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Polyethylenimine (PEI) is a gold standard polycationic trans-
fectant. However, the highly efficient transfecting activity of
PEI and many of its derivatives is accompanied by serious cyto-
toxic complications and safety concerns at innate immune
levels, which impedes the development of therapeutic polyca-
tionic nucleic acid carriers in general and their clinical applica-
tions. In recent years, the dilemma between transfection
efficacy and adverse PEI activities has been addressed from
in-depth investigations of cellular processes during transfec-
tion and elucidation of molecular mechanisms of PEI-mediated
toxicity and translation of these integrated events to chemical
engineering of novel PEI derivatives with an improved
benefit-to-risk ratio. This review addresses these perspectives
and discusses molecular events pertaining to dynamic and
multifaceted PEI-mediated cytotoxicity, including membrane
destabilization, mitochondrial dysfunction, and perturbations
of glycolytic flux and redox homeostasis as well as chemical
strategies for the generation of better tolerated polycations.
We further examine the effect of PEI and its derivatives on
complement activation and interaction with Toll-like recep-
tors. These perspectives are intended to lay the foundation
for an improved understanding of interlinked mechanisms
controlling transfection and toxicity and their translation for
improved engineering of polycation-based transfectants.

Gene therapy, the transfer of nucleic acids to a target cell, has been
endorsed optimistically as an advanced therapeutic treatment/manage-
ment strategy against otherwise difficult or incurable diseases.1,2 How-
ever, the anionic characteristics of nucleic acids impede cellular uptake
through the negatively charged plasmamembrane and hinder transfec-
tion efficiencies. Accordingly, effective delivery systems are required to
successfully transport nucleic acids across theplasmamembrane aswell
as intracellular barriers en route to the nucleus.1,3,4 The practical usage
of gene therapy in clinical settings, however, is ultimately dependent on
the development of safe and efficient delivery systems that are capable
of transporting the therapeutic payload to target cells with minimal
cytotoxicity. Initially, the application of viral vectors in gene therapy
provoked great optimism because of their highly evolved and specific
mechanisms for inserting nucleic acids into target cells.5,6 However,
adverse side effects such as severe immunogenicity and fatal incidents
during clinical trials greatly compromised the potential of virus-based
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delivery systems in gene therapy.6,7 Consequently, these complications
placed a greater emphasis on the development of synthetic non-viral
vectors to act as a safer option for the delivery of nucleic acid medi-
cines.6 Recent years havewitnessed the development of amyriad of syn-
thetic non-viral vectors; however, as a result of various complications,
the transfection efficiency of these vectors is commonly lower than
those achieved with viral vectors.6,8–12 Among the numerous different
compounds investigated, cationic polymers have gradually emerged as
the most promising non-viral vectors for nucleic acid delivery because
of several inherent characteristic aspects. First, most cationic polymers
are stable and easily manufactured and can be modified chemically.
However, their polydisperse nature is of concern. Second, as a result
of their inherent positive charge, polycations have the ability to
compact nucleic acids into polyplexes, which effectively protects
themagainst premature degradation and facilitates their delivery across
the plasma membrane.

Polyethylenimine (PEI) is among the most intensively investigated
polycations for nucleic acid delivery. Because of its highly efficient
transfection capabilities, PEI has served as a gold standard transfec-
tant polymer.13 PEI is structured from repeating units of two aliphatic
carbon groups and amino nitrogen and is commercially available in
both linear and branched morphologies, with the molecular weight
ranging between 200 Da and 1,500 kDa.13–18 Shortly after the discov-
ery of branched PEI as a promising transfecting agent, linear PEI, pro-
duced by hydrolysis of poly(2-ethyl-2-oxazoline), was identified as a
derivative with more favorable properties.19–21 The branched PEI
contains primary, secondary, and tertiary amines, whereas the linear
form has only secondary amines. The protonable amine groups pro-
vide PEIs with the unique features of high cationic charge density and
buffering capacity at extracellular and endo-lysosomal pH levels.13
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This trait makes PEI exceptionally effective in compacting nucleic
acids into polyplexes that effectively shield nucleic acids against
degradation by nucleases. Additionally, PEI-nucleic acid complexes
(PEI polyplexes) with a net positive charge are favorably taken up
by mammalian cells through different endocytic mechanisms as
well as plasma membrane destabilization.13,14,22–26 Although still
debated, PEIs may escape the endo-lysosomal system through a
pH-dependent mechanism,27,28 often called the “proton sponge ef-
fect.” Here the protonable amine groups may absorb protons during
the natural H+ vacuolar-type proton-ATPase (v-ATPase)-driven
acidification process inside endo-lysosomes. This is further associated
with an influx of chloride ions and water, resulting in vesicle
swelling.29 Initially, these osmotic perturbations were believed to
induce vesicle rupture, which releases polyplexes into the cytoplasm.
More recently, the pH-triggered increased cationic charge density is
considered to contribute to endosomal escape via direct phospholipid
membrane destabilization (“needle effect”).8,13,29–31

Regardless of the internalization pathways, the effectiveness of PEI
transfection procedures is well known to be both architecture- and
molecular weight-dependent and directly correlates with the positive
charge of the polyplexes, which, in turn, is associated with cytotoxic
complications.19,24,32–34 In particular, higher molecular weight
(HMW) PEIs do exhibit superior transfection efficiencies in vitro
and in vivo but are, unfortunately, also linked with greater cytotox-
icity.13,19–21,35 In contrast, lower molecular weight (LMW) PEIs
display very few cytotoxic effects but are also known for their inferior
transfection abilities.33,34 Hence, there exists a fine-tuned intrinsic
balance with increasing molecular weight, better transfection effi-
ciency, and higher cytotoxic complications that has to be taken
into account when selecting/designing the optimal PEI-based deliv-
ery system. Although both linear and branched PEI morphologies
have achieved excellent transfection efficiencies in a wide range
of clinically relevant cell lines, the structural configuration of PEI
appears to influence the transfection abilities.19 Although some
studies have promoted the branched morphology, it appears that
the linear structure is a superior transfection agent both in vitro
and in vivo.19,20,36–38 Indeed, it is possible that these contradictions
are related to differences in study design and/or that different PEI
morphologies might impose tissue-specific transfection efficiencies
based on different cell types and microenvironmental factors.
Furthermore, it is still unclear whether these variations in transfec-
tion abilities, amid diverse PEI structures in different studies, repre-
sent actual beneficial effects from structural differences or whether
the superior transfection occurs as a consequence of fewer cytotoxic
complications and cell death associated with architecture-dependent
cytotoxicity in a cell/tissue-specific manner. Regardless of which
structural configuration is superior as a transfection agent, accumu-
lating evidence shows that, although cationic polymers, and PEI in
particular, comprise many prominent features required for effective
nucleic acid delivery, it remains a great concern that those cationic
polymers containing the best transfection abilities are also those
generally found to be most cytotoxic.13,19,21,33,34 To counteract this
dilemma, chemical engineering and advanced polymer technologies
have, in conjunction with comprehensive cellular and molecular
studies, detected important structure-toxicity associations that have
aided the design of safer cationic polymer-based vectors for nucleic
acid delivery. Accordingly, several strategies have been followed to
decrease PEI-mediated cytotoxicity while maintaining the intended
efficiency. Important strategies can be classified as follows: control
of size and topology, biodegradable cross-linking of LMW PEI,
statistical surface modification, synthesis of block co-polymers, and
oligoamine segment conjugation. This review aims to provide
much needed insight into the principal mechanistic aspects under-
lying the cytotoxic complications manifested upon exposure to
cationic polymers and to address the most promising approaches
utilized for chemical engineering of new PEI derivatives that have
lowered cytotoxic complications but preserved or even improved
transfection capabilities.

PEI-Mediated Cytotoxicity

During the last decade, a number of studies have shown that the PEI-
mediated cytotoxic responses are highly interlinked with perturba-
tions in cellular membranes and bioenergetic processes in conjunc-
tion with polymer concentration, molecular weight, electric charge,
and structure.13,24,33,35,39–48 However, the polydisperse nature of
PEIs has complicated detailed structure-activity relationship studies.
Werth et al. demonstrated the possibility to isolate a low molecular
weight fraction with a favorable efficiency-toxicity balance by gel
permeation chromatography of the commercially available 25-kDa
branched PEI.49 Moreover, Godbey et al. proposed the existence of
two distinct types of PEI-mediated cell death: one primarily caused
by free PEI affecting cells rapidly after treatment, and a second with
lower kinetics that was hypothesized to occur after internalization.32

Consistently, the removal of free PEI before transfection was shown to
reduce cytotoxicity; however, free PEI also appeared to be responsible
for enhanced transfection efficiency.50 More recently, further mecha-
nistic discoveries have been obtained through comprehensive pan-in-
tegrated biochemical, cellular, and molecular investigations into the
effect of PEI-DNA polyplexes and unmodified free PEIs of different
sizes and morphologies on diverse biological systems.40,41 It has
long been known that cationic polymers exert damaging effects on
biological membranes, conceivably through nanoscale pore forma-
tion and/or decreased membrane integrity, by altering the alignment
of the phospholipid composition constituting the lipid bilayer.51–53

This inherent ability of PEI to destabilize biological membranes is
most likely interlinked with the sequential protonation of the repeti-
tive aminoethylene pattern of the polymer and is, in part, considered a
valuable feature because it is thought to play a role in facilitating
cellular uptake of polyplexes.50 However, excessive exposure can
lead to disastrous consequences for cellular health and survival
through disruption of the plasma membrane and various other
cellular organelles, including endosomes (and, possibly, lysosomes)
and mitochondria.44 Specifically, PEI-induced destabilization of the
plasma membrane and, to some extent, vesicles constituting
the endo-lysosomal system is thought to participate in the cyto-
plasmic release of PEIs31 but also to contribute to cytotoxicity through
activation of lysosome-mediated death pathways.44 The potential
Molecular Therapy Vol. 25 No 7 July 2017 1477

http://www.moleculartherapy.org


www.moleculartherapy.org

Review
consequences of PEI interacting with the endo-lysosomal system are
reviewed elsewhere44 and are outside of the scope of this review.

PEI-Mediated Cytotoxicity: Mitochondrial Dysfunction

The ultimate cellular fate (i.e., cell death or survival) following PEI
exposure is largely determined by the magnitude of the PEI-induced
damage, which, in turn, activates multilayered molecular mechanisms
that are associated with apoptotic, necrotic, and programmed
necrotic pathways in conjunction with lysosomal damage, autophagy,
and mitochondrial dysfunction.40–44,47,48,54 Accumulating evidence
indicates that the extent of the damage exerted by cationic polymers
on mitochondrial functionality is among the most important param-
eter for safety screenings aimed at predicting inherent cytotoxic
complications associated with impending novel polycationic vectors
intended for transfection purposes.39–44,54 Mitochondria are recog-
nized as the most efficient source for cellular energy production; how-
ever, their unique structure and functional features make them highly
exposed to toxic chemicals interfering with their activities. Mitochon-
dria are comprised of two separate and functionally distinct outer and
inner membranes that encapsulate the intermembrane space and the
matrix compartment.55–58 The intactness of the mitochondrial mem-
branes is of great importance for the functional and structural integ-
rity of mitochondria, which, in turn, makes mitochondrial function
exceedingly vulnerable to compounds such as cationic polymers
with known detergency activity toward lipid bilayers. Malfunctioning
mitochondria can pose a serious threat for cellular life through either
inadequate energy production, the release of pro-apoptotic proteins,
and/or higher emission of free radicals capable of forming reactive
oxygen species (ROSs).59,60

As a consequence of a number of internal or external cellular stresses,
alterations in mitochondrial activities can trigger various signaling
pathways that influence cell death or survival. Indeed, studies with
isolated mitochondrial preparations have found that PEIs are able
to promote mitochondrial cytochrome c (cyt c) leakage, allegedly
through the ability of the polymers to form nanoscale pores in
mitochondrial membranes, resulting in mitochondrial permeability
transition, and the subsequent release of cyt c into the cytosol, conse-
quentially activating caspases and cell death processes.42,43,54 The
execution of PEI-mediated cytotoxicity is known to occur in two
distinct successive stages.43 The first phase takes place within the first
30 min after PEI exposure and is characterized by direct binding of
PEI to proteoglycans in the plasma membrane,61 resulting in plasma
membrane damage and lactate dehydrogenase (LDH) release, both
common features of necrosis. The second phase occurs at later time
points (24 hr) of PEI exposure and involves mitochondrion-mediated
apoptosis characterized by mitochondrial depolarization and
caspase-3 activation.43 Subsequent studies demonstrated that PEI
exposure also induces autophagy.47,48 Particularly, the initial auto-
phagy response (3 hr) correlates with lysosomal damage, whereas a
secondary autophagy response (24 hr) associates with mitochondrial
dysfunction,47 conceivably as a compensatorymechanism in response
to bioenergetic crisis.41 More recently, studies have gradually eluci-
dated that unmodified PEI vectors act as potent toxins to mitochon-
1478 Molecular Therapy Vol. 25 No 7 July 2017
drial bioenergetics in a concentration-, size-, and architecture-depen-
dent manner, with serious consequences for intracellular energy
homeostasis, oxidative stress, and cellular survival.40,41

PEI-Mediated Cytotoxicity: The Mitochondrial Electron

Transport System and Bioenergetic Crisis

Cells are continuously dependent on large quantities of free energy to
drive various essential thermodynamically nonspontaneous biochem-
ical reactions. Generally, cells obtain most of the energy through
hydrolysis of ATP, often referred to as intracellular energy cur-
rency.62–64 In most healthy cells, mitochondria are the main source
of ATP production through the process of oxidative phosphorylation
(OXPHOS).63–65 Effective energy transduction during OXPHOS is
accomplished through tight coupling between the activities of the
components of the mitochondrial electron transport system (ETS)
and F1F0 ATP synthase.66 Four protein complexes (CI–CIV)
comprise the ETS, transferring electrons through a series of redox
reactions that conclude with oxygen acting as the final electron
acceptor (Figure 1A). Briefly, electrons originating from nicotinamide
adenine dinucleotide (NADH) and flavin adenine dinucleotide
(FADH2) are transferred to CI and CII, respectively. Thereafter,
electrons are further transported from CI and CII to CIII by the
quinone pool (Q-pool). Following this, another mobile electron car-
rier, cyt c, allows for continuous flow of electrons from CIII to CIV,
which catalyzes the transfer of electrons from reduced cyt c to oxygen,
forming water in the process.66–68 Essentially, the free energy released
during the electron flow through the ETS complexes is interconnected
with the ability of CI, CIII, and CIV to translocate protons from the
matrix across the impermeable inner membrane into the intermem-
brane space. This activity generates and maintains the electrochemi-
cal proton gradient, establishing the protonmotive force (DP) and the
mitochondrial membrane potential (DJ).69,70 The accumulation of
free energy in the DP can be utilized by another inner membrane
complex, F1F0 ATP synthase, to generate chemical energy by driving
the synthesis of ATPmolecules from ADP and inorganic phosphate71

(Figure 1A).

The generation of the DJ results in a large negative transmembrane
potential on the matrix side of the inner mitochondrial membrane,
rendering mitochondria highly attractive targets for positively
charged compounds.72,73 Furthermore, positively charged chemicals
are found to accumulate in mitochondria based on the status of the
DJ, where a greater negative charge inmitochondria results in higher
accumulation.72,73 Indeed, PEI and PEI-DNA polyplexes co-localize
with the mitochondrial network early after transfection and are there-
fore known to reach and interact directly with mitochondria.45 Also,
cellular susceptibility toward cationic polymer-induced toxicity has
been interlinked with mitochondrial physiology because cells with
hyperpolarized mitochondria (i.e., a greater negative charge) require
lower concentrations of cationic polymers to instigate mitochondrial
impairment.39 Recently, the concentration- and time-dependent
effect of structurally diverse PEIs on mitochondrial respiratory states
was analyzed in intact cells through real-time investigations of the ox-
ygen consumption rate (OCR) with a Seahorse XF Analyzer.41,74 PEI
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was found to cause rapid initial acceleration of basal mitochondrial
respiration, a phenomenon that occurred in a concentration- and
time-dependent manner, both because of an enlarged proton leak
across the inner membrane, and increased mitochondrial ATP
synthesis.40,41 Specifically, the rise in OCR was more distinct at early
time points (5–20 min) and with lower concentrations (1–2 mg/mL),
whereas the increased OCR declined gradually with a longer expo-
sure time (20–90 min), followed by a significant decline in OCR at
higher PEI concentrations (4–8 mg/mL). Moreover, PEI was also
found to impair the maximum respiratory rate (MRR, indicating
the maximum capacity of the ETS) in a concentration- and time-
dependent manner. Interestingly, in comparison with its linear coun-
terpart of the same molecular weight, the branched architecture was
found to be a more potent inhibitor of mitochondrial respiratory
states in intact cells.41 Accordingly, the respiratory control ratio
(i.e., the ability of mitochondria to oxidize respiratory substrates)
and the coupling efficiency of OXPHOS (i.e., the fraction of pro-
tons used for ATP synthesis) diminished in a concentration-depen-
dent manner and to a greater degree in cells exposed to branched
PEI compared with the linear architecture.41 Similarly, following
controlled plasma membrane permeabilization in cells, the branched
PEI structure was more detrimental to mitochondrial OXPHOS
compared with the linear form of equal molecular weight. Likewise,
compared with the branched form, linear PEI was also less detri-
mental to OXPHOS activity in freshly isolated mitochondrial prepa-
rations. Further experiments in “broken mitochondria” preparations
showed that PEI impairs ETS activity by blocking electron flow
through both the CI-CIII-CIV and CII-CIII-CIV cascade because of
a potent direct inhibitory effect on CIV activity.40,41 Compared
with the linear architecture, branched PEI of equal molecular weight
was found to be amore potent inhibitor of CIV activity at low concen-
trations (0.1–1 mg/mL) in broken mitochondria preparations; how-
ever, with increasing concentrations (2–3 mg/mL), the linear architec-
ture exerted a greater inhibitory effect on CIV relative to the branched
PEI.41 Taken together, these recent observations show that PEI im-
pairs mitochondrial functions in a biphasic manner (Figure 1),
dependent on concentration, molecular weight, electric charge, and
the architecture of the polymer.40,41 In the first phase (Figure 1B),
PEI interacts with the mitochondrial membranes and undermines
the structural integrity of the lipid bilayer. Subsequently, an increased
proton leak across the inner mitochondrial membrane dissipates the
DP, resulting in uncoupling of mitochondrial respiration, which, in
Figure 1. Schematic of the PEI-Mediated Biphasic Mitochondrial Impairment a

(A) Representative figure depicting the structural and functional integrity of healthy m

mitochondrial inner membrane (MIM) are intact, the proton leak across the MIM is low

the ATP synthesis is functional. (B) During the first phase of PEI-mediated mitochond

cytosol, which, in turn, can activate caspase-dependent apoptosis. Also, PEI d

the consequential uncoupling of mitochondrial respiration (i.e., fewer protons are us

the ETS is still functional, and CI, CIII and CIV enhance proton pumping into the inter

(C) In the second phase of PEI-mediated mitochondrial impairment, PEI gains acces

flow through the ETS is hindered, resulting in decreased proton pumping by CI, CIII, a

obstruction of the OCR and ATP production. Moreover, as electron flow through the

and the formation of ROSs.

1480 Molecular Therapy Vol. 25 No 7 July 2017
turn, decreases the effectiveness of the F1F0 ATP synthase. During
the second phase (Figure 1C), PEI gains access to the ETS and impairs
its activity through an exceptionally potent inhibitory effect on CIV
(cytochrome c oxidase).40,41 Accordingly, the electrochemical proton
gradient collapses together with obstruction of energy production
through OXPHOS and instigation of a bioenergetic crisis. Interest-
ingly, electron flow from cyt c to oxygen is catalyzed by CIV via elec-
trostatic interactions.75–77 Particularly cyt c contains a net positive
charge that enables it to interact with a negatively charged docking
site on CIV.75–77 Because of its inherent positive charge, PEI interferes
with the electrostatic interactions between cyt c and CIV through
high-affinity binding to the anionic cyt c docking site on CIV. The
PEI-induced inhibition of CIV would therefore most likely be
competitive toward cyt c, in accordance with previous investigations
pertaining to various other types of cationic compounds.78,79 The
observation that structurally diverse PEIs impair mitochondrial bio-
energetics differently is directly linked to the higher number of pro-
tonable amine groups constituting the branched PEI polymer, which,
in turn, correlates with a greater positive charge and more potent
mitochondrial toxicity of the branched structure.41 Interestingly,
when the accessibility to the mitochondria is increased (i.e., permea-
bilized cells, isolated mitochondria and broken mitochondria), the
damaging effect of the linear architecture approaches the toxicity of
the branched structure.41 This strongly suggests that the linear PEI
structure has more difficulties in accessing themitochondrial network
and, thus, impairing its activities. It is possible that both architecture
and macromolecular size induce cytoplasmic entry of cationic poly-
mers at distinct locations differently and to different degrees. Indeed,
PEI exerts different grades of detergency activities on biological
membranes based on both structure and molecular weight.41,51–53

Compared with the branched PEI, the linear architecture is less detri-
mental to the plasma membrane integrity and the mitochondrial
inner membrane, as measured through LDH release and citrate
synthase leak, respectively.41 The branched architecture might form
structures of globular shape in accordance with that of higher-gener-
ation polyamidoamine dendrimers,52,80 instigating a greater destabi-
lization of biomembranes in comparison with the alleged cylindrical
geometry of the linear PEI. Also, the different geometrical shapes
might influence the ability of the polymers to diffuse throughout
the gel-like cytoplasm. In particular, the spherical/globular shape of
the branched architecture could allow for more rapid diffusion rates
than the cylindrical structure of the linear PEI, consequently
nd Its Consequence on Mitochondrial Functions and Integrity

itochondria before PEI exposure. The mitochondrial outer membrane (MOM) and

, the ETS is highly active, the OCR is high, the DJ is stable, the DP is strong, and

rial impairment, PEI destabilizes the MOM, leading to the release of cyt c into the

estabilizes the MIM, resulting in increased proton leak across the MIM and

ed for ATP synthesis). The DJ decreases, and the DP is constrained. However,

membrane space to maintain the DP; hence, electron flow and OCR remain high.

s to the ETS and exerts its potent inhibitory effect on CIV. Consequently, electron

nd CIV, which, in turn, leads to the collapse of the DP and the DJ and sequential

ETS is impaired, build-up of electrons at CI and CIII can lead to electron leakage
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increasing the probability of the branched PEI to interact with and
impair the mitochondrial network. The PEI-induced biphasic
destruction of mitochondrial function does result in concentration-
dependent intracellular ATP depletion, correlating with the extent
of mitochondrial impairment.40,41 Again, compared with the linear
PEI, the branched architecture caused larger intracellular ATP deple-
tion, a phenomenon that was partly attributable to greater plasma
membrane damage at higher concentrations (4–8 mg/mL PEI),
followed by increased ATP leaking out of cells. Markedly, the extent
of the ATP depletion is dependent on polymer architecture, molecu-
lar weight, and concentration41 and can conceivably explain the
multilayered cell death processes activated upon PEI exposure
because mild ATP fluctuations are known to be associated with
apoptosis, whereas larger ATP depletions are connected with necro-
sis.81–83 The bioenergetic crisis instigated by PEI exposure also results
in rapid activation of AMP-activated protein kinase (AMPK),41 a
master regulator of cellular metabolism that has the ability to rewire
intracellular metabolic processes to reestablish intracellular energy
homeostasis.84–86 For instance, AMPK signaling increases autophagy
flux by decreasing the activity of mTOR, a known inhibitor of auto-
phagy.86 Accordingly, the enhanced autophagy flux reported upon
exposure to cationic polymers47,48 is likely regulated through the
AMPK-mTOR axis, occurring as a compensatory mechanism in
response to bioenergetic perturbations. Therefore, cells exposed to
milder bioenergetic crises would be able to restore intracellular
homeostasis and survive the insult caused by the cationic polymers,
whereas, under conditions of more intense macromolecular damage,
the autophagy flux might be overburdened and unable to correct the
cellular insult.

PEI Architecture-Dependent Perturbations of Redox

Homeostasis

In addition to the abovementioned impairment of mitochondrial
bioenergetics, cationic polymers were recently found to perturb intra-
cellular redox homeostasis in a molecular weight and architecture-
dependent manner.41 Normally, a certain amount of ROS is
generated by OXPHOS as a by-product, and ROS production is
frequently enhanced in dysfunctional mitochondria.59,60,87,88

Notably, in conjunction with greater mitochondrial destruction,
exposure to the branched PEI architecture was found to result in a
greater increase in intracellular ROS levels in comparison with linear
PEI.41 These data are in accordance with the more potent ETS inhi-
bition exerted by the branched PEI, directly prompting more rapid
production of ROS. However, a large contribution of the branched
PEI-mediated increase in ROS production was attributable to PEI-
mediated impairment of the redox system and the cellular ability to
counteract rising ROS levels.41 To prevent the accumulation of oxida-
tive stress, cells utilize the capability of the endogenous antioxidant
glutathione (GSH) to restore intracellular redox homeostasis through
ROS scavenging.89,90 Concurrently, GSH neutralizes excessive
ROS formation and is oxidized in the process to GSH disulfide
(GSSG), requiring the nicotinamide adenine dinucleotide phosphate
(NADPH)-dependent activity of glutathione reductase for converting
GSSG back to GSH.90 Overwhelming ROS production or depletion of
intracellular NADPH levels can overcome the cellular capability to
reduce GSSG to GSH, resulting in accumulation of GSSG and a
decreased capacity for antioxidant scavenging.89 The intracellular
NADPH pools are mainly maintained by NADP-linked enzymes in
the mitochondrial-cytosolic pathway and the pentose phosphate
pathway (PPP), indicating the significance of high-quality mitochon-
dria and continuous diversion of glucose flux through the PPP for
adequate NADPH production.91–93

Markedly, the branched PEI structure was also found to cause glyco-
lytic flux to collapse in a concentration-dependent manner,41

decreasing glucose flux through the PPP. This phenomenon is partly
related to plasma membrane perturbation events and the subsequent
LDH leak across the plasma membrane at cellular exposure to
increasing PEI concentrations.41 LDH is a key enzyme in glycolysis,
and excessive intracellular LDH depletion will most likely affect the
rate of glycolytic flux. The combined mitochondrial damage and
glycolytic collapse exerted by the branched PEI structure resulted in
depletion of NADPH levels, which, in turn, lowered the capacity of
GSH to scavenge ROSs. Addition of N-acetyl-cysteine (NAC), a pre-
cursor of GSH, counteracted the PEI-mediated increase in ROSs,
partly increased cellular viability, and enhanced the transfection
efficiency of branched PEI polyplexes.41 Collectively, these findings
demonstrate that the cytotoxicity of branched PEIs is partly caused
by increased oxidative stress and that the transfection efficiencies of
branched PEI-based polyplexes can be enhanced, to some extent,
by co-treating cells with antioxidants such as NAC.

The Effect of PEI on the Immune System: Immune Toxicity

versus Immune Stimulation

Intravenously injected nanopharmaceuticals rapidly acquire plasma
proteins on their surface. Blood protein adsorption is known to
modulate nanoparticle pharmacokinetics and tissue distribution.94

Among these proteins are the opsonic components of the blood
that may prime the surface of nanoparticles for binding to blood leu-
cocytes and macrophages of the reticuloendothelial system. Here the
complement system, which is the first line of the body’s defense
against intruders, plays a major role in nanoparticle recognition by
phagocytic cells through opsonization by cleavage products of the
third complement protein (C3), such as C3b and iC3b.95 Uncon-
trolled complement activation, however, is detrimental and can lead
to inflammatory reactions and disease progression. For instance,
intratumoral complement activation may initiate tumor growth,
and, indeed, interstitial accumulation of complement-activating
nanoparticles has been shown to promote tumor growth through
liberation of C5a, which is chemotactic to immunosuppressive cells.95

Limited studies have focused on complement activation by polyca-
tions and polyplexes. PEI, poly(L-lysine), and polyamidoamine den-
drimers as well as their corresponding polyplexes have all been shown
to incite complement; however, complement activation decreases
upon polycation PEGylation.96–100 The pathways and mechanisms
by which polycations and polyplexes trigger complement activation
is not clear, but these may be due to the presence of high clusters of
Molecular Therapy Vol. 25 No 7 July 2017 1481
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surface cationic charge. For instance, surface domains with a high
density of cationic charge may attract anionic plasma proteins.
Some of these proteins, on binding, may be attacked by nascent
C3b and/or C3(H2O) and promote complement activation through
the alternative pathway.101 Indeed, this possibility may explain why
PEGylated polyplexes incite complement less compared with native
polycations. In contrast to this suggestion, direct interaction between
the cationic globular head of the complement-sensing and pattern
recognition protein C1q with polycations is unlikely (because of
charge repulsion) to trigger the classical pathway of the complement
system directly; however, C1q may interact with unprotected nucleic
acids through electrostatic interactions and/or surface-projected
polyethylene glycol (PEG) chains of PEGylated polyplexes through
hydrophobic interactions as well as hydrogen bonding.102

There are suggestions that complement activation may induce
adverse cardiopulmonary reactions to intravenously administered
nanopharmaceuticals.103 Indeed, cardiopulmonary distress upon
PEI injection in the porcine model has been demonstrated.99 How-
ever, these reactions may not be entirely related to complement
activation, as suggested recently.104 The most likely mechanism
may be robust polycation and polyplex clearance by intravascular
pulmonary macrophages in pigs (which may be independent of com-
plement opsonization), resulting in the release of large quantities of
thromboxane A2, prostaglandins, and prostacyclines that correlates
with periods of peak vasoconstriction, bronchoconstriction, and pul-
monary hypertension.104 Accordingly, future studies should identify
responsible macrophage signaling receptors capable of interacting
with polycations and polyplexes. To this end, possible interactions
between polyplexes and Toll-like receptors (TLRs) are likely, which
may further modulate immune reactions in different ways. For
example, PEI-coated iron oxide nanoparticles were shown to activate
macrophages through TLR-4 signaling and reactive oxygen species
production as well as modulating podosome dynamics.105 In a
different study, the 25-kDa branched PEI was shown to stimulate
interleukin-12 (IL-12) secretion from macrophages through TLR-4
activation.106 Moreover, others have shown activation of TLR-3, 5,
and 7 in tumor-associated dendritic cells by linear PEI-small inter-
fering RNA (siRNA) complexes.107 These studies, therefore, attest
to the immunostimulatory effect of PEIs and PEI polyplexes through
TLR activation, which may be advantageous in vaccination protocols
and design as well as for modulating tumor growth (despite its
complement activation property). For instance, intratumoral injec-
tions of PEI promoted Th1 helper cell and natural killer cell infiltra-
tion, decreased tumor angiogenesis, and prolonged the survival of
sarcoma-bearing mice but not TLR-4 knockout mice.108

Chemical Engineering of Cationic Polymers: Lowering

Cytotoxicity while Preserving Transfection Abilities

The cytotoxic complications associated with cationic polymers have
generated a negative trait for their possible application in gene ther-
apy, and serious safety concerns have impeded clinical applications
of PEI-based gene therapeutics. In addition, PEI-mediated cytotox-
icity can antagonize transgene expression and, therefore, represents
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a limiting factor for high gene transfer activity. Accordingly, wide-
ranging attempts with advanced polymer technologies and chemical
engineering have been comprehensively utilized to design safer
polymer derivatives, characterized by low inherent cytotoxicity and
superior transfection abilities. The following section of this review
outlines some of the most promising approaches used to improve
transfection performances together with counteracting the toxic com-
plications associated with cationic polymers. We also discuss how
these structural-chemical adjustments alter the inherent features of
cationic polymers and how they are, presumably, directly accountable
for lowering polymer toxicity.

Biodegradable Cross-Linking

As mentioned above, PEIs of lower molecular weight are less cyto-
toxic, whereas PEIs of higher molecular weight are more cytotoxic
but also more efficient transfection vectors. Therefore, various studies
have attempted to design PEI derivatives that are constructed from
LMW PEIs that are crosslinked through biodegradable bonds to
ensure rapid degradation upon internalization. Depending on the
chemical nature of the cross-linkage, biodegradation can occur in
different cellular compartments and stages of the nucleic acid delivery
pathway. Various approaches have been used to construct biodegrad-
able PEI derivatives from LMW PEIs (Figure 2), including strategies
applying ester,35,109 imine,110 carbamate,111 poly(aspartamide),112

hydrazone,113 or disulfide114–116 linkage to interconnect the small
PEIs constituting the degradable PEI derivative. For instance, ester
linkages have been utilized to design biodegradable PEIs prepared
with either linear or branched PEI morphology.109,117,118 The first
biodegradable ester-linked linear PEI constituted PEIs of 800 Da
that were produced by using 1,3-butanediol diacrylate as the cross-
linking agent.109 Under physiological conditions, the half-life of this
PEI derivative is approximately 4 hr because of rapid ester hydrolysis.
Importantly, cytotoxicity was found to be lower, and the transfection
efficiency was 9-fold higher compared with 25-kDa linear PEI.
Additionally, ester linkages have been used to prepare biodegradable
branched PEIs; however, the degradability of branched ester-linked
PEI derivatives is lower in comparison with the linear form because
the branched morphology limits water accessibility to the ester
linkages and, hence, the rate of hydrolysis.119 Nonetheless, biodegrad-
able PEI derivatives prepared from repetitive units of 800-Da
branched PEIs cross-linked with an ester linkage through a reaction
of 1,6-hexanediol diacrylate had up to 16-fold higher transfection
efficiency in comparison with branched 25-kDa PEI.109 Disulfide
linkages represent another interesting approach for degradable conju-
gations with unique bioresponsive characteristics.114–116 The cellular
reduction potential with 100- to 1,000-fold higher glutathione
concentrations than in the extracellular environment triggers the
cleavage of disulfide bridges after reaching the cytosol or nucleus.120

This environmental sensing cannot only be beneficial for polymer
degradation but also for a triggered cargo release. Generally, indepen-
dent of the chemical cross-linking strategy, these investigations
showed that the cytotoxicity decreases while the transfection
efficiency increases significantly when PEI vectors are prepared by
linking a number of low molecular weight PEIs.
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Figure 2. Chemical Strategies for Bioreversible Cross-Linking of LMW PEI

Degradable ester,35,109 carbamate,111 disulfide,114–116 poly(aspartamide),112 hy-

drazone,113 and imine110 linkages are indicated in blue. Cross-linked LMW PEI

represents a compromise between highly efficient but toxic HMW PEI and well

tolerated LMW PEI. After internalization and accomplished transfection, the PEI

derivatives fragment into LMW PEIs with low cationic charge and less cytotoxic

complication.

Figure 3. Chemical Strategies for Statistical Surface Modification of HMW

Branched PEI with Favorable Effects on Efficiency and Cytotoxicity

(A–F) The final surface groups following (A) carboxyalkylation,123,124 (B) acetyla-

tion,121 (C) conjugation of pyridoxyl groups,128 (D) succinylation,122 (E) pyridylth-

iourea grafting,127 and (F) N-acylation with amino acids (AA)125,126 are indicated in

blue. A lowered polymer cytotoxicity following chemical surface modification is

supposed to be a consequence of the decreased positive charge density and

lowered inherent ability for membrane disruption.
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Collectivity, LMW PEIs contain an inferior cationic charge in com-
parison with HMW PEIs. However, the biodegradable PEI derivative
is constructed from a large number of LMW PEIs that jointly form a
large PEI vector that contains a suitable inherent cationic charge for
efficient condensation of nucleic acids into polyplexes. However,
following internalization, the PEI derivative fragments into a larger
number of LMW PEIs that, on their own, contain a low cationic
charge. Therefore, the LMW PEIs may not have the ability to disrupt
biological membranes and may not necessarily modulate the mito-
chondrial structural integrity, rendering them unable to access and
inhibit CIV. Consequently, mitochondrial functionality may be
preserved, resulting in well balanced cellular bioenergetic and redox
homeostasis, which, in turn, causes few cytotoxic complications.

Statistical Surface Modification

Different chemical strategies have been applied for statistical surface
modification of HMW branched PEI (Figure 3). For example, it has
been shown that the extent of 25-kDa branched PEI acetylation
(and, hence, modification of the surface charge) can reduce cytotox-
icity and improve transfection efficiency, although gene transfer can
be eliminated in the case of excessive structural modification.121

Several other strategies for statistical modification have been followed.
Simple succinylation of 10% PEI amines converted 25-kDa branched
PEI in a derivative with up to 10-fold lower polymer toxicity and pre-
served knockdown efficiency after siRNA transfection.122 The
strongly reduced toxicity enabled the usage of higher amounts of
polymer with higher knockdown efficiency. Analogously, amine
modification by carboxyalkylation below 10%,123,124 N-acylation
with different amino acids,125,126 pyridylthiourea grafting,127 or
conjugation of pyridoxyl groups128 demonstrated favorable proper-
ties and improved cellular tolerance toward the branched PEI deriv-
atives. Similar effects of a statistical amine masking and reduced
charge density could be found for linear PEI derivatives, which
were produced by partial hydrolysis of poly(2-ethyl-2-oxazoline).129

A PEI derivative with 88% hydrolysis ratio, corresponding to 12%
masked amines, exhibited remarkably reduced cytotoxicity and
distinct DNA transfection efficiency. The lower cytotoxicity observed
in these aforementioned studies occurs most likely because the
surface modifications decrease the positive charge of the polymers,
which, conceivably, lowers the inherent ability of the polymers to
disrupt biological membranes. Consequently, this would probably
decrease the prospect of the polymers to reach the components of
the mitochondrial ETS, which, in turn, reduces their ability to
interfere with the electrostatic interactions between cyt c and CIV.
Accordingly, mitochondrial integrity and functionality would be
preserved, therefore enabling mitochondria to sustain cellular energy
demands, potentially preventing toxic complications arising from
bioenergetic failures.

Hydrophilic Co-polymers

More complex derivatization, which does not reduce the surface
charge based on chemical blockade but, rather, steric shielding, is
represented by the synthesis of co-polymers with non-cationic hydro-
philic segments, such as PEG, saccharides, or poly[N-(2-hydroxy-
propyl) methacrylamide] (pHPMA). The resulting hydrophilic co-
polymers generally exhibit strongly reduced cytotoxicity35,97,130–132

but, in some cases, also lowered cellular uptake, hampered endosomal
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Figure 4. Overview of Chemical Strategies for Defined Oligoamine Segment Conjugation to Larger Polymer Assemblies

In the illustrated cationic polymers, the polydisperse nature of PEI is dissected into oligoamine segments (blue) with precise size and individual properties. The novel

polycationic systems benefit from innovative synthesis techniques producing well defined compounds, possibility of site-specific modification, investigation of detailed

structure-activity relationships, and high degree of flexibility. The poly(aspartamide) P[Asp(DET)] is produced by ring-opening N-carboxyanhydride (NCA) polymerization of

b-benzyl-L-aspartate N-carboxyanhydride, followed by aminolysis with diethylenetriamine.139–142 PAA8k-(2-3-2) is synthesized by carbodiimide-mediated amidation of

8-kDa poly(acrylic acid) with N,N0-bis(2-aminoethyl)-1,3-propanediamine.144 PCL-SS-P{(GMA-TEPA)-st-OEGMA} is produced in multiple steps by ring-opening polymer-

ization of ε-caprolactone, atom transfer radical polymerization of glycidyl methacrylate and oligo(ethylene glycol) monomethyl ether methacrylate, and, finally, attachment of

tetraethylene pentamine to the polymer scaffold by ring-opening of the reactive epoxy groups.145 Poly(D-glucaramidoamine)s are synthesized by polycondensation of the

esterified D-glucaric acid comonomer with the oligoamine segments.146 Gtt, Stp, and Sph represent the deprotected forms of the building blocks used for solid-phase

assisted synthesis of sequence-defined oligo(ethanamino) amides.149 Over 1,000 different oligomers with varying structures and topologies have been generated.150–160

Stpm-W represent linear oligo(ethanamino) amides with precise monodisperse size.153 m indicates 5, 10, 15, 20, 30, or 40 repeats of Stp. Stp-cmb-H contains additional

histidines for increased endosomal buffering and cysteines for bioreducible cross-link formation.156
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escape and overall transfection efficiency,133 resulting from surface
charge shielding, and decreased membrane interaction, which is
commonly referred to as the “PEG dilemma.” Kataoka and colleagues
have used block co-polymers with hydrophilic PEG segments in the
context of their polymer systems containing poly(L-lysine) and poly
(aspartamide)s to produce better tolerated materials.134–138 As
mentioned above, the low cytotoxicity observed in PEG-based hydro-
philic co-polymers is most likely directly related to the shielding of the
surface charge by the PEG segment and lower interactions with bio-
logical membranes. The PEG segments reduce the inherent ability of
the polymers to disrupt lipid bilayers, which, in turn, makes them less
likely to irreversibly damage the plasma membrane and other cellular
organelles, such as early endosomes or mitochondria. Accordingly,
these hydrophilic co-polymers would be less cytotoxic.
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Oligoamine Segment Conjugation

The consequential extension of the approach to cross-link LMWPEIs
is the connection of defined oligoamine segments or their site-specific
grafting to polymer backbones. By this means, the polydisperse nature
of PEI and its continuous macromolecular aminoethylene chain is
dissected into PEI-like microdomains with precise size and individual
properties. Several chemical strategies have been utilized for defined
oligoamine segment conjugation to larger polymer assemblies (Fig-
ure 4). Kataoka and collaborators developed poly(aspartamide)s
with different defined aminoethylene oligoamines in the side chains
and showed high in vitro and in vivo activity with simultaneous
low cytotoxicity.139–142 Pharmacogenomic and bioactivity studies
with differential investigation of endogenous and exogenous reporter
gene expression revealed differences after DNA transfections with
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linear PEI or [N-[N-(2-aminoethyl)-2-aminoethyl]aspartamide]
(P[Asp(DET)]).143 Despite comparable activity of the exogenous
bioluminescence reporter (Renilla luciferase), decreased activity of
the endogenous reporter (firefly luciferase), and retarded cell prolifer-
ation were observed in PEI-transfected cells. Quantitative determina-
tion of the expression of 11 housekeepers by real-time PCR revealed
distinct downregulation 72 hr after PEI transfection. The impairment
of cellular homeostasis and function also had a negative effect on the
induction of osteogenic differentiation by transfer of bioactive genes,
which demonstrates the effect of the time-dependent PEI-mediated
toxicity on potential therapeutic applications. In contrast,
P[Asp(DET)] exhibited minimal toxic effects and successfully
induced cell differentiation. The poly(aspartamide) backbone used
for grafting of different oligoamine segments, such as diethylentri-
amine in P[Asp(DET)], showed particularly beneficial properties
because it is degradable under physiological conditions.140 This aspect
manifests in the more favorable cellular compatibility and less effect
on cellular homeostasis and endogenous gene expression compared
with the non-degradable polyglutamide analog poly[N-[N-(2-amino-
ethyl)-2-aminoethyl]glutamide] (P[Glu(DET)]) or linear PEI. In
addition, the synthetic control over the precise length of incorporated
continuous aminoethylene motifs provided invaluable insights into
the sequential protonation of PEI-like polymers and the association
with transfection efficiency. Aminoethylene repeats in the side chain
with an even number of protonatable nitrogens generally exhibited
higher endosomal buffer capacity and DNA transfection efficiency,141

whereas, for mRNA delivery, a compound with an odd number of
protonatable amines seemed to be favorable.142 The decisive effect
of the particular oligoamine species on bioactivity was also shown
recently with a set of different oligoalkylamines grafted to a poly
(acrylic acid) scaffold or derivatized to cationic lipids.144 For
mRNA transfections, a tetramine with alternating ethyl-propyl-ethyl
spacers, differing from the classical diaminoethane motif by a single
methylene group, was identified as a superior species regarding pro-
tein translation in vitro and in vivo. Pun and colleagues designed
ternary block co-polymers comprising tetraethylenepentamine
(TEPA) modified glycidyl-methacrylates (GMA) as the cationic pro-
ton-sponge constituent.145 The precise polymer architecture with an
additional hydrophobic poly(ε-caprolactone) (PCL) block, disulfide
linkage, and oligoethylene glycol (OEG) methacrylates represents a
dual (pH, redox)-responsive transfecting agent with PEI-like oligo-
amine units of precise length. The hydrophobic PCL serves as a biode-
gradable stabilization motif that can combine increased efficiency
with suitable cellular tolerance, as has been demonstrated with PEI
co-polymers before.131,132 Reineke and co-workers prepared a set of
poly(D-glucaramidoamine)s containing oligoamine segments with
systematically varied length, diethylenetriamine, triethylenetetr-
amine, tetraethylenepentamine, or pentaethylenehexamine.146 All
compounds exhibited lower cytotoxicity compared with linear PEI
but distinct differences in transgene expression depending on the in-
dividual oligoamine. The pentaethylenhexamine-containing variant
displayed the highest transfection efficiency, equivalent to linear
PEI. Although recent polymer chemistry enables the production of
well-defined polymer scaffolds with narrow size distribution, a
controlled stepwise assembly of building units instead of classical
polymerization achieves even higher precision. Convenient and
automatable solid-phase synthesis of sequence-defined poly(amido-
amine)s composed of sequentially coupled oligo(propanamine)s
(3,30-diamino-N-methyl-dipropylamine or tert-butyloxycarbonyl
[Boc]-protected spermine) and a diacid (succinic acid) was estab-
lished by Hartmann and colleagues.147,148 This strategy was adapted
to the development of artificial fluorenylmethyloxycarbonyl chloride
(Fmoc)- and Boc-protected oligo(ethanamino) acids for compati-
bility with standard Fmoc peptide synthesis.149,150 The artificial build-
ing blocks contain three (glutaryl triethylene tetramine [Gtt]), four
(succinyl tetraethylene pentamine [Stp]), or five (succinyl pentaethy-
lene hexamine [Sph]) repeats of the aminoethylene motif and can
be assembled precisely into compounds with defined sequence and
topology (linear,151–153 branched,154,155 comb,156 PEGylated,157,158

etc.). A library of more than 1,000 compounds has been set up
containing several well tolerated members with remarkable siRNA
and plasmid DNA (pDNA) transfection efficiency. The high precision
of the compounds provides an invaluable possibility for the evalua-
tion of even minor modifications in detailed structure-activity rela-
tionship studies. Linear sequences of the oligo(ethanamino) acid
Stp, containing three secondary amines per repeat, were assembled
to investigate the correlation between the length of the PEI-like
oligomers and transfection efficiency or cytotoxicity.153 Oligomers
containing ten Stp units (corresponding to 31 protonatable amines)
or more efficiently condensed pDNA and showed gene transfer
activity. The transition efficiency of the oligomer with 30 Stp units
(corresponding to 91 protonatable amines), however, was 6-fold
higher than the 22 kDa linear PEI (containing approximately 500
protonatable amines) 6-fold. Although all investigated oligomers
exhibited considerably lower cytotoxicity compared with linear PEI,
here a correlation between molecular weight, gene transfer activity,
and cytotoxicity was also found. Similar to the approaches of cross-
linked and stabilized PEI derivatives, one key to highly efficient but
well tolerated compounds of this class is the incorporation of cyste-
ines in the sequences of smaller oligomers that form disulfide bridges
during polyplex formation or hydrophobic stabilization.150–152,159,160

Because the conjugation of defined oligoamine segments represents
the logical conceptual continuation of cross-linked LMW PEIs, the
abovementioned beneficial properties of crosslinked biodegradable
PEIs can also be transferred to biodegradable oligoamine conjugates.
Furthermore, the precise chemistry enables more intensive investiga-
tion of structure-activity relationships. It appears that the exact struc-
ture and number of aminoethylene repeats of the single oligoamine
units even have a higher effect than overall nitrogen content in
the entire polymer. The type of oligoamine critically determines
buffer capacity, nucleic acid binding stability, and transfection effi-
ciency.141,142,144,146,155,156 Recent bioenergetic screenings suggested
that constitution of oligoamine micro domains could affect cellular
impediment (unpublished data). Although generally less toxic than
HMW PEIs, assembled oligoamines varying only in single amino-
ethylene units can mediate significantly dissimilar bioenergetic
responses. Such detailed structure-activity relationships with subtle
Molecular Therapy Vol. 25 No 7 July 2017 1485
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distinction of molecular structures both provides new mechanistic
insights into the bioactivity of PEI-like polymers and the possibility
for optimization. These aspects together support the rationality of
chemical strategies assembling defined oligoamine segments by inno-
vative and precise conjugation techniques.
Conclusions

Since the first discovery of PEI as a transfecting agent, both the bio-
logical assessment techniques for the identification of subcellular
impairment and the chemical engineering of new synthetic materials
have dramatically advanced. The scientific knowledge and methodol-
ogies from both perspectives can contribute to the development of
next-generation nucleic acid carriers with suitable safety profiles
that meet the demands on potential future therapeutics. As a result,
new polymers have to be investigated in comprehensive assessments
to identify effects on the cellular metabolic situation and detect subtle
toxicity. For clinical applications, several other aspects beyond in vitro
cytotoxicity also have to be considered to ensure clinical safety: serum
interaction, hemolysis, tissue distribution, complement activation,
metabolism, excretion, and more affect the suitability of polymers
and polyplexes for in vivo usage. Also, here, the identification of
underlying mechanisms and establishment of structure-activity rela-
tionships is key to the rational design and optimization of materials
with intended properties. Finally, a recent study demonstrated that
sub-50-nm PEI polyplexes can reach the nuclear membrane and
bind exclusively to the nuclear pore complex without causing disrup-
tion of the nuclear envelope.161 However, it is still necessary to eluci-
date whether PEI and DNA dissociate before transcription of DNA or
whether transcriptional complexes may bind to DNA while DNA
remains bound to PEI and whether PEI in the nucleus can trigger
cell death.
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