pH dynamics during polymeric transfection
is a very significant task. Nevertheless, except for some studies on polyplex endocytic
kinetics using cell lines from different organs [28], a lack of studies exists on cell-specific
endosomal pH dynamics for cells derived from same organ. Furthermore, although
multidrug resistance (MDR) has become a significant issue in anti-cancer
chemotherapeutics, this significance and its endosomal characteristics have been poorly
recognized in gene therapeutics. Kang et al. traced the intracellular microenvironmental pH
of polyplex (PEI/pDNA and PLL/pDNA) in a drug-sensitive cell line (human breast MCF7
cells) and in a drug-resistant cell line (a subline of doxorubicin-resistant MCF7 cells; MCF7/
ADR-RES cells) (Fig. 4). [29] When the polyplex with no endosomal escaping activity
(PLL/pDNA) moved into the endolysosomal pathway, the polyplex was slowly exposed to
acidified microenvironments in the drug-sensitive cells (Fig. 4(a)). In the drug-resistant
cells, more polyplex was trapped in the acidic endosomal/lysosomal compartments for
longer periods of time than in the drug-sensitive cells because the drug-resistant cells had
faster acidification rates (in the case of PLL/pDNA complexes, approximately pH 5.1 for
MCF7/ADR-RES cells vs. approximately pH 6.8 for MCF7 cells at 0.5 hr post-transfection)
(Fig. 4(a)). Fig. 4(b) clearly supported sequestration of PLL/pDNA complexes in acidic
compartments. Moreover, as shown in Fig. 4(c), the PLL-based polyplex entered the drug-
sensitive cells linearly with time, whereas the polyplex was exocytosed by the drug-resistant
cells after reaching a certain saturation level. However, this acidic sequestration and
exocytosis of the polyplex in the drug-resistant cells may be overcome by the use of the
polyplex having endosomal escaping activity (e.g., PEI/pDNA complex). These findings
conclusively indicate that the in vitro transfection efficiency of polyplexes in drug-resistant
cells is much lower than that in drug-sensitive cells (Fig. 4(d)). This phenomenon of
polyplex-transfected drug-resistant cells may be closely related to the well-known
characteristics of drug-resistant cells exposed to small chemical anticancer compounds.

2.1.3. Dynamic pH effects of polymeric transfection—The microenvironmental pH
is strongly dependent upon the extracellular environment (e.g., blood and extracellular
fluid), intracellular compartments (e.g., endosomes, lysosomes, cytoplasm, and nucleus),
cell-specificity (e.g., drug-sensitive cells and drug-resistant cells), and disease-specificity
(e.g., tumor and ischemia). As mentioned, the microenvironmental pH can influence the
cellular uptake and decomplexation of polyplex, resulting in different transfection
efficiencies. However, during polymeric transfection, the microenvironmental pH may
affect polymer characteristics (e.g., proton buffering capacity and ionization), polyplex
characteristics (e.g., size, surface charge, and decomplexation), and as cellular
characteristics (e.g., cellular uptake, cell cycle phases, endocytosis, and intracellular pH
environment). [30] Negative or positive effects of these complicated factors on polymeric
transfection efficiency are summed to represent the gross transfection efficiency.

Kang et al. reported the overall polymeric transfection efficiencies of two representative
polymeric vectors (PEI and PLL) after three different cancer cell lines were exposed to
different medium pHs (pH 6.3, 6.7, 7.0, and 7.4). [30] However, as summarized in Table 2,
when the cells were transfected with polyplex at a fixed extracellular pH, no trend was
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observed in polymeric transfection efficiency when comparing an acidic extracellular pH
(pH 6.3) to extracellular pH 7.4. Realistically, it is difficult to determine how certain
microenvironmental pH factors influence overall transfection efficiency due to the dynamic
pH changes during polymeric transfection. However, if the polymeric transfection process
were performed at a fixed location or at a fixed pH, it may be possible to understand and
estimate the environmental effects of certain factors on polymeric transfection. Therefore, a
polymeric transfection process was divided into two time frames (a transfection period and
an incubation period) as follows: Condition A (4-hr transfection period at different pH
values followed by a 44-hr incubation period at pH 7.4), condition B (4 hr transfection
period at pH 7.4 followed by a 44-hr incubation period at different pH values) and condition
AB (48-hr transfection period and incubation period both at different pH values). Compared
to the pH 7.4 medium, the acidic transfection medium resulted in a 1.6–7.7-fold reduction in
gene expression, whereas the acidic culture medium pH enhanced transfection efficiency
2.1–2.6-fold. Acidic medium reduced or delayed endocytosis, endosomal acidification,
cytosolic release, and decomplexation of polyplex, which may lead to negative effects on
gene expression. However, the acidic medium delayed or inhibited mitosis and reduced the
dilution of gene expression, resulting in increased transfection efficiency. These findings
indicate that culture medium affected overall polymeric transfection more than transfection
medium. Therefore, when cells are transfected at a specific extracellular pH, which is
similar to clinical situations, the extracellular pH effects on overall transfection efficiency
are cell-dependent. To achieve maximum transgene expression, understanding the effects of
extracellular pH on polymeric transfection may provide insight into designing effective and
safe polymeric gene carriers.

2.1.4. pH-tunable endosomolytic oligomer—The extracellular microenvironmental
pH [30] and endolysosomal pH dynamics, which may be disease- and cell-specific,
influence polymeric transfection efficiency [29, 30], prompting the development of cell-
customized endosomolytic agents for more effective gene transfection. Kang and Bae
described their views on acidic sulfonamides, which possess a broad range of pKa values (3–
11), and the hydrophobicity of these compounds is determined by various substituted
groups, R (Fig. 5(a)). [27] For feasibility studies, oligomeric sulfonamides (OSAs) were
prepared by radical polymerization of sulfamethizole (SMT; pKa 5.45), sulfadimethoxine
(SDM; pKa 6.1), sulfadiazine (SDZ; pKa 6.4), and sulfamerazine (SMZ; pKa 7.0), which had
pKa values within endolysosomal pH values. The synthesized OSAs (designated OSMT,
OSDM, OSDZ, and OSMZ) had Mn values between 1.8 and 2.5 kDa and displayed different
proton buffering capacities and aqueous solubility transitions within the endolysosomal pH,
which are related to endosomal escaping activity. As shown in Fig. 5(c), OSMT and OSDZ
displayed broad proton buffering ranges of pH 5.0–6.4 and 5.7–7.3, respectively, whereas
OSDM and OSMZ displayed strong proton buffering at specific pH values of 6.5 and 7.3,
respectively. Their apparent pKa values were 5.7 (OSMT), 6.5 (OSDM and OSDZ), and 7.3
(OSMZ). In aqueous solubility transition studies (Fig. 5(d)), the OSMZ solubility slowly
changed, and its solubility transition occurred within broad pH ranges. However, other
OSAs exhibited relatively sharp changes in solubility within narrow pH ranges (pH 6.2–6.5
for OSDM, pH 6.2–6.7 for OSDZ, and pH 5.1–5.9 for OSMT). Using three different cell
lines (HepG2 (human hepatoma cells), HEK293 (human embryonic kidney cells), and
RINm5F (rat insulinoma cells)) derived from different organ origins, the incorporated
effects of OSAs in the PLL/pDNA complexes were investigated. OSA-containing PLL/
pDNA complex (OSA-polyplex) showed 4–55-fold higher gene expression than control
polyplex (PLL/pDNA) (Fig. 5(b)). Interestingly, transfecting HEK293 and HepG2 cells with
OSA-polyplex, OSDM-polyplex and OSDZ-polyplex displayed more favorable transfection
than other OSA-polyplexes, whereas RINm5F cells showed the best transfection results with
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OSMZ-polyplex. This study verified the need for cell-customized endosomolytic materials
to achieve higher rates of transfection.

2.2. pDNA/siRNA co-condensation
Because of the significance of siRNA therapy, polymeric materials have been applied
toward siRNA delivery in the same manner as for pDNA.[8] However, different intrinsic
physicochemical characteristics between pDNA and siRNA, such as long and flexible chains
compared to short and rigid chains, require different amount of polycations to form
nanosized complexes. It is known that long-chain polyanions, such as anionic
polysaccharides (e.g., hyaluronic acid), and non-functional DNA (e.g., calf thymus DNA)
are beneficial in forming compact siRNA nanoparticles.[41, 42] Similarly, Kang and Bae
selected functional pDNA (a plasmid of green fluorescent protein; pGFP) as a helper
polyanion because pDNA and siRNA delivery in a single nanovector can endow various
therapeutic/diagnostic benefits.[36] As shown in Fig. 6, the short and rigid nature of an
siRNA chain resulted in larger and more loosely packed particles (1–2 μm in size at C/A
(cation/anion) 5) compared to pGFP (approximately 90 nm in size at C/A 5) after
complexing with PLL and, in turn, poor specific silencing effects. However, with pGFP and
polycation, siRNA formed compact nanosized polyplex (90–150 nm in size) at C/As of 2
and 5. At C/A 2, the PLL/siRNA-pGFP-OSDZ polyplex improved the specific gene
silencing (90%) more dramatically than the PLL/siRNA-pGFP polyplex (50%),
demonstrating a potential role for OSDZ. In addition, pGFP in the PLL/siRNA-pGFP
polyplex successfully expressed GFP without interfering with the siRNA.

2.3. Polyplex as a reconstitutable pharmaceutical
Although polymeric gene vectors are still in an infant stage toward becoming a readily
available major therapeutic option, their appropriate formulations for clinical practice should
be taken into account. Some considerations for these formulations are optimal
concentrations of bioactive components [43], ease of administration [44], and formulation
stability during storage [45, 46]. Polymer-based colloidal formulations may be a viable
option because polymeric vectors are generally prepared in a liquid form. However,
polymers as liquid formulations may be gradually degraded [47, 48], and therapeutics may
undergo unwanted release [49] with reduced bioactivity [50] during long-term storage. To
overcome the stability limitations of colloidal formulations, an alternative is a powder
formulation prepared from liquid product, followed by buffer reconstitution when necessary.

Mishra et al. synthesized poly(lactide-co-glycolide)36kDa (PLGA36kDa)-b-bPEI25kDa-b-
PLGA36kDa ((PLGA)36kDa)2-b-bPEI25kDa) and constructed its cationic micelle.[37] The
micelle/pDNA polyplex was prepared and was then coated with a low molecular weight
bPEI1.8kDa (Fig. 7(a)). The resulting micelle/pDNA/bPEI1.8kDa polyplex retained the
physicochemical characteristics of particle size (100–150 nm) and surface charge (30–40
mV), which were similar before lyophilization and after reconstitution of the lyophilized
powder (Fig. 7(b)). Unlike the bPEI25kDa/pDNA polyplex, which exhibited reduced
transfection efficiency after lyophilization, the designed micelle-based polyplex retained or
improved in vitro transfection efficiency after lyophilization/reconstitution. Specifically, the
reconstituted micelle/pDNA/bPEI1.8kDa polyplex (weight ratio (WR) of 1 micelle to pDNA)
showed a 16-fold higher gene expression than its fresh counterpart and also exhibited a 39-
fold higher transfection efficiency than the reconstituted bPEI25kDa/pDNA polyplex (N/P 5)
(Fig. 7(c)). Interestingly, the micelle-based polyplex (WR 1) with pDNA doses up to 20 μg
increased its transfection levels linearly and had very low cytotoxicity (Fig. 7(d)). This study
indicates that the designed PLGA-b-bPEI micelle and its gene complexes represent a
potential pharmaceutical formulation for genetic therapeutics.
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3. Concluding Remarks
It is not yet a viable option to create a simple and universal polymeric carrier system that can
meet pharmaceutical requirements and perform all of the functions necessary for both
transport to and transfection of every target cell to elicit the intended biological effects. Each
disease presents a unique pathophysiological environment and biological barriers to
delivery. The drug delivery vehicles used to treat specific diseases should be specifically
designed considering such factors, similar to viruses that have evolved to infect living
bodies in a species/organ/tissue/cell-specific manner. These carriers should thus possess a
minimum number of constituting components.
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Fig. 1.
Some examples of polycations for gene delivery
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Fig. 2.
Extracellular acidic pH-induced deshielding approach: (a) Formation of the layer-by-layer
nanocomplex through the charge-charge interaction between DNA, polycation (PEI), and
PSD-b-PEG, (b) the nanocomplex shielded at a physiological pH of 7.4 and deshielded at an
acidic tumor pH of 6.6, and (c) the in vitro transfection efficiency of the nanocomplex
exposed to different pH values. [35] (Reproduced with permission)
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Fig. 3.
Effects of medium pH on decomplexation of polyplexes. Increasing RFU (%) indicates
pDNA exposure in the polyplexes.[30] (Reproduced with permission)
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Fig. 4.
Polymeric transfection in drug-sensitive cells (MCF7) and drug-resistant cells (MCF7/ADR-
RES): (a) intracellular pH, (b) intracellular distribution, (c) cellular uptake, and (d) in vitro
transfection efficiency of polyplex. [29] (Reproduced with permission)
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Fig. 5.
pH-tunable endosomolytic oligomeric sulfonamides (OSAs): (a) chemical structures, (b) in
vitro transfection efficiency of OSA-polyplexes, (c) acid titration curve of OSAs for proton
buffering capacity, and (d) aqueous solubility transition of OSAs. [27] (Reproduced with
permission)
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Fig. 6.
PLL-based polyplexes containing siRNA and pDNA: (a) particle size of PLL/siRNA
polyplex, (b) luciferase silencing efficiency of PLL/siRNA polyplex, (c) particle size and
surface charge of PLL-based siRNA-pDNA polyplex, and (d) luciferase silencing efficiency
of PLL-based siRNA-pDNA polyplex.[36] (Reproduced with permission)

Kang et al. Page 15

J Control Release. Author manuscript; available in PMC 2013 December 28.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Fig. 7.
Reconstitutable (PLGA36kDa)2-b-bPEI micelle-based pDNA polyplex: (a) schematic
representation of the structures of (PLGA36kDa)2-b-bPEI25kDa micelles, micelle/pDNA
complexes, and micelle/pDNA/bPEILMW complexes, (b) particle sizes and surface charges
of micelle/pDNA complexes and micelle/pDNA/bPEI1.8kDa complexes before and after
reconstitution, (c) in vitro transfection efficiency of fresh and reconstituted micelle/pDNA/
bPEI1.8kDa complexes (1 μg of pDNA) in MCF7 cells (5×105 cells seeded), and (d) pDNA-
dose dependent transfection efficiency of “reconstituted” micelle/pDNA/bPEI1.8kDa (WR 1)
complexes in MCF7 cells. When using 1 μg of pDNA, its concentration was 0.5 μg/mL.
[37] (Reproduced with permission)
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Table 1

General approaches of polymeric gene carriers to solve extracellular and intracellular environmental issues
during polymeric transfection.

Issues Approaches Mechanisms

Degradation of nucleic acid by
nucleases

Polymeric materials with
cationic segments

Polycation complexes with nucleic acids via electrostatic
attraction shield nucleic acids from nucleases.

Polyplex stability in the blood and
extracellular fluid

Surface masking of cationic
polyplex using hydrophilic

materials (e.g., poly(ethylene
glycol) (PEG))

Electrostatic attraction of cationic polyplex with negatively
charged blood components (e.g., red blood cells and serum
albumin) forms aggregates. The repellent character of hydrophilic
PEG against the blood components prevents the formation of
undesired aggregates.

Cellular internalization of nucleic
acids Polymeric vectors

Negatively charged nucleic acids are difficult to pass through the
plasma membrane with negative surface characteristics. Polymers
that carry nucleic acids avoid electrostatic repulsion between
nucleic acids and the plasma membrane.

Cellular targeting of polyplex
Surface modification of

polyplex with cell-targeting
ligands

The polyplex may be physically or chemically modified with
ligands (e.g., antibody, protein, or small chemicals). The ligands
can interact with cell-specific receptors on the plasma membrane
of target cells.

Endosomal release of polyplex Introduction of endosomolytic
materials in the polyplex

Endosomolytic chemicals, polymers, or peptides incorporated
physically or chemically in the polyplex disrupt the endosomal
membrane via their fusogenic activity and/or proton buffering
capacity.

Intracellular release of nucleic acids Stimuli (pH, glutathione)-
triggering degradable polymers

Polymers with functional bonds degraded by acidic pH in the
endolysosomes or cytosolic/nuclear glutathione form a stable
polyplex with nucleic acids in the extracellular environment, but
their stimuli-triggering degradation releases nucleic acid into the
intracellular environments.

Nuclear import of nucleic acids or
polyplex

Nuclear localization signals
(NLS) through the nuclear

membrane.

NLS dilates energetically nuclear pores and helps nucleic acids or
polyplexes pass

Cation-mediated cytotoxicity Degradable polymers

Longer polycations interact more strongly with intracellular vital
macromolecules and compartments with negative charges,
causing more damage or interference in cellular physiology than
shorter polycations. Polymers degraded in the intracellular
environments avoid or reduce harmful cellular interactions.
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Table 2

Summary of cell transfection enhancement or reduction with extracellular pH 6.3 compared to extracellular
pH 7.4. [30] (Reproduced with permission)

MCF7 MCF7/ADR-RES MES-SA

PEI/pDNA-mediated transfection

Condition AB 2-fold ↓ 2.2-fold ↑ 2-fold ↑

Condition A 7.7-fold ↓ 2.1-fold ↓ 1.6-fold ↓

Condition B 1.6-fold ↑ 1.9-fold ↑ 2.6-fold ↑

PLL/pDNA-mediated transfection

Condition AB 1.7-fold ↑ 1.8-fold ↑ 1.5-fold ↓

Condition A 1-fold 2.4-fold ↓ 2.7-fold ↓

Condition B 1.6-fold ↑ 1.6-fold ↑ 1.2-fold ↑

↓ and ↑ indicate lower and higher, respectively. Condition A (4-hr transfection period at different pH values (pH 7.4, 7.0, 6.7, and 6.3) followed by
a 44 hr incubation period fixed at pH 7.4), Condition B (4 hr transfection period at pH 7.4 followed by a 44-hr incubation period at different pH
values (pH 7.4, 7.0, 6.7, and 6.3)), Condition AB (48-hr transfection period and incubation period both at different pH values (7.4, 7.0, 6.7, and
6.3)).
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