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The design of efficient systems for the targeted delivery of nucleic acids into cells is a rapidly
developing area of polymer chemistry, molecular biology, and medicine. Complexes between
DNA or RNA polyanions and various polycations, which are usually called polyplexes, hold
promise as such delivery systems. Polyethylenimines (PEIs) and their derivatives are often used
in research for the preparation of such complexes with plasmid DNA, oligonucleotides, and
small RNA. Polyplex nanoparticles are employed for the delivery of genetic material into cells
in culture and for the development of methods for the treatment of genetic and cancer diseases.
The properties of polyplexes depend on the size, dispersity, and hydrophilicity of the used PEI
or its derivatives and the ratio of polymers in the complex, which are responsible for the size,
surface charge, and hydrophilicity of the resulting nanoparticles. The efficiency of polyplexes is
determined by their ability to interact with components of biological systems on the surface and
inside the cells, as well as with the blood vascular walls and the extracellular matrix during
systemic in vivo use.

Key words: polyethylenimine, polyplexes, nucleic acids, block copolymers, polyethylene
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An alteration of the regulation of biological systems by
introducing nucleic acids into the cells has been one of hot
areas of biology, chemistry, and medicine for several past

decades. Gene therapy has raised high expectations in the
treatment of genetic and cancer diseases. A much broader
spectrum of diseases can be cured by modulating the ac�
tivity of genes using small interfering RNAs or antisense
oligonucleotides. The bottleneck of these approaches is
the design of a fully controlled, safe, and both efficient
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and rather cost�saving system for the delivery of nucleic
acids to cells. In many cases, it is desirable that this deliv�
ery system be also specific for the cell type. One of the
rational approaches to the design of such systems, as it has
long been clear,1 is based on the use of polycations in
order to shield the negative charge of nucleic acid poly�
anions, which hinders the uptake of DNA or RNA into
cells. Polycations can form complexes with nucleic acids,
which are called polyplexes.2 In polyplexes, DNA exists in
the tightly packed compact state, and interactions with
polycations protect the DNA from hydrolytic enzymes
and provide sufficient stability in biological media. Poly�
plexes are nonpathogenic, many of them being weakly or
non�immunogenic and relatively low toxic. The modifi�
cation of the parent polymers is a quite easy route to pre�
pare particles with diverse physicochemical properties, as
well as to attach various components for the interaction
with biological structures, resulting in a radical change in
the behavior of polyplexes. The production of polyplexes
is not expensive, and complexes of DNA with polymeric
cations, with attached ligands, which interact with recep�
tors on the surface of a given type of cells, are easily repro�
duced.3,4 Polyplexes have already been used for the sys�
temic and local administration in order to develop meth�
ods for the treatment of genetic and cancer diseases.5—11

The use of polyethylenimine (PEI) is one of the most
successful attempts to design an efficient system for the

delivery of nucleic acids to cells.12,13 This approach
proved to be much more efficient than most of other meth�
ods proposed for the transfection both earlier14—17 and
later.18—22

Polyethylenimines and their derivatives

Polyethylenimines with different lengths are produced
by the polymerization of ethylenimine (aziridine) or ox�
azoline, giving rise to branched or linear polymers (Fig. 1,
a, b) with the same repeat unit (—CH2—CH2—NH—).
The presence of amino groups in PEI makes it possible to
perform various modifications, resulting in a change in
the physicochemical and biological properties of the poly�
mer. The most commonly used modification of PEI is the
attachment of polyethylene glycol (PEG),23—28 a hydro�
philic polymer, which can influence the size and surface
charge of the resulting polyplexes, as well as the interac�
tion with components of the reticuloendothelial system
involved in protecting the body from foreign particles.
Polyethylene glycol or, more precisely, its bifunctional
derivatives are quite often employed to attach additional
components to polycations. As a rule, such components
either facilitate the entry into cells25,29—32 or act as ligands
for internalizable receptors on the cell surface6,15,24,26,33—42

(Fig. 1, c). The latter provides the selective penetration
into the cells bearing these receptors on their surface.

Fig. 1. Linear polyethylenimine (a), branched polyethylenimine (b), and the flow chart of the design of multifunctional polyplexes (c).
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Such charged polycations as PEIs can nonspecifically
interact with the negatively charged cell surface in the
culture or with the vessel walls in the body. At high con�
centrations, this can cause toxic effects, which are more
pronounced in the case of high�molecular�weight poly�
mers43 primarily due to cell necrosis resulting from the
loss of cell membrane integrity.44,45 This toxicity is prima�
rily due to the interaction of PEI with syndecans on the
cell surface.46 At lower concentrations and longer times,
the apoptosis pathway can be activated through the dam�
age of mitochondrial membranes and electron�transport
chain and the cytochrome C release.45,47,48 In the case of
systemic administration of PEI involved in complexes with
DNA, the former is rapidly (within a few minutes) re�
leased from the bloodstream and is accumulated in the
liver,49 where necrotic foci are observed at high PEI con�
centrations,50 and, to a lesser extent, in the spleen.49 In
addition, the aggregation of polyplexes caused by their
interaction with proteins and blood cells leads, at large
doses of polyplexes, to obstruction of pulmonary capillar�
ies accompanied by toxic effects.50

A method commonly used for reducing toxic effects is
based on the attachment of hydrophilic polymers, for ex�
ample, of PEG.51—53 The number of attached residues of
PEG rather than its length is essential for a decrease in
toxicity.51,52 The modification of PEI by attaching PEG
also increases the residence time in the bloodstream only
when employing the multiple modification by short PEG
(molecular weight is 550), whereas long PEG (5000—20000)
have only a slight effect on the pharmacokinetics of PEIs.49

Other modifications of linear and branched PEIs also of�
ten led to the reduction of cytotoxicity of PEI�based poly�
plexes. Examples are linear PEI (432 Da) cross�linked
with tricyclo[5.2.1.0]decanedimethanol diacrylate, linear
PEI (432 Da) in a mixture with branched PEI (1.8 kDa)
cross�linked with ethylene glycol diacrylate, permethylat�
ed branched PEI (25 kDa); linear PEI (2 kDa) with dode�
cylated primary amines, etc.54 It should also be noted that,
although PEIs are non�immunogenic, they can serve as
adjuvants for glycoproteins,55 which imposes limitations
on modifications of PEIs for the delivery of nucleic acids.

Formation of polyplex nanoparticles

The mixing of polycations with DNA in different ratios,
which are most often expressed as the ratio of the number
of polycation amino groups (N) to the number of phos�
phate groups of DNA (P), can afford complexes with dif�
ferent charges and sizes. At low N/P ratios, complexes
between transgene DNA and PEI cause an insignificant
decrease in the hydrodynamic size of DNA and poorly
protect DNA from enzymatic degradation in biological
fluids, resulting in low efficiency of transfection with such
complexes. At an N/P ratio close to unity, neutral com�
plexes prone to aggregation are formed. Stable complexes

are produced56 at N/P ratios not lower than 2—3. Howev�
er, even at such ratios, these complexes are prone to ag�
gregation in due course via hydrophobic interactions and
van der Waals forces.57 The stability of polyplexes increases
with increasing N/P ratio due to an increase in the elec�
trostatic repulsion of the complexes, the surface potential
of which takes rather high values (up to 30—35 mV) in
complexes of DNA with PEI.43 An increase in the N/P
ratio from 2 to 20 leads to a decrease in the size of the
complexes58 from ∼1000 to 100—200 nm. At high N/P
ratios, a large fraction of PEI exists in the free form.59

Thus, already at N/P = 6, only 58% of 25 kDa PEI is in
the DNA�bound state.60 The purification of suspensions
of polyplex nanoparticles from an excess of PEI using
different methods led to the reduction of the cytotoxicity
but also decreased the efficiency of transfection of cells in
culture.61,62 Apparently, an excess of free PEI in polyplex
preparations is necessary for more efficient transfection
because this excess precludes undesirable interactions of
the complexes with glycosaminoglycans on the surface of
transfected cells and hinders the premature unpacking of
DNA.63 The attachment of PEG to PEI decreases the
surface potential of the particles that formed and signifi�
cantly alters the interaction with nucleic acids, resulting
in changes both in the average size of the particles and
their size distribution. Detailed investigations of the de�
pendence of transfection on the degree of modification of
25 kDa PEI by polyethylene glycol with 24 monomeric units
in the chain, as well as on the N/P ratio in the complexes,
showed that these dependences are non�monotonic and
are similar in shape for all the cells under study.25 Mean�
while, the absolute values of transfection maxima (in per�
centage) can differ by more than an order of magnitude.
Studies of the size distribution of polyplex particles
showed25 that there is a significant positive correlation
between the efficiency of transfection and the fraction of
particles with a diameter from 50 to 75 nm for all the cell
lines under study. This correlation is revealed only using
atomic force microscopy, which provides more accurate
data on the particle size distribution compared to dynamic
light scattering,64 in which the data are approximated by
a sum of standard Gaussian distributions.

Since a similar effect on the efficiency of transfection
was observed for different genetic constructs,25 the differ�
ence in the efficiency of transfection for various cell lines
should be sought in the interactions of polyplexes with
cells and in further steps of intracellular transport.

Interaction with cells and intracellular transport
of polyplexes

It is known that PEIs added into cells first interact
with negatively charged heparan sulfate and chondroitin
sulfate chains, which are present on cell�surface synde�
cans.46,65 The interaction with syndecan�1 can strongly
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inhibit the cellular uptake of polyplexes.65 Apparently, this
can be due to unpacking of delivered nucleic acids on the
cell surface caused by interactions with negatively charged
chains of heparan sulfate.

Since DNA displays its effect only upon entering the
cell nucleus, it is among substances that require intracel�
lular delivery.66 After the interaction with the cell surface,
polyplexes enter the cells via different endocytosis path�
ways:5 clathrin� and raft�mediated endocytosis, macro�
pinocytosis, and phagocytosis. In this case, endocytosed
polyplex particles appear in closed membrane vesicles
(endosomes), and they should be released from endosomes
to the hyaloplasm in order to reach the cell nucleus. The
modeling of the uptake and intracellular transport of
PEI�based polyplexes by cells demonstrated that the rate
of cellular uptake of polyplexes and the absence of un�
packing of DNA before the release from endosomes to the
hyaloplasm of the cell,25 which is required for the entry of
DNA into the nucleus, are of most importance for trans�
fection. The attachment of the ligand to an internalizable
receptor to PEI can alter the endocytosis pathway utilized
by polyplexes to enter the cell and, correspondingly, im�
parts cell specificity to the polyplex with respect to the
cells expressing this receptor. For instance, the attach�
ment of a peptide specific for melanocortin type 1 recep�
tors, which are overexpressed in melanoma cells,67 results
in that polyplexes are rapidly drawn into the melanoma
cell via clathrin�mediated endocytosis6 rather than via the
slower raft�mediated pathway, as is the case with unmod�
ified polyplexes. As a result, polyplexes are not stayed on
the cell surface, and DNA is unpacked mainly inside the
cell, which greatly increases the efficiency of its delivery.

However, the attachment of the ligand may be insuffi�
cient for the specific uptake of polyplexes into target cells.68 In
order to reduce the nonspecific penetration of PEI�based
polyplexes into non�target cells, PEIs are generally shield�
ed by hydrophilic molecules, for example, by PEG or hydr�
oxypropyl methacrylate. This modification reduces the
toxicity of polyplexes and their circulation time in the
blood, but it decreases the efficiency of transfection.68,69

This means that it is necessary to screen different ratios of
all the components in the block copolymer and examine
all required characteristics (the efficiency of transfection,
cytotoxicity, toxicity at the body level, the circulation time,
cell specificity, etc.) in order to find their optimum ratio.

Polyethylenimines differ from many other polycations
capable of forming compact complexes with DNA in that
these complexes can provide noticeable, although rather
low, efficiency of the transport of delivered nucleic acids
from acidified endocytic compartments. The proton
sponge hypothesis was proposed to explain this fact. Ac�
cording to this hypothesis, the release of PEI�containing
polyplexes from endosomes is attributed to the accumula�
tion of protons and chloride as a counterion due to the
buffer properties of PEIs under weakly acidic conditions,

resulting in the osmotic disruption of endosomes.12 This
hypothesis was heavily debated, and numerous data were
published for and against it. In particular, it has recently
been shown that PEI cannot influence the pH of endo�
somes,70 as it was assumed by the authors of the hypo�
thesis. Apparently, the transport from endosomes is to the
greatest extent determined by the direct action of PEIs
and PEI�containing polyplexes on lipid membranes. The
efficiency of transfection with PEI�based polyplexes can
be increased by using an additional component facilitating
the transport from endosomes.71,72

It was found that DNA delivered by PEI�based poly�
plexes enters the nucleus mainly during the mitosis.26,73,74

Recently, by means of observations of single cells, we ob�
tained direct evidence that a small fraction of cells (about
10%) can be transfected with PEI�containing polyplexes
bypassing mitosis.26 In this case, the transport of DNA
can occur via nuclear pores or pores in membranes, the
formation of which is induced by PEI.75

It should be noted that the addition of polyplexes to
cells is not indifferent for the latter with respect to the
expression of their own genes. Recent studies have demon�
strated76 that the transfection of HEK293T cells with poly�
plexes bearing the gene for the green fluorescent protein
leads to the expression of not only this reporter gene but
also of a number of cellular genes, the latter being differ�
ent, at different times after transfection. It is interesting
that the transfection with lipoplexes (liposome�mediated
transfection) also triggers the expression of cell genes. It
should be noted that the set of genes induced to be ex�
pressed within 2 h totally differs from the set of genes that
are expressed upon the addition of polyplexes, while the
set of genes that are expressed upon the transfection with
both polyplexes and lipoplexes was observed after 8 h.

Application of polyplexes for the delivery
of nucleic acids in the body

Like other polycations, PEIs protect nucleic acids from
enzymes that are present in the blood, primarily from
deoxyribonuclease 1.77—79 The positive surface charge that
is formed causes opsonization of polyplexes, aggregation
of polyplexes and blood cells,50 and the interaction of poly�
plexes with negatively charged components of the extra�
cellular matrix.80 The modification with PEG or other
hydrophilic polymers can substantially suppress these pro�
cesses and makes the polyplexes more accessible to the
cells, into which DNA or RNA has to be delivered.27,81

Therefore, it is possible to use selective components that
determine the predominant interaction with a certain type
of cells with expression of particular surface receptors.
A great importance is placed on this interaction in the devel�
opment of the selective action on tumors characterized by
overexpression of various receptors.82 Many dozens of in�
ternalizable surface receptors, the overexpression of which
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is characteristic of various types of malignant tumors, are
known,83 and the list of such receptors is constantly growing.

The authors of the recent review84 with the impressive
title "Quo vadis polyplex?" mentioned, based on the stud�
ies of in vivo oligonucleotide delivery by polyplexes, that
only 10% of these studies used biodegradable polymers.
Nevertheless, the number of such publications is growing
every year. The cytotoxicity — another adverse property of
PEI — increases in parallel with the efficiency of transfec�
tion with genes delivered by PEI�containing polyplexes.85

This gives rise to, at the first glance, a paradoxical situa�
tion. However, despite this seemingly irresolvable para�
dox, techniques developed in recent years allow one to
achieve both the biodegradability of PEI�containing poly�
plexes and a decrease in their toxicity. One of the main,
commonly accepted, approaches involves the synthesis
and application of block copolymers, which either con�
tain rather short PEIs alternating with biodegradable com�
ponents, or, otherwise, are linked to other components by
biodegradable spacers. The former approach can be illus�
trated by the triblock copolymer of biodegradable polyca�
prolactone, PEG, and branched 25 kDa PEI.86 In this
case, the efficiency of transfection was almost the same as
in the case with unmodified PEI, but the cytotoxicity was
almost 100�fold lower, the authors obtaining biodegrad�
able polyplexes. A typical example of another approach is
PEGylated (using tetraethylene glycol) PEI (∼2 kDa),
which was assembled, by means of the click reaction, to
the 22 kDa block copolymer linked by biodegradable S—S
bonds.87 This block copolymer proved to be 22 times less
toxic than 25 kDa PEI, but it ensured 6 times higher effi�
ciency of transfection compared to the starting 2 kDa PEI,
which corresponds to 17% efficiency of 25 kDa PEI.

Polyplexes with ligands for receptors, which are, to
some extent, specific for cancer cells, can be used in sui�
cide gene therapy with delivery of genes, which express
a product that can convert nontoxic precursors to highly
toxic metabolites.88 Yet another factor capable, in some
cases, of increasing the specificity and efficiency of poly�
plex nanoparticles for tumors is the so�called enhanced
permeability and retention effect89 due to the formation of
rather large holes in the walls of rapidly growing disor�
dered tumor vessels. This accounts for the efficient poly�
plex penetration into experimental mouse melanoma
tumors, but not into normal tissues.41 It is interesting that
polyplexes both with a peptide ligand for the internalized
melanocortin receptor and without the ligand equally effi�
ciently penetrate into the tumor, but the transfection of
cells was much more pronounced when genes were deliv�
ered by liganded polyplexes.

The available data show that PEI and its relatively
simple derivatives provide a promising basis for gene trans�
port systems in cell cultures. These substances have a con�
siderable potential for the design of fully controlled sys�
tems for gene therapy. More complex systems having dif�

ferent functions that are often difficult to combine are
required for the successful solution of the problem of gene
delivery to the target site in the body. For example, it is
necessary, on the one hand, to protect the delivered nucleic
acid from nucleases both outside and inside the cell, as
well as to prevent the unpacking throughout the delivery
route, from the administration site to the target site – the
nucleus of the required type of cells. On the other hand,
the genetic material that appears in the nucleus should be
rather easily unpacked to exhibit its action. Therefore, an
increasing attention is given to the design of complex mul�
tifunctional systems consisting of numerous compo�
nents,27,90 which fulfill their functions at different steps of
DNA or RNA transport by interacting with various sys�
tems in the body or by hindering this interaction. This
route holds promise for the design of artificial transport
structures as complex and sophisticated as systems pos�
sessed by viruses that carry their genetic material into the
cell nucleus.
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and the Russian Science Foundation (Section "Applica�
tion of polyplexes for the delivery of nucleic acids in the
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