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 Abstract 

Cationic lipid- and polymer-based nanodevices are considered appropriate alternatives for 

virus-based particles for delivery of nucleic acids, including genes and siRNA, into 

eukaryotic cells. Because of colloidal stability concerns and toxicity issues the potential in 

vivo application of these so-called non-viral systems, in particular cationic lipids, was met 

with considerable skepticism. However, in recent years, the development of novel ionizable 

cationic lipid formulations in conjunction with sophisticated procedures to carefully control 

the size of the nanoparticles has rapidly advanced options for a successful therapeutic 

application. Thus it would appear that cationic lipids have taken a prominent lead in their 

potential use as nanocarriers for siRNA delivery in gene silencing of target genes in a 

variety of diseases. Verification and improvement of delivery efficiency as well as 

screening of targeting ligands justify further work in revealing underlying mechanisms that 

are instrumental in efficient crossing of cellular barriers by cationic lipid-based 

nanocarriers. In this regard, triggering entry into specific pathways or modulating 

trafficking along such pathways, either by targeting of nanoparticles or by affecting specific 

cellular signaling pathways may represent promising tools. Such options may involve, for 

example, facilitating nanoparticle transport across endothelial cells by transcytotic 

mechanisms, or improving delivery efficiency by affecting nanoparticle trafficking that 

avoids lysosomal delivery. Here, recent progress in the field of lipid-based nanocarriers is 

discussed, with a focus on mechanisms underlying their interactions with cells in vitro. 

Where appropriate, we will include mechanisms for polymer-based systems in our 

discussion.  

 

Introduction 

In the seventies and early eighties, synthetically prepared cationic lipids, usually consisting 

of a positively charged tertiary or quaternary nitrogen group, attached via a linker to a 

hydrophobic core composed of two alkyl or acyl chains, were considered interesting 

membrane mimetics for studies of e.g. membrane fusion mechanisms and protein 

reconstitution 
1, 2

. However, since the middle 80’s the focus has been in particular on their 

ability to function as efficient delivery vehicles for nucleic acids and proteins 
3-5

 , a feature 

dictated by (i) their charge driven ability to encapsulate nucleic acids, (ii) avid interaction 

with membranes, and (iii) polymorphic properties, required for cytosolic delivery of cargo 

after lipoplex internalization, as largely accomplished by endocytosis.  More recently, 

cationic lipid-based formulations attract considerable attention as highly efficient carriers 

for delivery of siRNA 
6-10

, and yet another novel interesting field is emerging, revealing that 

cationic lipids may modulate intracellular signaling pathways 
11

. Thus cationic lipids attract 

widespread attention from a variety of research fields ranging from pharmaceutical 

therapeutics to nanobiomedical engineering and cell biology.     

Over the last decade, a host of cationic lipids have been synthesized and applied for the 

purpose of drug delivery, in particular that of nucleic acids. Compared to viral-based 

delivery systems, those based on cationic lipids have the advantage of low immunogenicity, 

ease of manufacturing and flexibility in targeting, thereby minimizing potential off-target 
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toxicity. However, a major disadvantage of their application in vivo has been their low 

efficacy of delivery efficiency compared to viral carriers and their relative colloidal 

instability and high susceptibility towards clustering in circulation, thereby causing 

potential health risks and toxicity. However, these disadvantages can at least in part be 

overcome by engineering ionizable cationic lipids in conjunction with the inclusion of 

particle stabilizing PEGylated lipids in the formulation. Collectively, these adjustments 

control particle size, prevent opsonization that often results in their capture by the reticulo-

endothelial system, and prolong particle circulation in vivo 
12

, thereby promoting chances 

of optimal exposure to desired target tissues. Indeed, manipulation of particle size may 

promote or avoid nanocarrier access to specific organs 
13

.  

A detailed characterization of cationic lipid properties, and their assembly with nucleic 

acids and ensuing interactions with cells, serves the purpose of improving mechanistic 

insight, thereby providing clues and tools for optimizing delivery efficiency, as considered 

from the point of view of therapeutics. Moreover, such studies also lead to a wealth of 

fundamental insight, with an impact ranging from colloidal chemistry to biophysics and cell 

biology.  

 Lipoplex assembly is still incompletely understood, and the nature of early interactions of 

lipoplexes with the cell surface is still largely explained as being dependent on electrostatic 

interactions, prior to internalization into the cells, potentially by a variety of non-exclusive 

endocytic pathways.  Involvement of cell surface proteins has been suggested, including 

negatively charged glycosaminoglycans 
14

, and more specifically, beta1 integrin receptors 
15, 16

, also known to internalize bacteria and viruses 
17

 via raft and non-raft endocytic 

mechanisms 
18

 . Interestingly, with regard to the latter, from detailed studies of pathogen-

cell surface interactions 
19

 it is  well known that the cell actively responds to the approach 

of (highly charged) particulate matter, which also appears to hold in the processing of 

nanocarriers that approach the cell surface 
20

. Obviously, knowledge of such processes may 

further assist in improving delivery efficiency of non-viral carriers, but may also bear 

relevance to processes like pathogen-entry into cells and, as becomes increasingly apparent, 

proinflammatory and proapoptotic pathways, that may become activated upon binding of 

cationic lipids to the cell surface 
11

.        

It is apparent that lipid-based nanoparticles exploit a variety of internalization pathways for 

entering a cell, including clathrin- and caveolae-dependent endocytosis, and 

macropinocytosis. However, although entry commonly occurs in virtually every cell, not 

every internalization pathway necessarily leads to a productive release of the cargo, 

delivered by the nanocarrier. The ability to modulate such pathways - for example in order 

to avoid the accumulation of carrier and cargo in lysosomes - with the goal of promoting 

delivery efficiency is therefore a challenging approach. In addition, knowledge as to the 

intracellular compartments that are most susceptible in facilitating cargo release (into the 

cytosol) is of high relevance, which thus logically leads to the question as to the 

mechanism(s) involved in release. It is also apparent that for release to occur, the 

membrane of the compartment, harboring the nanoparticles, has to be destabilized, which is 

likely concomitantly accompanied by the release of carrier contents into the cytosol. Here, 
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we will discuss recent developments in the field of cationic lipid-mediated delivery of 

nucleic acids, along the sequential steps as outlined above. Although this review will 

largely focus on cationic lipid-based nanocarriers, where relevant we will also take into 

account mechanistic features, derived from closely related studies relying on polymer-based 

nanocarriers.     

 

Lipoplexes and delivery 

Hundreds of different cationic lipids have been synthesized in recent years 
21-24

. 

Nevertheless, in spite of careful rational design, the efficiency of transfection still has not 

met the level of that seen for viral counterparts. It is however unclear whether a lower 

transfection level actually correlates with a diminished level of nucleic acid delivery as 

such, since it was suggested 
25

 that poor transfection efficiency may particularly arise from 

poor nuclear transcription efficiency in case of plasmid delivery by means of cationic 

lipids, an issue that has still been insufficiently investigated so far. Lipoplex formation is a 

self-assembly process triggered by electrostatic interactions between positively charged 

lipids and negatively charged nucleic acid 
26, 27

.When interacting with cationic lipids, as 

revealed in a monolayer system, plasmids undergo an orientational ordering and 

subsequently enwrap themselves with amphiphile molecules in a multilamellar fashion, as 

supported among others by detailed X-ray analysis 
28, 29

. The lipids form the lamellar (Lα) 

phase, with DNA rods sandwiched between the bilayers. The DNA settles largely at the 

interface without substantial penetration into the hydrophobic bilayer core, while membrane 

fluidity is maintained 
30-32

. As an accompanying step, fusion events between individually 

wrapped amphiphile/DNA complexes finalize lipoplex assembly.   

Packing defects and nucleic acid exposure may give rise to formation of large(r) lipoplex 

aggregates.  Improper packaging of the plasmid leads to aberrant transfection efficiency, a 

feature that appears directly linked, among others, to the structure of the cationic lipid. Thus 

the larger the hydrophilic head the more readily the cationic lipid will not form vesicles but 

rather, micelles
33

, as observed, for example, for lipids containing a lysine head group, 

which will affect the shape of the lipid (see below). This will frustrate lipoplex assembly 

and accordingly, inefficiently transfecting lipoplexes are produced. Tube- and rod-like 

structures arise when the hydrocarbon spacer length between the lysine head and 

hydrophobic tails increases, and transfection ceases because lipoplex assembly fails. 

Presumably, the increase in spacer length will affect the charge of the head group and 

thereby its  relative position to the bilayer/water interface, which will likely affect nucleic 

acid- bilayer surface interaction and subsequent integrity of the lipoplex organization.  

Although a great variety of cationic lipid structures have been synthesized and analyzed, 

recent progress in understanding the mechanistic details of transfection, including 

(intra)cellular processing, has been modest. As noted, the poor control of size of the 

positively charged lipoplexes, due to their ability to readily interact with negatively charged 

serum proteins thereby forming aggregates that accumulate mainly in the lungs, liver and 

spleen, and the ensuing toxicity, have hampered a versatile application in vivo 
34, 35

. More 

recently, however, important progress has been made by the development of more stable 
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cationic lipid- based particles, relying on the use of ionizable cationic lipids 
9, 36-41

. These 

lipids, including Gemini-surfactants 
36-38

, novel dilinoleyl-aminomethyl-1,3 dioxolane-

based lipids (DLin-K-DMA) 
9
 and epoxide-derived oligoamine-containing lipid-like 

materials, known as lipidoids 
42

, contain one or more protonatable amine head groups and 

display an apparent pKa of 7 or less, implying that the lipoplexes formed from these lipids 

are nearly charge neutral at physiological conditions. This feature effectively precludes 

nonspecific charge-driven interactions and will prolong their circulation time in vivo, which 

is further promoted by inclusion of PEGylated lipids, thereby improving their potential for 

reaching the desired tissue and/or cellular target site. Importantly, after cellular 

internalization and reaching endosomal compartments, the lipids (with pKs around 5.5-6.5) 

will become positively charged at mild acidic pH, a crucial step in eventual delivery of 

cargo (see below). The potency of DLinKDMA lipids and lipoids are unmatched in current 

in vivo siRNA delivery, leading to levels of gene silencing that hold great promise in 

siRNA-based treatment of human diseases. Apart from an ‘ionizable behavior’, 

instrumental in this promising development has also been the controlled manner of particle 

preparation, and particle formulation, which relies on the use of relative low cationic lipid 

concentrations (10-40 mol %) in conjunction with solid phospholipids (distearoyl- or 

dipalmitoylphosphatidylcholine), cholesterol and exchangeable PEG-lipid analogs. 

Preparation is by means of detergent dialysis and, more recently, procedures involving the 

use of preformed vesicles, prepared by diluting the alcohol-solubilized lipids in an aqueous 

medium, and entrapment of nucleic acid at mild acidic pH. At the latter conditions the 

lipids are positively charged, thus allowing efficient assembly of these nucleic acid-

containing lipid particles, as for the ‘common’ permanently charged cationic lipids 
6, 9, 43

. 

Importantly, in this manner lipid-based nanoparticles, loaded with siRNA, are obtained 

with diameters in the range of 80-120 nm, ideally suited for use in vivo. Moreover, this 

procedure also allows preparation of lipoplexes with a larger diameter (up to 350 nm) at 

strictly controlled conditions, as carried out by an incubation of PEG-lipid devoid vesicles 

and adding (exchangeable) PEG lipid when the vesicles have grown in size to the desired 

diameter 
13

, thus exploiting the role of PEG in colloidal stabilization of lipoplexes. The 

presence of exchangeable PEGylated lipids is not only relevant for avoiding opsonization, 

and prolonging circulation time in vivo. Its transient association is also pertinent to nucleic 

acid delivery/release into the cytosol from endosomal compartments, which requires 

elimination of the steric interference and hydration repulsion of the hydrophilic PEG head 

group in lipoplex-membrane interaction, allowing cationic lipid transitions to non-lamellar 

structures to occur (see below), needed for effective nucleic acid delivery/release into the 

cytosol from endosomal compartments 
44

. In fact, the timely removal of PEG from the 

nanocarrier is also needed to avoid potential aberrant immunological responses of this lipid 

species 
45

, which has prompted the synthesis of novel PEGylated lipids, containing 

succinate and carbamate linkers between the PEG head group and the hydrophobic core, 

their dissociation from the lipoplexes being carefully programmable by modulating the 

alkyl chain length 
46

. 
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A rational strategy for overcoming various types of (intra)cellular barriers is fundamental in 

a successful application of cationic lipid-based nanoparticles. Detailed insight into the 

modes of internalization is therefore imperative, including knowledge of the intracellular 

site of actual delivery. In this manner procedures for modulating intracellular trafficking 

may be developed that should lead to optimization of cargo delivery into the cytosol, a 

necessary step for eventual delivery of nucleic acids to the nucleus and for siRNA to 

interact with the RNAi induced silencing complex, RISC, as a first step in gene silencing 
47

. 

To optimize the efficiency of delivery and hence biological activity, a detailed 

understanding of how intracellular membrane barriers are overcome, including cargo-

carrier dissociation, is obviously required. These aspects will be discussed in the following 

paragraphs.  

  

Cellular internalization 

Thus far our knowledge is fairly scanty with regard to the molecular entities involved in 

initial binding and subsequent particle processing that leads to actual internalization. In 

addition, a major aim in the internalization of nanocarriers is to avoid their trafficking to 

lysosomal compartments, where degradation of carrier and, in particular, cargo may occur, 

and where their accumulation may lead to toxic cellular responses 
48, 49

. Here, some recent 

findings will be discussed in which we will focus on the role of the cell surface in 

nanoparticle binding, their subsequent intracellular processing, and potential means of 

modulating nanocarrier trafficking. 

 

a. Cell surface interactions  

It is generally accepted that electrostatic interactions drive the interaction between cationic 

gene delivery vectors and the net negatively charged cell surface 
50, 51, 52

, provided by 

proteoglycans carrying various glycosaminoglycan chains, including heparan, dermatan, 

and chondroitin sulfates 
53, 54

. Particularly heparan sulfate proteoglycans (HSPG), to which 

transmembrane syndecans belong as prominent family members, are considered as major 

binding sites for cationic delivery vectors 
55-59

. Furthermore, HSPGs are also exploited for 

cellular entry by several viruses, including herpes simplex viruses 
60, 61

; adeno-(associated) 

viruses 
62, 63

  and human papillomavirus 
19, 64

 as well as bacteria 
65, 66

. Interestingly, these 

proteoglycan receptors are particularly enriched on filopodia, i.e., thin, actin rich cellular 

extensions of several microns in length, serving among others as antennae that constantly 

probe the extracellular environment 
67, 68

. Viruses have been shown to attach and ‘surf’ 

along filopodia, thereby acquiring access to the cell surface 
19, 69, 70

 as a step preceding their 

entry. More recently bacteria have been shown to similarly exploit filopodia to gain access 

to the cell body 
71

. Intriguingly, filopodia may also play a major role in the ‘capturing’ of 

nanoparticles, like IgG-coated beads carrying specific Fcγ receptors 
72

, and lipo- and 

polyplexes 
20

. 

 



Introduction and Scope of the Thesis 

15 | P a g e  

 

 
 

Figure 1: 
Schematic representation of filopodia-mediated transfer of nanoparticles to the cell surface. Prior to their 

entry into the cell, nanocarriers may bind to filopodia and reach the cell surface by surfing (a), retraction (b) 

and retraction, assisted by ‘helper’ filopodia (c). The binding of the nanocarriers to the filopodia is mediated 

by the recruitment of syndecans. Local clustering of syndecans stabilizes the interaction, which is necessary 

for filopodia-mediated processing of the carriers to the surface, which involves an actin retrograde transport 

mechanism. At the cell surface, the nanocarriers are internalized by a variety of endocytotic internalization 

pathways. (For details, see 20). 

 

 

Syndecans, a major class of HSPGs with a single transmembrane domain, which localize to 

filopodia and interact with the underlying actin cytoskeleton, appear instrumental in the 

mechanism by which viruses and nanoparticles surf along these cellular protrusions to the 

plasma membrane 
19, 20, 57, 59,73

.  By confocal microscopy and live cell imaging, in 

conjunction with scanning electron microscopy, recent evidence demonstrates that after 

initial binding of lipo- or polyplexes, rapid clustering of syndecans takes place, stabilizing 

the binding of the nanodevices,  which is followed by their surfing along or retraction by 

filopodia towards the cell surface (Figure 1).   By interfering with actin polymerization or 

inhibiting the motor protein myosin II, localized at the base of filopodia, the data reveal 
20

 

that the binding of the nanocarriers to and subsequent clustering  of syndecans initiates 

actin retrograde flow, which moves the syndecan-bound nanocarriers to the cell body, 

analogously as reported for viral particles 
19, 69

. Having thus reached the cell body, the 

particles most likely redistribute over the cell surface, since they may subsequently engage 

in a variety of entry pathways.  

 

b. Cell entry 

Endocytosis represents the major entry mechanism via which lipo- and polyplexes, as well 

as numerous other nanocarriers, mediate cargo delivery into cells. However, this 

mechanism encompasses a variety of entry pathways, including clathrin- and caveolae- 

mediated endocytosis, macropinocytosis and entry portals that are caveolae- and clathrin-

independent (Figure 2). The latter may be distinguished  by specific effectors involved, e.g. 

Arf6-, flotillin-, Cdc42- and RhoA-dependent endocytosis and their pathways seem to 



Chapter 1 

16 | P a g e  

 

proceed along early endosomal compartments that are devoid of rab5, a typical marker of 

the ‘classical’ early endosomes, defined  in the clathrin-dependent pathway 
74, 75

. A major 

challenge in properly identifying involvement of distinct endocytic pathways in nanocarrier 

internalization is a need for reliable inhibitors and markers of a given pathway, as well as 

the awareness of cross talk between pathways 
75

. Pharmacological drugs are popular in use 

including chlorpromazine, an inhibitor of clathrin-coated pit formation; genistein and the 

cholesterol sequestration agents, nystatin and filipin III, interfering with caveolae-mediated 

endocytosis; and wortmannin and amiloride as inhibitors of macropinocytosis. To validate 

such inhibitors, their effectivity should be tested for each cell type examined, as a function 

of their concentration and in conjunction with appropriate ligands for each of these 

pathways as controls. In addition, to exclude nonspecific side effects, additional approaches 

are essential, such as the use of endocytic mutants of Eps15 that perturb clathrin 

recruitment and coated vesicle assembly, or depletion of potassium, which arrests coated pit 

formation 
76

. Furthermore, acidification of the cytosol with acetate inhibits the budding of 

clathrin coated vesicles from the plasma membrane 
77

. Alternative approaches for blocking 

the clathrin- and caveolae- endocytic pathways may rely on knocking down clathrin heavy 

chain (CHC) and caveolin-1 (Cav1), respectively,  using specific small interfering RNAs 
78

. 

Finally, given the multiple pathways often taken by the nanoparticles, imaging by confocal 

microscopy is also an obvious tool to identify the localization of the nanoparticles in 

distinct intracellular compartments, based on colocalization with known markers of the 

various compartments. For proper interpretation, images should be preferably analyzed by 

quantifying the degree of colocalization 
79, 80

. 

Given the diversity in potential entry mechanisms, at least partly reflected by a similar 

diversity of involved membrane domains at the cell surface, it is of interest to consider 

whether the physicochemical properties of the nanoparticles display a preferred interaction 

with a given domain in a manner that nanoparticle-membrane domain interactions (co-

)determine and define the path of entry. Thus it is possible that the particles themselves 

may actively induce internalization by membrane deformation of the recipient surface 

domain, driven by adhesion forces, among others reflected by the multivalent nature of 

carrier-target membrane surface interaction, and membrane rigidity. The latter ability may 

be driven by differences in the lateral distribution of cholesterol at the membrane surface, 

and/or subtle differences in membrane fluidity, thereby defining distinct membrane 

domains. In this regard, involvement of cholesterol in promoting membrane curvature, and 

hence membrane invagination for transport vesicle assembly, as well as its ability to 

modulate lateral phospholipid and protein interactions as a function of curvature,  may be a 

determining cofactor 
81-83

. Clearly, size and shape of the nanoparticle are anticipated to 

represent important contributing parameters in this process 
84-86

. For example, a size 

preference for nanoparticle internalization via clathrin- as opposed to caveolae mediated 

endocytosis has been reported 
84

, while it has also been shown that cylindrical gold 

nanoparticles are less efficiently internalized by HeLa cells than spherical ones 
87

, which 

might suggest that curvature, and hence cholesterol 
88, 89

, may play a role in promoting 
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membrane remodeling required for proper interaction and wrapping, and subsequent 

internalization of nanoparticles. 

 

 

 

Figure 2: 
Nanocarrier-cell interaction: Entry pathways and cellular barriers. For nucleic acid delivery, the 

nanocarriers have to overcome several extracellular and intracellular barriers. Binding to the cell surface 

may occur following processing along filopodia (1, see Figure.1) or by direct interaction with the cell 

surface, after which the particles may enter the cell via various endocytic pathways (2). Following 

subsequent intracellular processing, the release of contents may occur from distinct endocytic 

compartments, as induced by various mechanisms, including lipid mixing and nonbilayer-induced 
membrane perturbation (lipoplexes) or endosomal escape, based on a mechanism known as the proton 

sponge effect (polyplexes) (3). In a final step, plasmids and antisense oligonucleotides are delivered to the 

nucleus (4). The nanocarriers can be endocytosed via various endocytic pathways including clathrin 
dependent (CME) and clathrin independent endocytosis. The latter involves caveolae mediated 

endocytosis CAV-ME), macropinocytosis and various other endocytic mechanisms which may include 

e.g. caveolin-1 independent raft dependent endocytosis, flotillin mediated endocytosis, ARF6-mediated 
endocytosis, F/CLIC (fluid phase/ clathrin independent carrier) endocytosis. See text for further details. 
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Although in vivo applications set a limit to the maximal vesicle size (approx. 120 nm 
13

), it 

has been rather surprising that nanoparticles with diameters up to 400-500 nm can be 

processed by internalization pathways, thought to rely on transport vesicles that could 

maximally accommodate particles with diameters that should be 4-5x less in size. Indeed, 

whereas caveolae are flask shaped invaginations of 50-100 nm in diameter, governed by the 

major coat component and adapter protein caveolin-1, particles with sizes up to 300-400 

nm can be internalized by these structures. Since the clathrin pathway similarly 

accommodates particles of up to 250 nm, whereas clathrin-coated vesicles often display a 

size distribution of around 80 nm, the data presumably reflect the dynamics of cell surface 

domains, indicating that the nanoparticles induce the co-clustering of either clathrin- or 

caveolin-1 domains that exceed the size of the membrane domain commonly invaginated. 

In mammalian cells, other than professionally phagocytosing cells, nanoparticles exceeding 

ca. 400 nm in diameter are usually internalized by macropinocytosis 
90, 91

, a process relying 

on actin cytoskeleton induced membrane ruffles that protrude and wrap around the surface 

attached particles. However, smaller particles are not excluded from entering cells via this 

pathway as well 
40, 86

.  

When interpreting the internalization of nanoparticles, it is important to take into account 

that commonly lipoplexes and polyplexes are heterogeneous in size. Since the efficiency of 

entry and intracellular processing may depend on particle size 
75, 84, 89

 the polydispersity of a 

preparation may contribute to diversity in trafficking and efficiency of delivery. Thus one 

pathway may be more effective than another in actual delivery, i.e., release from endosomal 

compartments into the cytoplasm, which may further depend on the nature of the particle 

(polymer versus lipid-based, cf. 
92

). Specifically, release from PEI polyplexes is thought to 

rely on the so-called proton-sponge effect, implying that their trafficking to a mild acidic 

compartment is a prerequisite for delivery (see below). Accordingly, procedures that allow 

for the preparation of more homogenous populations of carriers, as referred to above, will 

be of advantage for better interpretation of obtained data, and hence in defining productive 

entry pathways. Furthermore, generalizations can often not be made since the relative 

contribution of endocytic pathways in internalizing lipoplexes is cell type dependent 
89, 93, 

94
. It is tempting to suggest that this feature may rely on the flexibility of the clathrin-coated 

pit and caveolin-1 coated lattices to accommodate particles of a given size, as noted above. 

The numerous studies presented so far, as summarized in several recent reviews 
52, 95-98

 

indicate that lipo-and polyplexes enter cells via clathrin- and caveolae-mediated 

endocytosis and/or macropinocytosis, and most of these complexes have been shown to 

exploit to different degrees more than one pathway to gain cellular entry, i.e., none of these 

major pathways of entry appears mutually exclusive. However, as will be further discussed 

below, inhibition of one pathway (e.g. clathrin mediated endocytosis) may lead to 

‘compensatory uptake’ by another (e.g., caveolae-mediated endocytosis). Furthermore, it 

cannot be excluded that entry along a given pathway as such may not necessarily result in 

effective (cytosolic) cargo delivery or transfection, highlighting that the extent of 

internalization per se does not necessarily correlate with the efficiency of delivery. This 

may be due to failure of the carrier to effectively destabilize the membrane of a given 
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intracellular compartment in which the carrier localizes after internalization and/or to the 

inefficient dissociation and subsequent release of cargo from the carrier, or to premature 

intra-endosomal release of cargo. The latter may occur when employing cationic lipids with 

alkyl chains linked via an ester rather than an ether linkage to the cationic headgroup 
9, 40, 99, 

100
, the ether-linked lipids often displaying higher transfection efficiency. Indeed, the ester 

bond being localized near the bilayer/water interface appears susceptible to phospholipase 

activity, localizing to endosomes 
40, 101

. Presumably, upon cleavage of the acyl chain the 

cationic lipid loses its propensity to destabilize endosomal membranes, causing the cargo to 

accumulate in endosomal compartments as it fails to enter the cytosol, and becomes 

subsequently largely degraded by nucleases in the lysosomes 
40

 Thus these data emphasize 

that prior release of contents may not necessarily lead to endosomal escape. It also implies 

that the effectiveness of applying pH-sensitive triggers for cargo release from a given 

nanocarrier may very much depend on whether these systems are destabilized and loose 

contents prior to their interaction with endosomal membranes. Such considerations are 

therefore particularly important to bear in mind when devising novel cationic lipids that 

contain potentially digestible linkers, which, upon cleavage may lead to premature collapse 

of the carrier, i.e., prior to destabilization of the membrane-bounded compartment in which 

the carrier localizes after internalization.  

Although lipo- and polyplexes may enter cells by various pathways, the relative 

contribution of a given pathway to overall transfection may differ 
86, 92, 102-104

, which, 

interestingly, may be manipulated at least in vitro by exogenous means, i.e., by modulating 

a given pathway, using pathway-specific inhibitors or  by compounds affecting  signal 

transduction pathways that may be involved in regulating intracellular trafficking 
92, 105

; cf. 

also 
11

. Moreover, it has also been reported that within the same cell type (CHO cells), 

different lipoplex formulations, i.e., DOTAP/DOPC and DCChol/DOPE lipoplexes, of 

similar sizes (approx. 200 nm) and the same zeta potential, may both internalize by 

macropinocytosis, and yet their subsequent intracellular fate and transfection efficiencies 

may differ markedly. While the DCChol/DOPE lipoplexes manage to release their contents 

via endosomes, the DOTAP formulation is accumulating in the lysosomes 
79

, suggesting 

differences in membrane-destabilizing capacity. This may be related to the ‘tightness’ of 

nanoparticle-intracellular membrane interaction, i.e., the closeness of the apposition of 

lipoplex and target membrane which, in turn, will likely be affected by the state of 

(repulsive) hydration of the helper lipids, DOPC being more strongly hydrated than DOPE. 

In studies 
105

 relying on the cell-penetrating peptide Tat, coupled to FuGENE-based 

lipoplexes, Filipin III significantly inhibited (approx. 50%) transfection, suggesting at least 

a partial involvement of a caveolae-mediated step of entry. Interestingly, however, addition 

of an inhibitor of the clathrin pathway, chlorpromazine, increased the transfection by 

approx. 1.3 fold, while addition of the lysosomotropic agent chloroquine also promoted 

transfection. These data would suggest that particles are at least internalized by both 

pathways, the caveolae pathway of entry contributing to DNA release and transfection, 

whereas the clathrin pathway may negatively affect this process, unless delivery along this 

pathway is blocked. Such conditions might thus lead to a concomitant enhancement in 
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caveolae-mediated endocytosis, implying a switch in entry pathway, while, alternatively, 

transfection along the clathrin-pathway may contribute to overall transfection when 

transport of lipoplexes along this pathway into the lysosomes is inhibited. Thus delivery via 

one pathway may not necessarily imply that other pathways are inactive. Specifically, these 

data indicate the intriguing possibility that inhibiting one pathway may lead to switching of 

nanocarrier uptake by another, leading to or even enhancing productive delivery. Indeed, in 

this context it has been reported before that disruption of caveolae/lipid rafts with 

cholesterol-sequestering agents triggers displacement of prion protein from lipid rafts into 

the clathrin-mediated machinery and elevates its endocytosis in a human neuroblastoma cell 

line 
106

. Of further interest, such a switch in entry pathway was recently reported for 

endostatin, a substrate that is normally taken up by endothelial cells via both caveolae/lipid 

rafts and clathrin-coated pits. Inhibition of the caveolar pathway significantly enhances 

endostatin uptake as result of a switch in the entry pathway of endostatin, predominantly to 

the clathrin-mediated pathway 
78

. In line with these observations, such a switch in entry 

pathways may also be triggered in the mode of internalization of poly- and lipoplexes. Thus 

inhibition of uptake via one pathway may result in a compensatory increase in uptake via 

another, so that the net uptake remains unaltered 
92, 103, 104

, whereas the transfection 

efficiency may be modulated. In fact, very recently, the occurrence of such an effect was 

noted when affecting protein kinase A-dependent cell signaling as a means to manipulate 

intracellular trafficking pathways 
92

. Specifically, while polyplex-mediated transfection of 

HeLa cells occurred predominantly via the caveolae-mediated pathway, inhibition of 

internalization along this pathway did not affect overall internalization, indicating a switch 

in internalization without affecting the relative contribution of either pathway to 

transfection. Interestingly, however, inhibition of protein kinase A activity, which 

manipulates the trafficking of both poly- and lipoplexes along the clathrin pathway, 

precluding delivery to the lysosomes, strongly promoted transfection for these particles that 

failed to release their cargo early after uptake in the clathrin-mediated pathway. In this 

manner transfection efficiency of BPEI was increased 3-4 fold because of its accumulation 

in an intracellular compartment, rather than in lysosomes, from which DNA was efficiently 

liberated into the cytosol. In this manner, the relative contribution of the clathrin-mediated 

pathway in transfection efficiency could be strongly promoted, similarly as reported for the 

Tat-coupled lipoplexes 
105

 and emphasizing the detrimental role of lysosomes in 

transfection.  The exact participation of distinct intracellular pathways may be cell type 

dependent and may also vary depending on lipoplex size. Thus, the primary entry of Tat-

coupled lipoplexes via the clathrin pathway has also been suggested 
107

, likely implying a 

relatively minor contribution of a caveolae-mediated pathway. Since the majority of the 

lipoplexes in this study had a size of less than 200 nm, a preferential size-dependent 

internalization via the clathrin-mediated pathway seems likely 
84

. 

As pathway for nanoparticle entry, caveolae have recently attracted considerable attention. 

First, these domains are strongly enriched at the surface of vascular endothelial cells, and 

are therefore considered as an interesting ‘target’ for nanoparticle transport across the blood 

brain barrier (BBB) 
108

. Second, evidence has been provided which suggests that entry via 
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caveolae-mediated endocytosis avoids, at least in some cases, delivery to the degradation 

compartments of the cell, i.e., lysosomes 
109, 110, 111

, thereby potentially optimizing chances 

for effective intracellular delivery of nanoparticle cargo. This traffic itinerary has been 

largely derived from the ganglioside GM1-mediated flow of cholera toxin B subunit and 

Simian virus (SV40), the prototype ligands employed for characterizing this pathway 
112, 113

. 

Cargo entering via caveolae reaches tubular-like compartments, known as caveosomes with 

a neutral pH 
111

. Here, release of SV40 apparently occurs (for transport to the endoplasmic 

reticulum). In polarized cells, like endothelial cells, these compartments may also mediate 

vesicular transport across the cells and secrete contents at the opposite surface, a process 

defined as transcytosis. The process of transcytosis has been exploited to facilitate transport 

of nanoparticles across the BBB, including targeted biological nanoparticles, liposomes and 

polymersomes 
114

 
108, 115

. In the latter case, a small peptide, G23, recognizing GM1, was 

attached to the polymersomes, which strongly promoted transcellular transport in an in vitro 

BBB cell model. Although GM1 is enriched, but not necessarily exclusively present in 

caveolae, the precise transcellular transport mechanism of G23-tagged polymersomes 

remains to be determined, as internalization of cholera toxin B, the model substrate for 

binding to GM1, has reported to occur via various pathways, and may not be strictly 

dependent on the caveolae-mediated pathway 
88, 116

. A limited degree of colocalization of 

the G23-coupled polymersomes was observed with LDL, which is known to be 

transcytosed by brain endothelial cells along the multivesicular body (MVB) pathway 
117

. 

In this context, it cannot be excluded that caveosomes can engage in pathway crosstalk with 

early endosomes 
118, 119

, since transport between early and late endosomes proceeds via 

MVBs as intermediates 
120

. Clearly, further work is needed to clarify mechanisms and 

traffic itineraries underlying these pathways in order to understand the distinct processing 

of nanoparticles. Indeed, this issue is also of major relevance to efforts that are undertaken 

to modulate intracellular trafficking of nanoparticles by directing their flow into the 

caveolae-mediated pathway with the aim of avoiding lysosomal delivery.  

The various intracellular compartments, through which nanoparticles are processed, are 

engaged in a continuous process of remodeling due to incoming and outgoing vesicular 

trafficking, which may hamper identification of the nature and extent to which different 

compartments are involved in nanoparticle processing. To better appreciate therefore the 

involvement of distinct intracellular sites in nanoparticle processing, sophisticated and 

advanced technology of sufficient resolution in conjunction with the need of quantitative 

data, is indispensable 
25, 121, 122

. Thus electron microscopic visualization of particle entry at 

the cell surface, accompanied by distinct membrane folding at certain plasma membrane 

regions may aid in defining nanocarrier-dependent properties that govern a potential 

preference for a given pathway. Also, various morphological modifications of lipoplex 

structures, labeled with electron dense silica-based nanoparticles, within endosomes have 

been visualized, which were attributed to reflect DNA-cationic lipid destabilization that 

may be relevant to endosomal membrane destabilization and eventual release of cargo 
121

. 

Extensive clustering of lipoplexes in endosomal compartments has been observed by 

fluorescence imaging, occurring when the colloidal stability of PEGylated complexes 
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collapses upon dissociation of the lipid or removal of its head group in case of pH sensitive 

PEG lipids. Similarly, spontaneous clustering has also been observed for DCChol/DOPE 

lipoplexes, when the lipoplexes adopt nonlamellar phases upon their interaction with acidic 

phospholipids derived from the endosomal membranes 
79, 123-125

. Whether this remodeling 

and interaction among lipoplexes may negatively affect cargo release across the endosomal 

membranes remains to be investigated. Interestingly, by employing different cationic lipids 

(BGTC, a cholesterol-based cationic lipid, and DOSP, consisting of two aliphatic chains 

attached to an aminoglycoside head group), different degrees of lipoplex remodeling (and 

DNA release) within endosomes were observed 
121

, which were suggested to correlate with 

differences in transfection efficiency. The reported data are consistent with a scenario that a 

concomitant destabilization of lipoplex and endosomal membrane can be accompanied by a 

simultaneous translocation of DNA across the perturbed endosomal membrane
121, 126

 

leading to efficient transfection, whereas a premature release of nucleic acid may lead to 

lysosomal degradation 
40

, and seriously interferes with delivery efficiency. In conjunction 

with these studies, careful monitoring of lipoplex stability by FRET, measuring the 

interaction of Cy3-labeled DNA or siRNA and Cy5 labeled lipids assembled into 

lipoplexes, with simultaneous visualization by fluorescence imaging, may provide kinetic 

and quantitative insight into intracellular lipoplex dissociation, with simultaneous 

visualization by fluorescence imaging 
122

. Quantitative image-based analysis has great 

potential, as it enables the localization of FRET signals. Thus, the cellular compartments 

where lipid/DNA dissociation actually occurs can be determined (e.g. endosomes, cytosol, 

nucleus) 
25

. The underlying mechanism by which cationic lipids and polymers actually 

translocate nucleic acids into the cytosol is still unresolved. In the following section some 

recent progress will be discussed. 

 

Mechanisms of nucleic acid delivery into the cytosol  

Since nucleic acids do not spontaneously translocate across membranes (of intracellular 

organelles), a cationic lipid- or polyplex-induced perturbation of the relatively stable 

lamellar structure of those membranes is needed to facilitate their translocation into the 

cytosol. It has been well established that once in the cytosol, plasmids or antisense 

oligonucleotides acquire subsequently access to the nucleus for expressing their activity, 

while for gene silencing cytosolic delivery of siRNA suffices. In case of cationic lipids, the 

required membrane perturbation could either involve a genuine fusion event between 

lipoplex and organellar membranes or, alternatively, a local and transient membrane 

perturbation, when cationic and membrane lipids intermingle, leading to pore-like 

structures that allow passage of oligonucleotides and plasmids. Over the last decade, strong 

evidence has been obtained that at appropriate conditions cationic lipids adopt a bilayer 

destabilizing nonlamellar structure, which may be promoted by the helper lipid 

dioleoylphosphatidylethanolamine (DOPE), a lipid that in isolation also adopts a non-

bilayer hexagonal HII organization. The ability of lipoplexes to adopt a variety of 

nonlamellar phases has well been recognized and includes next to the hexagonal HII phase, 

the micellar HI phase and cubic phases. Indeed, the engagement of this lamellar to 
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nonlamellar transition, as revealed by 
32

PNMR, small angle X-ray diffraction (SAXS) and 

fluorescence approaches, has been shown in a variety of studies to correlate with cationic 

lipid-mediated transfection efficiency 
9, 41, 52, 98, 102, 127-129

. Accordingly, frustrating formation 

of such phases  by inclusion of cationic lipids that do not engage in such a transition (e.g., 

cationic lipids with long saturated tails ≥ C16:0, or large charged head groups) or when 

stabilizing the bilayer structure by inclusion of bilayer-stabilizing phosphatidylcholines or 

(non-exchangeable) PEGylated lipids, impedes delivery 
442, 128, 130, 130131

. The occurrence of 

such phases can be conveniently predicted 
132

, based on the geometrical shape of the 

cationic lipid, also known as the shape factor. This factor is calculated from the ratio of the 

surface area of the charged headgroup domain over that of the hydrophobic domain of the 

lipid, predicting the lamellar phase when the surface areas of head and hydrophobic 

domains are about equal, the structure of the lipid thus resembling a cylindrical appearance. 

A nonlamellar cone shape, known as an HI phase, which displays so-called positive bilayer 

curvature, is obtained when the head group area exceeds that of the hydrophobic region, 

whereas an inverted cone shape, in case of HII and Q phases, is obtained when the head 

group surface area is smaller than that occupied by the hydrophobic tails. The HII structure, 

giving rise to a negative bilayer curvature, is also adopted by DOPE in isolation (at 

approximately 10
o
C), for example upon phase separation in a mixed cationic lipid/DOPE 

system. The incorporation of helper lipids into the cationic membranes results in increased 

conformational disorder of the apolar region and further dehydration of the interfacial 

region, which decreases with the increase of lipoplex lipid/DNA charge ratio (+/−) 
133

 .In 

fact, non-ideal miscibility of cationic lipids and DOPE has been reported
30

 which will 

presumably be further affected upon the interaction of cationic lipid with nucleic acid. This 

may imply that the potential presence of DOPE enriched domains may display a high 

susceptibility towards undergoing a lamellar-to-non lamellar transition, instrumental in 

initiating lipid mixing between lipoplexes and target membrane
93, 98

. Nevertheless, in 

cationic lipid systems that require DOPE as helper lipid, hexagonal phase formation is not 

triggered when the lipids are mixed, and a regular lamellar phase is observed. Moreover, 

DOPE may also contribute to a bilayer organization with cationic lipids that do not 

inherently display such a property 
93

. Importantly, DOPE is not an essential lipid in all 

cationic lipid formulations that display transfection activity, i.e., in several systems the 

presence of DOPE is essentially without effect, whereas in others the lipid can be even 

inhibitory. An example of the latter is represented by the class of certain Gemini-

surfactants, ionizable cationic lipids, possessing two N-containing headgroups with 

apparent pKs of 7.2 and 5.4 respectively, and two hydrophobic tails, connected by a C3 

carbon spacer
36, 38

. While at physiological pH only one of the N-head groups is charged and 

the other, displaying a pK of 5.4, is essentially un-charged, at mild acidic pH (as occurs 

within endosomes) both N-head groups are fully and partially charged, respectively. It is 

predicted that at the latter conditions, protonation of both nitrogens will expand the polar 

head group region due to repulsive forces, relative to that of the hydrophobic tails. This, in 

turn, will cause the lipid to adopt a cone-shaped micellar HI phase, capable of perturbing 

the endosomal membrane and causing the release of nucleic acid into the cytosol. However, 



Chapter 1 

24 | P a g e  

 

this process is strongly inhibited when DOPE, an inverted cone preferring lipid, is included 

in the formulation. Likely the mixing of positively curved cone and negatively curved 

inverted cone-shaped lipids severely suppresses curvature dynamics, reminiscent of a stable 

lamellar organization of the lipids, which may preclude the ability to properly interact and 

destabilize the target (endosomal) membrane. Similarly, cationic lipids or cationic lipid-

containing lipid mixtures that fail to adopt nonlamellar phases do not or only poorly 

transfect cells
126, 127

. The propensity of certain phosphatidylcholine-based cationic lipid 

derivatives to engage in formation of inverted cubic phases has also been shown to be 

related to an increase in transfection efficiency
128

. Together these data thus indicate that the 

mechanism underlying transfection efficiency does not correlate with triggering of a 

specific non-lamellar structure, but rather may rely on multiple non-lamellar phases, all 

capable of perturbing the stabilizing bilayer structure of the target (e.g. endosomal) 

membrane.  

Target membrane lipids are instrumental in triggering such phases. Physiologically relevant 

negatively charged lipids such as phosphatidylserine or phosphatidylglycerol promote such 

transitions when they are mixed with cationic lipids, organized in a lamellar phase. The role 

of DOPE could thus also be envisaged as (co-)promoting hexagonal phase formation of 

cationic lipids by mediating the lipid mixing of lipoplex and endosomal membranes, 

allowing interactions between negatively charged phospholipids and cationic lipid. The 

underlying mechanism has been explained in terms of a process called ‘ion paring’ between 

the cationic and anionic (phospho)lipid head groups, charge neutralization eliminating head 

group repulsion, leading to an effective reduction in head group area,  thereby favoring an 

inverted ordering driven by geometrical constraints 
134-136

. Concomitantly, charge 

neutralization of the cationic head group will cause the dissociation of the nucleic acid, a 

mechanism proposed to occur in situ as a result of cationic membrane-induced flip-flop of 

the negatively charged lipid from the outer to the  inner leaflet of endosomal membranes
137

 

(Figure 3). It is unclear whether PS flip may result from cationic lipid-induced asymmetry 

perturbation in a randomized fashion or that the PS translocase, which regulates the 

asymmetric distribution of the anionic phospholipid, may be inhibited. Of interest in this 

regard, polyamines have been shown to modulate non-specific randomization of PS in 

apoptotic cells 
138

.  

Thus far little attention has been paid to parameters that govern the efficiency of 

dissociation of nucleic acid from the lipo- or polyplexes, which determines nucleic acid 

accessibility to the cytosol, a crucial step in delivery and eventual transfection efficiency. 

The strength of DNA-cationic lipid binding may frustrate effective dissociation and hence 

transfection efficiency 
139

. Differences in tightness of DNA packing with the lipoplex can 

be influenced by DNA-condensing peptides. Thus it has been demonstrated 
140

 that in 

DOTAP/DNA complexes the DNA chains are more tightly packed than in 

DOTAP/peptide/DNA complexes, the latter displaying a higher transfection efficiency. No 

differences in particle size were reported but the role of peptides in protecting DNA in the 

cytosol cannot be excluded. However, along these lines it could thus be of interest to 

consider options for promoting the efficiency of nucleic acid dissociation. Indeed, chemical 
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modification (acylation) of polymers (chitosan, a linear and biodegradable polysaccharide 

composed of β-(1, 4)-linked D-glucosamine and N-acetyl-D-glucosamine, and PEI) has 

been shown to weaken the binding efficiency of DNA to polymers thereby promoting gene 

delivery and transfection efficiency
141-143

. Furthermore, cleavable linkers in cationic lipids, 

between head group and hydrophobic tails, such as photosensitive, pH- and redox-reactive 

groups, might also be of interest to promote nucleic acid release after endocytosis 
31, 144

. 

However, in this context, it is important to note that since prior release of cargo in 

endosomes apparently frustrates delivery efficiency 
40

, carrier-containing organelles 

presumably do not  lyse cf.
145

 (Rehman et al., unpublished observations). Most likely these 

data may suggest, as noted above, that delivery commensurates and accompanies cationic 

lipid-induced destabilization of the target membrane, which would be consistent with 

observations that dissociation of nucleic acids from cationic lipid based carriers 

prominently occurs from particles that have adopted a non-bilayer configuration 
146

. In 

support of this notion, lipoplexes prepared at  higher charge ratios resulted in lower 

transfection efficiency, despite exhibiting higher uptake, hinting to the possibility that 

stronger compaction reduces dissociation of DNA for transcriptional access 
147, 148

. 

Together, these data would suggest that in the process of intracellular target membrane 

destabilization, dissociation and cytosolic release of the cargo should be a carefully timed 

process, being most efficient when proceeding simultaneously 
9, 40

. Interestingly, similar 

observations have been reported 
149

 for chitosan-based polyplexes, showing premature 

release and degradation of DNA in endo/lysosomes, and hence a diminished transfection 

efficiency compared to polyplex systems that showed a similar efficiency of uptake. 

Endosomal lysis and/or rupture, induced by the so-called proton-sponge effect, has been 

related to the mechanism by which certain polyplexes, including those based on 

polyethyleneimines (PEI) and polyamidoamines (PAM), deliver their contents into the 

cytosol
50, 51

. These polymers carry protonatable secondary and/or tertiary amines with pKa 

values between 7.0 and 5.5, i.e., close to endosomal pH values. Due to their relative large 

proton buffering capacity, these polymers cause vast amounts of protons being pumped into 

the endosomes, which is balanced by a concomitant large influx of chloride ions (Cl
-
). The 

massive Cl
-
 accumulation induces water influx which is thought to lead to osmotically-

induced endosomal swelling and consequently rupturing of endosomes (figure 3b). Mostly 

indirect evidence has supported the validity of the proton sponge effect, showing, for 

example, that an inhibition of the proton pump ATPase by bafilomycin A1 inhibits the 

transfection by PEI polyplexes 
150-153

. Such data emphasize that acidification is a pre-

requisite for PEI polyplex-mediated DNA delivery from the endosomes into the cytosol, 

leading to productive transfection. More direct evidence in support of the proton sponge 

effect has been scanty. However, it has been demonstrated 
154

 that upon chloride 

accumulation in PEI and PAMAM treated cells, an increase in size of endosomes are 

detectable, which was not observed in cells treated with poorly buffering polymers. 

Nevertheless, further convincing evidence is needed to support this mechanism and many 

questions remain, including the efficiency of this process. 
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Figure 3: 
Flip-flop mechanism and Proton-Sponge Effect trigger nucleic acid release from intracellular 

compartments. (a) A flip-flop mechanism is thought to be part of the mechanism employed by lipoplexes to 
release nucleic acids into the cytosol. This process promotes the local membrane destabilization of endosomal 

membranes via inverted hexagonal (HII) phase formation, following the interaction of cationic and anionic 

lipids, which simultaneously causes nucleic acid dissociation from the lipoplex, which is released via the 
induced pores. (b) Polyplexes with a high proton buffering capacity use a proton-sponge effect to release their 

genetic payload into the cytosol. Due to the high influx of protons, and a concomitant inflow of Cl- , water 

enters the endosome to correct the osmotic imbalance. As a result swelling and subsequent bursting of 
endosomes occurs, which results in the release of the nucleic acid. See text for further details. 

 

 

More recently an alternative model was proposed 
155

 for polyplexes-mediated release of 

nucleic acids from endosomes, proposing that cationic PEI integrates into and destabilizes 

the negatively charged endosomal membrane, thereby promoting release of polyplexes into 

the cytosol. In this context, effective entry and transfection of PEI complexes via the 

caveolae-mediated pathway has also been demonstrated 
103

. Although trafficking via 

acidified compartments along this pathway of entry remains unclear, it cannot be excluded 

that mechanisms other than proton-sponge-induced endosomal rupture may (co-)exist for 

nucleic acid delivery mediated by PEI- and PAM-based polyplexes. 
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Concluding remarks 

Although the validity of in vitro studies, examining lipoplex-cell interaction, should be 

carefully considered when extrapolating such data to in vivo application, several recent 

studies have exemplified the usefulness of such a comparison. With proper in vitro assays, 

highly insightful information is obtained when verifying and improving the relative 

transfection capacity of a series of structurally closely related ionizable lipids, currently 

employed in promising siRNA silencing studies 
9, 40

. Similarly, when devising novel 

targeting principles for nanocarriers to, trigger, for example, efforts aimed at transcytotic 

transport across endothelial barriers, including the blood brain barrier, prior testing in in 

vitro models aids in designing the proper strategy by verifying targeting efficiency and 

transport pathway specificity 
108, 156

. 

The promising and advantageous developments for in vivo application of cationic lipids in 

particular the ionizable lipids in siRNA delivery is becoming apparent, given the much 

improved particle colloidal stability in the circulation, and virtual absence of toxicity 

concerns. However, delivery efficiency in terms of intracellular processing, i.e., avoiding 

lysosomal delivery of cargo and carrier, and release of nucleic acids into the cytosol, still 

offers room for improvement. For such purposes detailed in vitro studies remain essential. 

Evidently, release of nucleic acids also concerns the timing and stability of lipo- and 

polyplexes in terms of the relative ease by which nucleic acids dissociate from the carrier. 

Thus far such issues of effectuating nucleic acid dissociation have been poorly addressed, 

although evidence supports the notion that premature release, i.e., prior to nanocarrier-

induced membrane perturbation, is detrimental for delivery efficiency, often leading to 

cargo delivery into the lysosomes. Furthermore, although multiple pathways appear to be 

involved in cellular internalization of nanocarriers, the susceptibility of distinct intracellular 

compartments to nanoparticle- induced membrane perturbation, required for actual 

delivery, seems to differ. By avoiding lysosomal delivery
105

, as revealed by employing 

appropriate inhibitors, or by manipulating intracellular trafficking 
92

, improved transfection 

efficiency can be obtained. Whether a relative accumulation of carriers in distinct 

compartments, other than lysosomes, and/or a relative delay in kinetics of their processing 

along a given pathway may facilitate the effectiveness of carrier-membrane interaction, 

thereby improving cargo release, remains to be determined. Of more fundamental interest 

in this regard would be whether diminished delivery efficiency might be related to a 

potential frustration of ion pairing efficiency with negatively charged phospholipids 
41, 98, 

134
. This would likely affect bilayer destabilization, and simultaneously, a poor dissociation 

of the nucleic acid cargo, which is thought to accompany this event. Evidently, there is a 

general consensus that cationic lipids perturb the membrane of the intracellular 

compartments, e.g. endosomes, in which the carriers localize, and that such a perturbation 

is essential for release of nucleic acids into the cytosol. However many aspects of the 

underlying mechanism remain unclear, including the precise mechanistic role of DOPE or 

other helper lipids in this process. In this regard it is confusing in the context of 

nanocarrier-mediated delivery to refer to DOPE as a ‘fusogenic’ lipid. Specifically, it is still 

entirely unresolved whether the process of actual delivery involves a local and transient 
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membrane destabilization, triggered by nonbilayer formation, which may or may not 

involve DOPE, or a genuine fusion event, which implies a complete merging of endosomal 

and lipoplex membrane. At present there is no convincing evidence for the latter 

mechanism, since lipid mixing as such is not evidence for fusion. Particularly in case of 

non-lamellar phase formation, extensive exchange of lipids rather than the actual merging 

of membranes may mistakenly be interpreted as ‘membrane fusion’. Nevertheless, it is 

anticipated that these issues will be tackled in the forthcoming years and that this insight 

may help in further improving development of sophisticated and highly efficient lipid-based 

nanocarriers, as alternative for virus-based carriers.  

 

Scope of the Thesis 

Progress in applying cationic nanocarriers as delivery vehicles for nucleic acids, including 

plasmids, is particularly frustrated by relative low transfection efficiency, compared to that 

obtained for virus-based carriers. In order to potentiate a therapeutic impact of their cargo, 

nanocarriers have to cross several cellular barriers. Thus, among others, overall 

effectiveness may be determined by the efficiency of extracellular processing towards the 

cell surface, internalization by endocytosis, intracellular processing, endosomal escape of 

the cargo, and, in case of delivery of plasmid or antisense oligonucleotides, transport into 

the nucleus. By determining the relative contribution of these processes, identifying 

underlying mechanisms, and, accordingly, developing strategies to effectively overcome 

these barriers, a rational approach leading to an improved delivery and/or plasmid 

expression efficiency may come within reach. 

The aim of the work described in this thesis was to identify and characterize some of these 

barriers, and to device strategies for improved delivery. Recent progress in the field has 

been summarized in the introductory chapter (Chapter 1).  

The first experimental chapter (Chapter 2) deals with the potential extracellular barrier and 

focuses on how nanocarriers reach and attach to the cell surface, prior to their entry into 

cells. In particular, we considered a potential role of cellular protrusions, i.e., filopodia, 

which are thin actin rich cellular extensions that have been shown to act as attachment site 

for viruses and bacteria. In addition, we investigated whether the positively charged 

nanoparticles may interact with negatively charged entities on the cell surface such as 

heparan sulfate proteoglycans (HSPGs). In these studies, we identified the involvement of 

syndecans, a major HSPG family member, in mediating the binding and processing of 

nanoparticles along filopodia towards the cell surface. 

To obtain further insight into the underlying mechanism, we subsequently overexpressed 

various syndecan mutants in HeLa cells and identified the requirement of distinct structural 

parameters in this protein, instrumental in driving particle processing along the filopodia 

(Chapter 3). Accumulating evidence suggests that cationic nanocarriers may activate 

signaling cascades, such as through distinct kinases. 

In Chapter 4 we used several kinase-specific inhibitors and activators to determine whether 

kinases may play a role in nanocarriers mediated gene delivery. Specifically, by taking into 
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account a role of kinases in intracellular trafficking, we particularly focused on correlations 

between nanoparticle trafficking and transfection efficiency.  

In Chapter 5 we used live cell imaging to visualize polyplex- and lipoplex-mediated 

delivery of nucleic acid. The goal of these studies was to obtain detailed insight into the 

potential mechanism of nucleic acid release from either delivery complex, as occurs in 

endosomes. In particular we focused on the role of the proton sponge mechanism in 

polyplex-mediated delivery, and the extent to which both cationic lipid and polymer-

mediated delivery compromised the integrity of the endosomal membrane.  

Finally in Chapter 6 a summary of the obtained results and their implications is presented, 

as well as a brief account of potential future strategies in the field of nanocarrier-mediated 

delivery of nucleic acids.  
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Abstract 

Lipoplexes and polyplexes, that is, assemblies of cationic lipids and polymers with nucleic 

acids, respectively, are popular nanocarriers for delivery of genes or siRNA into cells for 

therapeutic or cell biological purposes. Although endocytosis represents a major 

mechanism for their cellular entry, very little is known about parameters that govern early 

events in the initial interaction of such delivery devices with the cell surface. Here, we 

demonstrate that prior to entry; poly- and lipoplexes are captured by thin, actin-rich 

filopodial extensions, protruding from the cell surface. Subsequent additional recruitment 

and local clustering of filopodia-localized syndecans, presumably driven by multivalent 

interactions with the polycationic nanocarriers, appear instrumental in their processing to 

the cell body. Detailed microscopic analyses reveal that the latter relies on either directional 

surfing along or retraction of the filopodia. By interfering with actin polymerization or 

inhibiting the motor protein myosin II, localized at the base of filopodia, our data reveal 

that the binding of the nanocarriers to and subsequent clustering of syndecans initiates actin 

retrograde flow, which moves the syndecan-bound nanocarriers to the cell body. At the 

present experimental conditions, inhibition of this process inhibits nanocarrier-mediated 

transfection by 50–90%. The present findings add novel insight to our understanding of the 

mechanism of nanocarrier-cell surface interaction, which may be instrumental in further 

improving delivery efficiency. In addition, the current experimental approach may also be 

of relevance to improving our understanding of cellular infection by viruses and pathogenic 

bacteria, given a striking parallel in filopodia-mediated processing of these infectious 

particles and nanocarriers. 

 

Introduction 

Transfection involves the cellular introduction of nucleic acids, including plasmids for gene 

expression, and oligonucleotides such as antisense RNA or siRNA for regulating protein 

expression. Accordingly, it is a versatile approach in cell biology, for example in studies of 

protein function, and holds promise for future therapeutics, like in gene therapy and cancer. 

Both viral and nonviral delivery systems have been applied for that purpose, each 

displaying distinct advantages and disadvantages 
1
. Nonviral delivery systems are 

commonly based on the application of cationic lipids or polymers which together with 

DNA or RNA spontaneously assemble into so-called lipo- or polyplexes, respectively. For 

effective transfection to occur, both types of complexes require a net positive charge and, 

accordingly, it is generally believed that electrostatic interactions are relevant in the early 

interactions of either complex with the highly negatively charged cell surface 
2-4

. 

Subsequently, the cationic vectors are internalized by means of endocytosis, and the precise 

route of internalization, that is, clathrin-, caveolae-, and nonraft-mediated endocytosis, 

macropinocytosis, or a combination of these pathways, may depend on parameters like cell-

type, and nature and size of the vectors 
5-8

. Although these entry pathways have been 

extensively characterized in recent years, very little is known about how nanocarriers 

initially interact with the cell surface, which may harbor an intricate network of 

macromolecules, including proteins and polysaccharides, assembled into an organized 



Filopodia Nanocarriers Interactions 

39 | P a g e  

 

meshwork. As such this meshwork may constitute a potential barrier for nanocarriers prior 

to reaching the cell body, where endocytic internalization subsequently occurs, while at the 

same time it may provide the cellular receptors for nanocarrier binding. We have previously 

shown that nontargeted lipoplexes exploit β-integrin receptors for productive transfection 

entry in polarized MDCK cells 
9
. Similarly, liposomes, lipoplexes, and polyplexes have 

been shown to use transmembrane heparan sulfate proteoglycans (HSPGs) as receptors 
10, 

11
. The involvement of a specific class of HSPGs, that is, syndecans, was originally 

suggested by Behr and co-workers 
10

. Interestingly, HSPGs have also been shown to act as 

(co)receptor for both viruses, including papillomavirus, herpes virus, adenovirus, retrovirus 

and flavivirus, 
12-15

 and bacteria 
16, 17

. Moreover, a potential role of syndecans has been 

suggested in the surfing of viruses along thin, actin-rich cellular extensions, known as 

filopodia, 
18

 representing a mechanism preceding the actual entry of viruses into cells
19

.  

These considerations have prompted us to investigate early events in the interaction of PEI 

polyplexes and Lipofectamine lipoplexes with the surface of HeLa cells in order to clarify 

the overall mechanism of their cellular entry. Previously, 
8
  we demonstrated that both 

caveolae- and clathrin-mediated endocytosis are involved in the entry of such nanocarriers 

into HeLa cells. However, except for a potential involvement of syndecans in this entry 

process, 
20

 little is known about the actual mechanism underlying this involvement or 

whether filopodia, like in viral and bacterial entry, could play a role. Here, we demonstrate 

that prior to entry; lipo- and polyplexes are captured by thin, actin-rich filopodial 

extensions, protruding from the cell surface. Subsequent oligo (poly)merization of 

syndecans appears instrumental in the processing of nanocarriers along and via these 

extensions to the cell body, prior to actual endocytic entry into the cell. 

 

Materials and Methods 

 

Reagents and Antibodies 

Linear polyethylenimine (LPEI) (average MW = 22 kDa) was purchased from Polyplus-

transfection (Illkirch, France), FITC-labeled poly-L-lysine (FITC-PLL) was from Sigma 

(Zwijndrecht, The Netherlands). Cytochalasin D and sodium azide were purchased from 

Sigma (Zwijndrecht, The Netherlands). Blebbistatin was obtained from Toronto Research 

Chemicals, while jasplakinolide was from Calbiochem. Heparinase II was purchased from 

Sigma (Zwijndrecht, The Netherlands). 

 

Cells 

HeLa cells were maintained in 25 cm
2
 Coster Flasks in Dulbecco’s Modified Eagle 

Medium nutrient mixture F-12 (DMEM/F-12, Gibco, The Netherlands), containing 10% 

(v/v) fetal calf serum (FCS), 2 mM L-glutamine (Gibco, The Netherlands), 100units/mL 

penicillin (Invitrogen) and 100ug/mL streptomycin (Invitrogen) at 37 °C and 5% CO2. 

hCMEC/D3 (Human cerebral microvessel endothelial cells) were maintained in 25 

cm
2
 flasks precoated with 100ug/mL rat tail collagen type-1 (BD Biosciences, Franklin 

Lakes, NJ) in endothelial basal medium-2 (EBM-2; Lonza Group, Basel, Switzerland), 
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supplemented with EGM-2-MV bullet kit (Lonza) containing vascular endothelial growth 

factor, R
3
-insulin-like growth factor-1, human epidermal growth factor, human fibroblast 

growth factor-basic, hydrocortisone, 2.5% fetal bovine serum, and 100 ug/mL penicillin/ 

streptomycin. 

HEK293 cells were cultured in 25 cm
2
 flasks in Dulbecco’s Modified Eagle Medium 

(Gibco, The Netherlands), supplemented with 10% FCS, 100ug/mL penicillin/ 

streptomycin, and 2 mM L-glutamine (Gibco, The Netherlands). 

PC3 prostate cancer cells were maintained in Ham’s F-12 nutrient mixture, Kaighn’s 

modifications (Sigma Chemical Co.), supplemented with 10% FCS. 

PNT2 cells were cultured in 25 cm
2
 flasks in Dulbecco’s Modified Eagle Medium (Gibco, 

The Netherlands), supplemented with 10% FCS, 100ug/mL penicillin/streptomycin. Cells 

were passaged every third day. 

 

Plasmids 

Plasmids DNA were obtained from the following sources: pEGFP-N1 was obtained from 

Clontech (USA), pSDC1-GFP (syndecan-1), and pSDC2-RFP (syndecan-2) was kindly 

provided by Dr. Yves Durocher (National Research Council (NRC) Canada). Plasmid DNA 

was amplified from E. coli. using Sigma Aldrich GenElute HP Plasmid Mini/Midiprep kits 

(Sigma-Aldrich), following the manufacturer’s protocol. 

 

Transfection with Lipoplexes and Polyplexes 

Lipoplexes were made with Lipofectamine 2000 (Invitrogen) and polyplexes were made 

with linear polyethyleneimine (LPEI, Polyplus-transfection), mixed with plasmid DNA, 

according to the manufacturers’ protocols. LPEI polyplexes were prepared at an N/P ratio 

of 5. Size and zeta potential measurements were measured in 0.15 M NaCl using a 

Zetasizer Nano (Malvern Instruments Ltd.) LF2000 lipoplexes: Average diameter 1424 nm, 

−34.7 mV. LPEI polyplexes: average diameter 740 nm, 22.7 mV. 

For transfection studies, HeLa cells were plated one day before transfection in 12 wells 

plates at 1.5 × 10
5
 cells/well. The next day, the cells were washed with transfection 

medium, and subsequently incubated in 0.5 mL/well of the same medium. Lipo/polyplexes 

containing 1 μg of pEGFP-N1in 200ul of HBSS buffer were added per well and incubated 

at 37 °C. After an incubation of 2 h, the medium was removed and fresh culture medium 

was added, which was repeated after 24 h. The transfection efficiency was measured after 

48 h, using FACS-analysis (Elite, Coulter 10,000 events λex. 488 nm/λem. 530 nm). 

For confocal microscopy and live cell imaging, lipo/polyplexes were fluorescently labeled 

by using Cy3-labeled pDNA (Mirus, MA). Polyplexes per se were labeled by using FITC-

PLL, as previously described 
8
. Briefly, 3.6 μL of 1 mM FITC-PLL was mixed with 2 μg of 

plasmid DNA and incubated for 15 min at room temperature. Then PEI polymers were 

added, and the mixture was further incubated at room temperature for 20 min to allow 

assembly of the fluorescently tagged complexes. 

 



Filopodia Nanocarriers Interactions 

41 | P a g e  

 

In the inhibitor studies, the cells were preincubated with the specified inhibitor for 30 min, 

unless stated otherwise, followed by addition of the polyplexes with the inhibitors still 

present. 

 

Confocal Microscopy 

Confocal microscopy was performed as described before 
8
. Briefly, HeLa cells were plated 

one day before the experiment at 1.5 × 10
5
cells/mL on glass coverslips in a 12-wells plate. 

For colocalization studies with syndecans, cells transiently expressing SDC1-GFP or 

SDC2-RFP were used. Briefly, HeLa cells were plated at 1 × 10
5
cells/mL on glass 

coverslips two days prior to the experiment. On the following day cells were transfected 

with either SDC1-GFP or SDC2-RFP using Lipofectamine2000 as transfection reagent. On 

the day of the experiment cells were incubated with fluorescently labeled polyplexes, as 

indicated. Afterward, cells were washed three times with PBS, and fixed with 4% para-

formaldehyde (PFA) in PBS for 20 min. PFA was subsequently quenched with 0.1 M 

glycin in PBS for 20 min. For actin staining, cells were permeabilized with 0.2% triton X-

100 for 2 min and incubated with alexa 488 or alexa 633 labeled phalloidin for 30 min at 37 

°C in a humid chamber. Cells were then washed three times with PBS and finally the 

coverslips were mounted on glass slides using Dako mounting medium (Dako, Carpinteria, 

USA). A Leica TCS SP2 confocal microscope (Leica Microsystem, Germany) was used to 

visualize the samples, using a 63× oil immersion lens. Images were further analyzed using 

ImageJ (NIH). 

 

Live Cell Imaging 

For live cell imaging, the cells were plated on glass bottomed 2-wells plates (Lab-

Tek Chambered Coverglass, Thermo Fisher Scientific, Denmark) two days prior to the 

experiment at 1.8 × 10
5
cell/well). The next day the cells were transfected with the SDC1-

GFP and SDC2-RFP plasmids, using LF2000. On the day of the experiment the syndecan 

expressing HeLa cells were preincubated with inhibitors for 30 min, as indicated, or placed 

directly in a Solamere Spinning Disk Confocal Microscope (based on a Leica DM IRE2 

Inverted microscope, Leica Microsystems, Germany, Solamere, Salt Lake City, USA) 

equipped with a temperature/CO2 controlled cabinet and an automated stage. Cells 

expressing syndecans were selected for imaging prior to the addition of lipo/polyplexes. 

After addition of lipo/polyplexes image acquisition was directly started 

using InVivo software (Media Cybernetics, Inc., Bethesda, MD). Images were further 

analyzed using ImageJ (NIH) and Imaris (Bitplane AG, Switzerland). 

 

Scanning Electron Microscopy 

Cells were incubated with the polyplexes for 90 min, washed three times with PBS, and 

fixed overnight with 2% glutaraldehyde in 0.1 M sodium cacodylate pH = 7.4 at 4 °C. 

Subsequently, samples were washed three times with 0.1 M sodium cacodylate pH = 7.4 

and PBS, and post fixed with 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h at 

room temperature, and rinsed with distilled water. The samples were then dehydrated with a 
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gradient of 30, 50, 70% ethanol for 15 min each, followed by three times with 100% 

ethanol for 30 min each, and dried by critical point drying (CPD) with CO2. The dried 

samples were then coated with 5 nm Pd/Au using Leica EM SCD050 sputter coater and 

analyzed with a JEOL 6301F (JEOL, Japan) scanning electron microscope, operating at 

3kV. 

 

Results and Discussion 

 

Poly- and Lipoplexes Attach to Filopodia Prior to Cellular Entry via Endocytosis 

Nucleic acid-containing nanocarriers, such as lipoplexes and polyplexes, deliver their cargo 

into cells after internalization via endocytosis, including clathrin-, caveolae-mediated 

endocytosis, and macropinocytosis. Yet, very little is known about steps preceding actual 

internalization of nanocarriers into cells. However, the presence of dynamic actin-rich 

protrusions on the cell surface, including filopodia, retraction fibers and microvilli, 
21

 has 

been well established. Moreover, since both distinct viruses 
18, 19, 22, 23

 and bacteria 
24

 exploit 

such surface extensions to acquire access to the cell body prior to cellular entry; we 

wondered whether nanocarriers could use a similar route, prior to their endocytic entry into 

the cell. To this end, we first examined the interaction of PEI polyplexes and Lipofectamine 

lipoplexes at the surface of HeLa cells by confocal microscopy. As shown in Figure 1, 

numerous actin-rich protrusions, presumably reflecting filopodia and retraction fibers, 

extend from the cell surface into the extracellular environment, and serve s attachment sites 

for fluorescently tagged (red) PEI polyplexes (Figure 1a) and Lipofectamine lipoplexes 

(Figure 1b) Analysis by scanning electron microscopy showed that the length of the 

filopodia, which were mostly straight and nonbranched structures, varied from 5 to 20 μm, 

with diameters of 50–200 nm (Figure 1c). Apart from binding to the tips, emphasizing the 

sensory role of filopodia in probing the extracellular environment, polyplexes were also 

found to localize along the protrusions (cf. arrow heads in Figure 1a,d) and in cases 

attachment of more than one polyplex to a filopodial extension was noted (Figure 1a). 

Furthermore, poly- or lipoplexes attached to the cell body were also frequently surrounded 

by several filopodia (Figure 1e), implicating a potential correlation between the latter 

structures and cell body localization of the nanoparticles. Importantly, very similar 

observations were made in other cell lines, including hCMEC/D3 human cerebral 

microvascular endothelial cells, HEK 293 cells, and PC3 cells, a prostate cancer cell line 

(Supporting Information Figure S1). 

Thus these observations indicated a potentially active role of filopodia in the early 

recruitment of cationic poly- and lipoplexes by cells. In addition, we took into account a 

potential role of cell surface polyanionic heparan sulfate proteoglycans (HSPGs), such as 

syndecans, which have been shown to be involved in the internalization process of 

liposomes and positively charged poly- and lipoplexes 
10, 11, 20, 25

. To this end HeLa cells 

were treated with heparinase to remove heparan sulfate 
26

 prior to the addition of PEI 

polyplexes. 
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Figure 1: 
Poly- and lipoplexes attach to filopodia prior to cellular entry via endocytosis. HeLa cells, plated on glass 
coverslips 1 day before the experiment, were incubated with polyplexes (a and c–e) or lipoplexes (b) at 37 °C. 

After 90 min, the cells were fixed and processed for either confocal microscopy (a, b) or scanning electron 

microscopy (c–e). For visualization of poly- and lipoplexes by confocal microscope the complexes contained 
Cy3-labeled plasmid DNA. Filopodia were visualized by staining with alexa-488-labeled phalloidin. Arrow 

heads (a, c, and d) indicate the binding of polyplexes to the filopodia. Scale bars are 5 μm (a–d) and 3 μm (e). 

 

 

As shown in Figure 2a, PEI-mediated transfection efficiency was inhibited by 

approximately 50% following heparinase pretreatment. Consistently, treatment of the cells 

with sodium chlorate, which inhibits the sulfation of HSPGs, reduced the internalization of 

fluorescently labeled PEI polyplexes (approximately 50%; not shown). Also the addition of 

heparin, which competes with the HSPGs for polyplex binding, 
25, 27

 inhibited polyplex 

uptake and subsequently PEI-mediated transfection in a concentration- (Figure 2b) and 

time- (Figure 2c) dependent manner. The competitive effect of heparin is apparent when the 

compound is added not later than 30–60 min after addition of the polyplexes, which 

coincides with the kinetics of actual internalization of the nanocarriers by the cells (not 

shown, cf. ref 
8
). Together these data suggest that filopodia, in conjunction with 

proteoglycans, play a pivotal role in cellular binding and processing of PEI polyplexes and 

Lipofectamine lipoplexes in cell transfection. Except for some quantitative differences, the 

processing of the polyplexes appeared very similar as that of lipoplexes. To further reveal 

mechanistic details of this process, in the following we therefore will largely focus on data 

obtained with PEI polyplexes; where relevant, a reference will be made to Lipofectamine 

lipoplexes. 
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Figure 2: 

Heparan sulfate proteoglycans, in particular syndecans, are involved in the binding of poly- and 

lipoplexes to filopodia. (a) To remove cell surface heparan sulfate the HeLa cells were treated with 

heparinase for 30 min, followed by addition of the polyplexes with heparinase still present. After incubation 

for 2 h at 37 °C, the cells were washed and incubated in complete medium. After 48 h the transfection 
efficiency (mean ± SEM, n = 6) was measured as described in Materials and Methods. (b, c) Heparin (5 

μg/mL), preincubated with the cells for 30 min prior to addition of the polyplexes (2 h at 37 °C) competitively 

inhibited polyplex-mediated transfection efficiency (determined after 48 h; mean ± SEM, n = 6) in a 
concentration (b) and time (c) dependent manner. (d) HeLa cells expressing syndecan-1 tagged with GFP 

(SDC1-GFP) were incubated with polyplexes for 90 min, and subsequently fixed and mounted on a glass slide 

for examination by confocal microscopy. Note the colocalization of polyplexes and syndecan-1, reflected by 
yellow fluorescence. The lower middle and right square show the individual image channels. The lower left 

square shows a syndecan-1-expressing cell without polyplexes. Scale bar, 3 μm.  
 

 

Particularly syndecans, as major representatives of the HSPG family, have been recognized 

as key players in the entry of viruses 
15

 as well as polyplexes 
20

. To visualize this 

interaction, we therefore expressed GFP-labeled syndecan-1 (SDC1-GFP) in HeLa cells, as 

described in Materials and Methods, which were subsequently incubated with fluorescently 

labeled polyplexes. As shown in Figure 2d, SDC1 is homogeneously distributed over the 

http://pubs.acs.org.proxy-ub.rug.nl/doi/full/10.1021/nn3028562#sec4
http://pubs.acs.org.proxy-ub.rug.nl/doi/full/10.1021/nn3028562#sec4
http://pubs.acs.org.proxy-ub.rug.nl/doi/full/10.1021/nn3028562#fig2
http://pubs.acs.org.proxy-ub.rug.nl/doi/full/10.1021/nn3028562#fig2


Filopodia Nanocarriers Interactions 

45 | P a g e  

 

entire cell surface of HeLa cells, whereas upon addition of polyplexes it organizes in 

clusters. As anticipated, based on the inhibition experiments described in the previous 

paragraph (Figure 2a–c), a substantial colocalization was seen between syndecans and 

polyplexes, their close interaction being reflected by a yellow (green + red) signal. 

Possibly, the yellow spots in the plane of the cell body surface are derived from clusters of 

polyplexes and filopodia, like those shown in Figure 1e. Certainly, the involvement of 

SDC1 in the tight binding of polyplexes to the filopodia is most clearly discerned in those 

protruding from the cell body. A similar colocalization, was seen in cells expressing RFP-

syndecan-2 (SDC2-RFP) (not shown), implying that both types of proteoglycans are 

actively involved in binding PEI polyplexes to the filopodia. 

Evidently, attached polyplexes do not enter cells at the filopodia (Figure 1; cf. refs 
24, 28

). 

Rather, once attached, the polyplexes presumably exploit these cellular protrusions to reach 

the plasma membrane surface at the cell body for entry into the cell. We therefore focused 

next on the mechanism as to how filopodia-attached PEI polyplexes reach the cell body. 

 

PEI Polyplexes Reach the Cell Body by Surfing along Filopodia 

To gain insight into the potential processing of polyplexes along filopodia, including the 

role of syndecans, PEI polyplexes were prepared containing fluorescently labeled DNA, as 

described in Materials and Methods. Movement of the polyplexes along the filopodia was 

then directly visualized by live cell imaging in HeLa cells, expressing SDC1-GFP. As 

shown in Figure 3a and Supporting Information Movie 1, following binding, the polyplexes 

surf along the filopodia to the surface of the cell body. Simultaneously, the intensity of the 

syndecan fluorescence increases at the binding site between polyplex and filopodia 

(Figure 3a, upper panel), suggesting the participation of syndecan 1 in this process, as 

further supported by an increase in the colocalization signal. Further support for this notion 

is shown in Figure 3b, where attachment of two polyplexes to a filopodial extension 

highlight an intimate interaction between seemingly clustered syndecans and the cy3-

labeled polyplexes at the site of attachment. Furthermore, as is apparent from Figure 3a and 

Movie 1, when polyplexes are attached, the filopodia does not zipper around the 

nanocarrier, that is, while the cell body-directed movement of the nanocarrier is 

progressing, the protrusion itself remains extended into the extracellular environment. 

Accordingly, together these data fit a mechanism that is very reminiscent of that in which 

EGF receptors have been shown to undergo a retrograde flow along filopodia after binding 

EGF
28

. Thus, in a similar fashion, recruitment and clustering of negatively charged 

syndecans can occur, triggered by the multivalency of the interacting positively charged 

polyplex, thereby presumably providing the driving force for cell surface directed transport 

along the filopodia (see further below). Interestingly, in passing we also noted that 

polyplexes can travel along actin-rich tubes, which connect adjacent cells (Figure 3c–e). 

Such tubes are defined as “nanotubes” 
29

 and can be as long as 100μm. 
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Figure 3: 
PEI polyplexes surf along filopodia to reach cell body. (a) HeLa cells expressing SDC1-GFP (green) were 

incubated with polyplexes with cy3-labeled plasmid DNA (red) and polyplex-cell interaction was visualized 
by time-lapse microscopy. Selected frames from Supporting Information movie 1 reveal the surfing of 

polyplexes along syndecan-rich filopodia. The upper row of frames shows fluorescence images of the 
polyplex and the local presence of syndecan-GFP fluorescence at the polyplex binding site to the filopodium, 

indicating a rapid recruitment of syndecans (time intervals are in seconds) to the binding site of polyplexes. 

(b) Syndecan clustering (green channel) is prominently present at polyplex-binding sites along filopodia (c). 
Next to filopodia, polyplexes also bind to nanotubes (arrowhead), connecting two cells. (d) Nanotubes were 

stained with alexa 633 labeled phalloidin, revealing the actin-rich structures (pseudocolored blue) to which 

polyplexes (red) bind, and displaying clustered SDC1-GFP (green) at the binding site of polyplexes (compare 
green versus red channel, left panels in d). (e) Selected frames (after time intervals (seconds) as indicated) 

from Supporting Information movie 2, showing time lapse microscopic images of polyplexes (red) interacting 

with nanotubes between HeLa cells, expressing SDC1-GFP (green). Note the rapid recruitment of syndecans 
at the binding site of the polyplexes (upper panel in e), and the dynamics of polyplex movement. Initially 

(frame 2–4) the nanocarriers move upward, followed by a reversed movement (frame 5 and following) toward 

the surface of the opposite cell. Scale bar is 3 μm. 
 

 

These structures gained considerable interest because of their potential role in facilitating 

intercellular transport of organelles, vesicles, and membrane bound proteins 
29-31

. 
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Furthermore, also intercellular transport of viruses through these nanotubes from an 

infected to uninfected cell, 
32, 33

 their surfing along the surface of nanotubes, 
34

 as well as 

that of bacteria between macrophages 
31

 has been reported. However, underlying 

mechanisms have been only poorly addressed. As shown in Figure 3e and Supporting 

Information Movie 2, fluorescently labeled PEI polyplexes also attach to the surface of 

such nanotubes, which are seen between HeLa cells and express GFP-labeled syndecan1. 

Scanning electron microscopy supports the notion that polyplexes bind to the surface of 

such nanotubes (Figure 3c, arrowhead). After initial binding of the polyplexes to the actin-

rich nanotube (Figure 3d), the syndecan receptors are rapidly recruited to the binding site, 

as reflected by a rapid local increase of GFP fluorescence and strong increase in 

colocalization signal at the polyplex binding site (Figure 3d,e, upper panel), which largely 

occurs prior to their lateral movement (movie 2). Intriguingly, rather than moving 

unidirectionally, as observed following attachment to filopodia, polyplexes bound to the 

nanotubes can, at least in part, move in either direction of the nanotube, connecting the two 

cells. Thus, after initially moving in one direction (Figure 3e, frames 1–4), transport of the 

polyplex subsequently changed directions and reached the surface of the opposite cell 

(Figure 3e, frames 5–9). This bidirectional movement along intercellular nanotubes could 

take its origin in the formation of actin tension fibers (see below) or reciprocal movements 

of a partially syndecan-neutralized polyplex being attracted by approaching cell body-

produced syndecans, by both cells. 

Altogether, these observations demonstrated that polyplexes can surf along filopodia and 

nanotubes to the cell body, while oligomerization or polymerization of syndecans appears a 

commensurating event. 

Evidently, so far our data show that filopodia and intercellular nanotubes provide a cellular 

road for the trafficking of nanocarriers, traveling with a rate of 0.3–3 μm/min, on their way 

to the surface of the cell body for cellular entry. However, we also noted that next to surfing 

along a filopodia, several protrusions on the cell surface may display a concerted dynamic 

behavior involving their retraction, as a consequence of which the nanocarrier may also 

reach the cell body. 

 

Retraction of Filopodia Transfers Polyplexes to the Cell Surface 

Retraction of filopodia has been noted, based on observations that “short-lived” filopodia 

capture viruses, which are localized near the cell surface 
23

. Similarly, bacteria can also be 

actively retracted by filopodial extensions to bring them to the cell body 
24

. Next to surfing 

along filopodia and nanotubes, this mechanism of retraction also appears to contribute to 

carrying polyplexes to the cell body, presumably preceding their actual internalization 

(Figure 4a, Supporting Information Movie 3). Thus after initial binding of fluorescent PEI 

complexes to the filopodia of GFP-syndecan expressing HeLa cells, extensive clustering of 

syndecans is seen to occur (Figure 4a, top panel, green channel) at the binding site of the 

PEI nanocarriers, as also reflected by the immediate increase in colocalization signal 

between GFP and CY3. Interestingly, as a subsequent process, rather than surfing along the 
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protruding filopodia, the protrusions shorten, which likely reflects the process of retraction, 

while the nanocarriers remain attached to the top of the rapidly collapsing filopodia. 

 
 

Figure 4: 
Retraction of surface protrusion as an alternative mechanism for polyplex transfer to the cell surface 

(a) Cells, expressing SDC1-GFP (green), were incubated with polyplexes labeled with cy3-tagged plasmid 

DNA (red) and the interaction was monitored by time-lapse microscopy. Frames were selected 

from Supporting Information movie 3 showing that after binding to filopodia, syndecans are recruited to the 
binding site of the polyplexes, after which the filopodia retract thereby concomitantly transferring the attached 

polyplex to the cell surface. Adjacent filopodia may assist in this process (frame 4, arrowhead). The images 

above the frames reflect the increased recruitment of syndecans (green), as a function of time (secs), near the 
filopodia-bound polyplexes (red), their colocalization showing as yellow in the frames. (b) Selected frames 

from Supporting Information movie 4, showing that initially one filopodium binds to the polyplex (arrowhead 

1, frame 2). Subsequently, adjacent filopodia (arrowheads 2, 3, and 4), and further highlighted in panels c 
(confocal image) and d (scanning electron microscopy), may assist in the ultimate translocation of the 

polyplex to the cell surface. Scale bar, 3 μm. 

 

 

This process may occur as such. However, when in addition adjacent filopodia or fibers are 

within reach of the “incoming” nanoparticle, they may also attach to the nanocarrier, thus 

apparently assisting as “helper” filopodia in the homing process toward the cell body 

(Figure 4a, fourth panel arrowhead). Indeed, as shown in Figure 4b (and Supporting 

Information movie 4), although multiple filopodia/fibers, particularly near the cell body, 

could be involved, initial attachment to one (arrowhead 1, second panel Figure 4b) followed 

by its early retraction, prior to attachment of several others (Figure 4b, arrowhead 2, third 

panel, and arrow heads 3 and 4, fourth panel) that might assist in cell body directed transfer, 

seems to be the scenario for this transport process. The simultaneous attachment of several 
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(extended) filopodia to one nanoparticle was often observed, as revealed by fluorescence 

(Figure 4c) and scanning electron microscopy (Figure 4d). 

To summarize, nanocarriers can be transferred to the cell body by different mechanisms, 

including surfing along extended protrusions or via retraction after initial attachment, 

during which syndecan receptors are recruited to the binding site. 

 

Filopodia Sense PEI Complexes in the Extracellular Environment 

Filopodia are generally considered as the antennae of the cell, “probing” the extracellular 

environment. Distinct receptors that can trigger certain signaling processes are involved in 

this sensing process, which respond to the gradient of ligands or chemo-attractants over a 

certain distance 
21, 35

. How filopodia respond to an individual ligand has not been studied in 

detail. 

When HeLa cells, expressing SDC1-GFP, were incubated with PEI-Cy3-labeled 

polyplexes, time-lapse microscopy analysis revealed that filopodia actively extend toward 

polyplexes, prior to directly interacting with the nanocarrier, thus reflecting their sensing 

ability (Supporting Information movie 5a, Figure 5a). The latter is apparent from the red 

appearance of the nanoparticle, which upon direct interaction with the SDC1-GFP labeled 

filopodium reveals a (local) yellow signal, as a result of colocalization between Cy3 and 

GFP. Separate visualization of the GFP fluorescence (blue channel, Figure 5a, upper panel) 

suggests that a rapid clustering of syndecans takes place at the filopodium tip upon 

contacting the polyplex (Figure 5a, upper panel, frames 5 and 6). After attachment and 

recruitment and apparent oligomerization of syndecans (Figure 5a, frame 5) the nanocarrier 

commences to surf along the filopodium toward the cell body (Figure 5a, frames 5–9). 

Strikingly, the formation of a U-turn by the filopodium prior to the attachment of a 

polyplex (Supporting Information movie 5b), supports an apparent sensing of the presence 

of polyplexes by filopodia. The dynamic behavior, as opposed to a static protrusion 

extending into the extracellular environment, is further supported by the observation 

in Figure 5b, showing a perpendicularly bended filopodium, with two attached PEI 

polyplexes, clearly revealing the strongly clustered syndecans, highlighted by spots of 

intense green fluorescence at the sites of attachment (Figure 5b, left image, middle panel). 

Evidently, several nanocarriers can attach and surf simultaneously along the same filopodia 

(Figure 5c, arrow heads) and several filopodia which are near one nanoparticle may sense 

its presence and establish multiple contacts (Figure 5c, arrow). Not surprisingly, as revealed 

by scanning EM (Figure 5d) and confocal microscopy (Figure5e), filopodia on a given cell 

may even sense nanoparticles that are attached to (filopodia of) adjacent cells. In that sense, 

the presence of the nanoparticles triggers very similar cell biological responses as has been 

reported for cell surface-attached viruses 
22

 in that intercellular filopodial bridges are 

formed, allowing intercellular trafficking. 

The data as presented so far clearly indicate a role of syndecan in nanocarrier binding, 

while its dynamics, as part of the retrograde transport machinery, possibly represents a 

driving force for the surfing of polyplexes along the filopodia. Specifically, after initial 

attachment, recruitment and oligomerization of syndecans seem a prerequisite for surfing of 
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poly- and lipoplexes along filopodia in order to reach the cell body. To obtain further 

experimental support for this notion, the next experiments were carried out. 

 
 

Figure 5: 

Filopodia sense PEI complexes in the extracellular environment. (a) Selected frames from Supporting 

Information movie 5a showing that filopodia are extending toward polyplexes, prior to their attachment. 
SDC1-GFP (green) expressing HeLa cells were incubated with polyplexes (red) and monitored by time-lapse 

microscopy. As reflected by the fluorescence images above the frames, a distinct attachment of the 

nanocarrier (red) becomes apparent after approximately 140 s, when colocalization of syndecan and polyplex 
(appearance of green fluorescence (syndecan) at the polyplex binding site, images at 136 vs 227 s) becomes 

apparent (yellow fluorescence in the corresponding frames). (b) HeLa cells, expressing SDC1-GFP, were 

incubated with polyplexes for 90 min and subsequently examined by confocal microscopy, showing a 
filopodium perpendicularly bending toward polyplexes and a concomitant clustering of syndecan-1 at the 

binding sites of the polyplexes. (c) Scanning electron micrograph of HeLa cells incubated with polyplexes 

showing that several polyplexes can surf along the same filopodium (arrow heads), and that several filopodia 
may sense the same polyplex (arrow). (d, e) Scanning electron microscopy of HeLa cells (d) and confocal 

images of HeLa cells expressing SDC1-GFP (e), incubated with polyplexes for 90 min, showing that filopodia 

can also bind to the polyplexes that are already attached to a neighboring cell, thereby forming filopodial 
bridges. See text for details. Scale bar, 3 μm. 

 

 

 

Syndecan-Actin Interactions Determine Polyplex Trafficking along Filopodia 

Syndecans are transmembrane proteins that interact with the actin cytoskeleton via their 

intracellular domains that interact with PDZ-containing proteins. Accordingly, analogously 

as reported for viruses and bacteria, 
36

 the dynamics of nanocarrier–surface interactions and 

the eventual fate of the surface attached nanocarrier is presumably dictated by coordinated 

syndecan–actin interactions. To obtain mechanistic support for this notion, we therefore 
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investigated the extent to which actin dynamics affected filopodia-mediated processing of 

the polyplexes. Actin retrograde flow, which involves a net transport of actin molecules 

from the plus end at the tip of an actin protrusion toward the minus end at the cell body, 

appears a key event in this mechanism. In essence, three basic processes contribute to this 

mechanism, that is, (i) actin polymerization at the tip of the filopodia, (ii) depolymerization 

of the actin filaments, and (iii) a pulling mechanism exerted by the anchored motor protein 

myosin II, localized at the base of filopodia and also present in retraction fibers 
18, 37, 38

. A 

perturbation in any of these three steps will frustrate filament dynamics, and therefore 

likely halt filopodia- and retraction fiber-mediated translocation of the polyplexes. To 

investigate this, we started out with treating the cells with blebbistatin, a specific myosin II 

inhibitor 
39

. After pretreating the cells with the inhibitor (50 μM, cf. Figure 7) for 30 min 

after which the polyplexes were added, still in the presence of the inhibitor, transfer of 

attached polyplexes to the cell surface was completely inhibited (Figure 6a, Supporting 

Information Movie 6). Intriguingly, careful examination indicates that upon initial 

interaction, some recruitment of syndecans to the binding site is triggered, although to a 

lesser degree than at control conditions, as reflected by a lower level of GFP fluorescence 

intensity at the polyplex binding site, proportionate with a significant diminishment in the 

colocalization signal (cf. Figures 3a and 4a versus6a). In fact, the recruitment of syndecans 

appears transient, and concomitantly the “tightness” of the polyplex–syndecan interaction 

presumably weakens, as indicated by the subsequent decrease in the GFP-Cy3 

colocalization signal at the attachment site (Figure 6a, upper panel, frames 6–8). These data 

thus suggest that long-term stable multivalent interactions between syndecans and 

polyplexes do not seem to form without a further “in-flow” of additional syndecans, as 

apparently arises when retrograde F actin flow is blocked. Rather, at these conditions, the 

syndecan receptor-density at the binding site decreases and, accordingly, the binding 

strength of the polyplexes to filopodia likely weakens. Apart from a complete 

immobilization, it is therefore possible, that the nanocarriers eventually dissociate from the 

filopodia, and hence from the cells, thereby frustrating transfection efficiency (see below). 

In line with the foregoing, affecting the state of actin polymerization similarly strongly 

interfered with filopodia-mediated processing of the polyplexes. Thus preincubation of the 

cells with cytochalasin D, a reagent that binds to the barbed end of actin filaments, thereby 

preventing its polymerization and causing subsequent depolymerization also abrogated 

polyplexes transport along the filopodia (not shown). 

Finally, addition of jasplakinolide, which stabilizes actin filaments and hence induces 

polymerization, also strongly inhibited the movement of attached polyplexes toward the 

cell body (Figure 6b, Supporting Information Movie 7a). In this case, significant 

recruitment of syndecan receptors to the polyplex was not observed, as reflected by only 

minor changes in GFP-fluorescence intensity (Figure 6b, top panel), reflecting the local 

density of the syndecan receptors, localizing at the polyplex binding site. Moreover, the 

absence of a visible colocalization signal further indicated the relative weakness of the 

syndecan–polyplex binding. Our data are therefore entirely consistent with previous 
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observations that stabilization of actin filaments by jasplakinolide inhibits the lateral 

movement of receptors, and hence receptor clustering
40

.  

 

 
 

Figure 6: 
Syndecan–actin interactions determine polyplex trafficking along filopodia. (a) HeLa cells, expressing 

SDC1-GFP (green), were pretreated with 50uM blebbistatin (myosin II inhibitor) for 30 minutes. 

Subsequently, cy3-labeled polyplexes (red) were added and visualized by time-lapse microscopy. Selected 
frames from Supporting Information movie 6 demonstrate that after initial binding to the filopodium, the 

polyplex recruits syndecan-1 to its binding site, but the following steps (retraction or surfing) are impeded. 

The upper row of images above each frame shows the fluorescence of polyplex and syndecan at the binding 
site. Note the transient recruitment of syndecan, reflected by a relative fading of the green fluorescence and 

the disappearance of yellow fluorescence (after approximately 855 s). (b) Selected frames from Supporting 

Information movie 7b showing that the actin stabilizer jasplakinolide (100 nM, 30 min treatment prior to 

addition of the polyplexes) inhibits the lateral movement of syndecans, as apparent in SDC1-GFP expressing 

cells, to the binding site of polyplexes (upper row, compare Figure 6a). Simultaneously, transport of 

polyplexes to the cell body is completely inhibited. Scale bar is 3 μm. 
 

 

Receptor oligomerization has been shown to be necessary for downstream signaling and 

subsequent retrograde transport of receptor–ligand complex 
28

. Additionally, in line with 

the notion mentioned above that a diminished ability of syndecan recruitment may weaken 

polyplex binding to filopodia, and eventually their dissociation from the cells, we indeed 

observed in cells treated with jasplakinolide that polyplexes detached from filopodia 

following initial attachment (Supporting Information movie 7b). In addition in cells treated 
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with jasplakinolide polyplexes sometimes move away from the cell body showing ‘reverse 

surfing’ (Supporting Information movie 7c). This shows that interaction of polyplexes to 

the cell surface is not a simple electrostatic interaction; instead it is under tight regulation of 

cellular processes. 

Together, our data indicate that nanocarriers, similarly as noted for viruses, exploit 

filopodia to acquire access to the cell body via an actin- and motor-driven process. Actin-

interacting syndecan appears instrumental in this process, showing that after attachment the 

protein’s density locally increases at the polyplex attachment site, as reflected by a local 

increase in GFP fluorescence and a strong colocalization signal. Interference with these 

events immobilizes the particles and eventually may cause their dissociation from the cells. 

Thus syndecan recruitment and clustering (oligomerization and/or polymerization), which 

depends on an intact actin filament system, appears a prerequisite for syndecan-polyplex 

directionality of retrograde transport along filopodia. 

 

Filopodia-Mediated Transport of Polyplexes Contributes Prominently to Overall 

Transfection Efficiency 

Thus far the data demonstrate that cell surface protrusions are closely involved in 

“capturing” polyplexes that subsequently acquire access to the cell body by means of either 

a syndecan-mediated surfing or a retraction mechanism along filopodia and retraction 

fibers. It was however, of obvious interest to determine whether these mechanisms actually 

lead to transfection, that is, cellular internalization of the polyplexes and, if so, what their 

relative contribution might be to overall transfection efficiency. We therefore analyzed the 

effect of jasplakinolide and blebbistatin, both of which strongly impede filopodia-mediated 

transport, on the transfection efficiency of PEI polyplexes. 

To this end, the cells were preincubated with either inhibitor for 30 min, followed by 

addition of the polyplexes, while keeping the selected inhibitor present. After another 2 h at 

37 °C, the cells were washed with a heparin-containing solution to effectively remove 

polyplexes still present in the medium and, in particular, those attached to the cell surface 

(cf. Figure 2).  

The cells were subsequently incubated for 48 h in the absence of the inhibitor, after which 

the transfection efficiency was determined, as described in Materials and Methods. As 

shown in Figure 7, relative to the control, both blebbistatin and jasplakinolide inhibited 

transfection efficiency in a concentration-dependent manner. Thus depending on the nature 

of the inhibitor, PEI-mediated transfection efficiency was inhibited between 50 and 90%, 

implying that at the present conditions at least 50% of the overall transfection efficiency is 

contributed by initial processing of the PEI polyplexes along filopodia and fibers. At 

similar conditions, lipoplex-mediated transfection was inhibited between 40 and 70% (not 

shown). 

Whether filopodia-mediated transport is linked to a specific pathway of entry of the 

polyplexes, or once arrived at the cell body, polyplexes may redistribute for cellular 

entry via multiple endocytic pathways, remains to be determined. 
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Figure 7: 

Filopodia-mediated transport of polyplexes contributes prominently to overall transfection efficiency. 
HeLa cells were pretreated with the indicated concentrations of either blebbistatin or jasplakinolide for 30 
min, followed by the addition of polyplexes, containing a GFP-expressing reporter gene. After 2 h, the cells 

were washed and further incubated in complete medium, without blebbistatin or jasplakinolide and 
polyplexes. After 48 h, the transfection efficiency was determined by measuring the percentage of cells 

expressing the reporter gene (mean ± SEM, n = 6). 

 

 

Conclusions 

In the present work we have shown that nanocarriers, that is, poly- and lipoplexes, do not 

necessarily randomly attach at the cell surface by simple electrostatic interactions, 

preceding their entry into the cell. Rather, we observed that syndecans, localized at 

filopodia and retraction fibers, can be highly instrumental in guiding such particles to the 

cell surface. Specifically, we demonstrate here that the binding of the nanocarriers to 

syndecans triggers actin retrograde flow, which carries them along filopodia to the cell 

body. This filopodia-mediated processing occurs along distinct mechanisms, including the 

surfing of polyplexes along the filopodia, after initial binding to and subsequent clustering 

of syndecans, which presumably relates to multivalent interactions between syndecans and 

the charged nanocarriers. Alternatively, the polyplexes may reach the cell body as a result 

of retraction of the filopodia and fibers, a mechanism that closely resembles that recently 

proposed for bacteria 
24

. What determines filopodia to either support ligand surfing or show 

retraction is largely unknown. Also there may exist multiple populations of filopodia, each 

performing a specific function. Possibly, the filopodia that are in contact with the 

extracellular substratum support only surfing, while the filopodia that are oriented “loose” 

in the extracellular space can be involved in both surfing and retraction. 

Interestingly, syndecan dynamics was a key factor in processing of the polyplexes along the 

filopodia, and the link to actin retrograde flow via a myosin II driven mechanism, as 
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reported before for the surfing of other ligands and viruses along filopodia as well as their 

retraction, 
19, 28

 seems apparent. Interfering with the latter process or with the state of actin 

polymerization, clearly affected the lateral dynamics of the transmembrane actin-interacting 

syndecan receptors. Thus at such conditions, triggered upon treatment of the cells with 

blebbistatin or jasplakinolide, the polyplexes could still bind to the filopodia, but at both 

conditions lateral movement of the receptors is impeded and hence subsequent recruitment 

and clustering of syndecan receptors was strongly diminished or abolished. As a result, the 

remaining syndecans failed to stabilize the binding of polyplexes and as a consequence the 

polyplexes dissociated from their binding sites, implying a relatively weak interaction as 

such, following initial binding. 

Evidently, given conditions as described in the present work, filopodia-mediated 

attachment and processing of PEI polyplexes can play a major role in polyplex-mediated 

transfection as the latter is inhibited by 50–90% when the processing of polyplexes along 

filopodia is inhibited. The exclusiveness of this mechanism remains to be determined, 

particularly since changes of filopodia expression by modulating cell culture conditions do 

not seemingly affect viral infection activity 
18

. Furthermore, whether multiple populations 

of filopodia, next to retraction fibers, are involved in this process, each performing its 

specific function, 
21

 cannot be ruled out either, and also requires further investigations. 

Nevertheless, knowledge about the early binding and processing of polyplexes to the 

filopodia may be of direct relevance to clarifying filopodia mediated processing of viruses 

and bacteria, and further investigation of this mechanism will aid in understanding cellular 

infection by viruses and pathogenic bacteria. 
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Supporting Information 

 

Figures 

 

 
 

Figure S1:  
Binding of polyplexes to filopodia is not cell type dependent. Human vascular endothelial (D3) cells, 
HEK293 cells and PC3 cells were incubated with polyplexes for 90 minutes and subsequently processed for 

confocal or scanning electron microscopy. Actin was stained with alexa 488 (pseudocolored red). Scale bar, 

3um. 

 

 

 

Movies 

 

Ten (10) movies are described in the text. These movies including legends are available 

free of charge via the Internet at http://pubs.acs.org/doi/suppl/10.1021/nn3028562. 
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Abstract 

Nanoparticles may reach the cell surface by attachment to surface protruding filopodia, and 

exploit an actin retrograde flow mechanism to reach in this manner the plasma membrane 

for cellular internalization. Binding to and clustering of syndecans, which belong to the 

class of heparan sulfate proteoglycans and localize in filopodia, is instrumental in polyplex 

transport. Here, we have investigated structural parameters of syndecans in order to clarify 

at the molecular level potential mechanisms that govern filopodia-mediated transport and 

thereby ultimately the efficiency of transfection by polyplexes. To this end, various 

syndecan mutants were overexpressed in HeLa cells and the interaction of PEI polyplexes 

with the cells was subsequently investigated, in particular by live cell imaging. Our data 

reveal that the transmembrane domain of syndecan is essential for the protein’s ability to 

cluster, as necessary for the stabilization of the interaction of the polyplexes with the 

filopodia. Interestingly, clustering, which is also necessary for subsequent syndecan-

mediated flow of polyplexes to the cell body, is not affected upon overexpression of a 

syndecan mutant, devoid of the cytoplasmic domain. Given the role of actin in the 

underlying mechanism, these data might thus suggest that the transmembrane rather than 

the cytoplasmic domain is also necessary for movement of clustered syndecans along the 

filopodia, possibly involving lateral interactions with transmembrane domains of actin-

interacting proteins. 

 

Introduction 

As alternatives for viral-based gene delivery systems, non-viral cationic lipid and polymer-

based nanocarriers, i.e., lipoplexes and polyplexes, respectively, have gained considerable 

interest in recent years because of their relative immunological inertness, ease of production 

at low costs, and their flexibility in transferring large(r) size DNA fragments. However, a 

major concern is still their relative low transfection efficiency when compared to viral-

based particles. To develop strategies for improvement, it is considered important to 

identify the major cellular hurdles that have to be overcome in nucleic acid delivery in 

order to develop means to overcome such barriers. Delivery of nucleic acids to the cytosol 

and nucleus requires prior internalization of the nanoparticles via endocytic mechanisms 
1-3

 

. Processes governing initial interactions at the cell surface prior to actual internalization are 

therefore considered important in the overall transfection process. Given the cationic nature 

of the carriers and the abundant presence at the cell surface of negatively charged heparan 

sulfate proteoglycans (HSPGs), these surface molecules have attracted considerable 

attention in mediating cell attachment of cationic nanoparticles 
4, 5

. Although initial 

electrostatic interaction is of obvious relevance, it has become apparent from several recent 

studies
5-8

 that structural features, localized in the proteinaceous part of these molecules, are 

determining factors in the processing of attached particles 
9
. Proteins belonging to the class 

of HSPGs include glycosylphosphatidylinositol (GPI) - anchored glypicans and syndecans 

(SDC), a family of single-span transmembrane proteins 
10, 11

 
12

. In particular syndecans 

have received considerable interest because of their role to act as (co-)receptor for a host of 
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ligands. Furthermore, they may interact with integrins and actin-binding proteins, 

suggesting a role in cell signaling, while their functioning as potential organizers of the 

extracellular matrix has also been reported
13

. There are four different syndecan genes 

(SDC1-4) expressed in vertebrates, their cellular distribution varying with cell type. The 

protein core consists of a short cytoplasmic domain, a single-span transmembrane domain 

and a variable extracellular domain, to which usually three to five heparan sulfate (HS)-

containing glycosaminoglycan chains are attached, which may consist of as many as 50 

disaccharides, and occasionally chondroitin sulfate. Intracellular signaling activity is 

thought to be associated with the highly conserved transmembrane part of the syndecans, 

occurring upon dimerization and/or oligomerization of the proteins
14-16

. The cytoplasmic 

domain carries two highly conserved C1 and C2 regions, flanking a variable (V) domain, 

which is specific for each syndecan type. The C1 region binds to proteins that can link to 

the actin cytoskeleton e.g. ezrin- radixin-moesin proteins 
17

  and tyrosine phosphate 

complexes (e.g. Src, Fyn) 
18

. The C2 domain of syndecans carries an EFYA motif and can 

potentially bind to many PDZ carrying proteins, including GIPC/synectin, syntenin and 

CASK 
19, 20

. In previous studies, evidence has been obtained which supports the role of 

syndecans in the endocytic internalization of nanoparticles, employed for gene delivery, 

such as cationic polyethyleneimine polyplexes 
5, 6, 8

 and lipoplexes 
8, 21

. We observed that 

the cationic nanodevices interact with syndecans, localized in cellular protrusions known as 

filopodia, along which they may surf to the cell body, relying on an actin retrograde flow 

mechanism, similarly as reported for viruses 
7, 9

 and bacteria 
22

. Clustering of syndecans 

appears a crucial step in the mechanism of nanoparticle flow along the filopodia 
8
  and at 

the plasma membrane in PEI-mediated transfection 
6
.  Interestingly, in the latter study it has 

been shown that in HEK293 cells overexpression of syndecan-1 slightly enhanced PEI-

mediated transfection, while it was dramatically suppressed upon overexpression of 

syndecan-2, which was related to differences in the kinetics of endocytosis of the SDC1- 

versus SDC2-interacting polyplexes. Also, specific involvement of various structural 

domains in the protein, as in clustering and endocytic internalization, could be identified by 

employing different syndecan mutants 
6
. However, since our earlier studies revealed the 

specific involvement of syndecans in the processing of cationic nanoparticles prior to 

endocytosis, it was of interest to identify structural parameters of the syndecans that control 

clustering at the surface of  the filopodia and mediate actin retrograde flow by which the 

particles move along the filopodia. Our data reveal that the transmembrane domain of the 

syndecans is instrumental for nanoparticle surfing along the filopodia towards the cell 

surface. 

 

Materials and Methods 

 

Reagents and antibodies 

Unlabeled Linear polyethyleneimine (LPEI, average MW= 22kDa) and labeled PEI 

(jetPEI®-FluoR) was purchased from Polyplus-transfection (Illkirch, France). 

Lipofactamine 2000, alexa 633-labled goat anti-rabbit secondary antibody, alexa 633-
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labeled phalloidin (for visualization of actin by confocal microscopy) was purchased from 

Invitrogen. Rabbit anti-caveolin and mouse anti-clathrin heavy chain were from Becton 

Dickinson Transduction Laboratories (Breda, The Netherlands). Unless stated otherwise, all 

other chemicals were from Sigma (Zwijndrecht, the Netherlands). 

  

Cells 

HeLa cells were maintained in 25cm
2
 Coster flasks in Dulbecco’s Modified Eagle Medium 

F-12 (DMEM/F-12, Gibco, The Netherlands) supplemented with 2mM L-glutamine 

(Gibco, the Netherlands), penicillin and streptomycin (Invitrogen) 100units/ml each, and 

10% (v/v) FCS at 37
o
C under an atmosphere of  5% CO2.  

 

Plasmids 

Plasmids were obtained from the following sources: pEGFP-N1 was purchased from 

Clontech (USA). Wt Syndecan-1 (pSDC1-GFP) and wt syndecan-2 (pSDC2-RFP) and all 

other mutants, used in this study (see Figure. 1a) were generated as described 
6
. Plasmid 

DNA was amplified from E.Coli, using Sigma Aldrich GenElute
TM

 HP Plasmid 

Mini/Midiprep kits (Sigma-Aldrich), following the manufacturers protocol.  

 

Preparation of Polyplexes and Transfection 

Unless indicated otherwise, the experiments were carried out with linear polyethyleneimine 

(LPEI, PolyPlus-transfection).  LPEI polyplexes were prepared at an N/P ratio of 5, and 

mixed according to manufacturer’s protocol. For confocal and Live Cell Imaging 

fluorescently labeled polyplexes were generated using either cy3-labeled pDNA (Mirus, 

MA) or FluoR-labeled PEI (PolyPlus transfection).  

In order to determine the transfection efficiency of polyplexes, HeLa cells were plated at 

1,5x10
5
cells/well in a twelve wells plate. After 24 hours, the cells were washed once with 

serum free medium, followed by addition of 0.5ml/well of the same serum free medium. 

Subsequently polyplexes containing 1µg of pEGFP, prepared in 200 µl HBSS, were added 

and incubated for 2 h. When inhibitors were used, the cells were pre-incubated with 

inhibitors for 30 minutes prior to addition of the polyplexes. After 2 h, the transfection 

medium was replaced with complete cell culture medium. Cells were refreshed again after 

24hrs and transfection efficiency was measured after 48hrs, using FACS-analysis (Elite, 

Coulter 10,000events λex 488nm/λem 530nm).  

Polyplex-mediated delivery of oligonucleotides (ODNs) was carried out as described before 

(REF H89 story). Briefly, 0.1 nmol of TRITC-labeled oligonucleotides (ODNs) 

(Biomers.net) was mixed with LPEI at an N/P ratio of ~5.  HeLa cells, plated one day 

before the experiment at 1.5x10
5
cells/well on glass coverslips were washed once with 

serum free medium, followed by addition of 0.5ml/well of the same medium. The ODN 

containing polyplexes were suspended in 200 µl of HBSS, added to each well and 

incubated with the cells for 2 h. Subsequently the cells were washed once with HBSS, and 

live cells were examined by fluorescence microscopy. 
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Confocal Microscopy 

HeLa cells were transiently transfected with wt SDC1/2 and all mutant forms (Figure.1a). 

To this end, the cells were plated on glass cover slips at 1x10
5
cells/ml two days prior to the 

experiment. Transfection was done with each construct using Lipofactamine 2000 as 

transfection reagent, according to the manufacturer’s protocol. On the day of experiment, 

the cells were incubated with fluorescently labeled polyplexes. After the selected 

incubation period, the cells were washed three times with PBS to remove unbound 

polyplexes, followed by fixation with 4% PFA for 20 minutes. For actin and caveolin 

staining, cells were permeabilized with 0.2% Triton X-100 for 2 minutes. The unspecific 

binding of antibodies was blocked by incubating cells for 1 min in 1% BSA. Primary 

antibody Rabbit anti caveolin-1 was diluted (1:500) in 1% BSA and the cells were 

incubated for 1hr at 37
o
C in a humid chamber. Subsequently, the cells were washed three 

times with PBS and further incubated for 30 min at 37
o
C  with alexa 633- labeled Goat anti-

rabbit secondary antibody, diluted (1:400) in 1% BSA. For actin staining alexa 633 labeled 

phalloidin was used and the cells were incubated at 37
o
C for 30min. After washing the cells 

three times with PBS, the coverslips were mounted on glass slides using Dako mounting 

medium (Dako, Carpinteria, USA). A Leica TCS SP2 confocal microscope (Leica 

Microsystem, Germany) was used to visualize the samples, using a 63x oil immersion lens. 

Images were further analyzed by using ImageJ (NIH).  

 

Fluorescence Microscopy  

Fluorescence microscopy was used to quantitatively determine the efficiency of cellular 

delivery of oligonucleotides. Briefly, HeLa cells were plated at 1x10
5
cells/well in a twelve 

wells plate, two days before the experiment. After 24hrs, the cells were transfected with the 

syndecan construct of interest, using Lipofactamine 2000 according to manufacturer’s 

protocol.  After another 24h, the cells were washed two times with serum free medium. 

Polyplexes, containing 0.1 nmol of oligonucleotides (at an N/P ratio of ~5) were suspended 

in 200 µl HBSS, were added to the well and the incubation was continued for 2hrs. After a 

wash (once) with HBSS, live cells were directly put on glass slides carrying a drop of 

HBSS. Delivery efficiency was determined from the ratio of labeled versus nonlabeled 

nuclei of the cells counted. The images were further analyzed using ImageJ (NIH). 

 

Live Cell Imaging 

Live cell imaging was carried out as described before. Briefly, HeLa cells were plated on 

glass bottomed 2 wells plates (Lab-Tek Chambered Coverglass, Thermo Fisher Scientific, 

Denmark) two days prior to the experiment at1.8x10
5
 cell/well). The next day the cells 

were transfected with the syndecan constructs, using LF2000. On the day of the experiment 

the syndecan expressing HeLa cells were placed directly in a Solamere Spinning Disk 

Confocal Microscope (based on a Leica DM IRE2 Inverted microscope, Leica 

Microsystems, Germany, Solamere, Salt Lake City, USA) equipped with a 

temperature/CO2 controlled cabinet and an automated stage . Cells expressing syndecans 

were selected for imaging prior to the addition of polyplexes.  After addition of polyplexes, 
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image acquisition was directly started using InVivo software (Media Cybernetics, Inc., 

Bethesda, MD). Images were further analyzed using ImageJ (NIH) and Imaris (Bitplane 

AG, Switzerland). 

 

Results and Discussion 

 

Cellular distribution of mutant syndecan-GFP fusion proteins 

Nanoparticle surfing along filopodia mediates the transfer of the attached particles to the 

cell body, where they subsequently enter the cell by endocytic mechanisms. Clustering of 

syndecans is required in this process, presumably by facilitating the stable attachment of the 

particles to the filopodia and likely in activating actin retrograde flow, which transfers the 

syndecan-attached polyplexes to the cell body. To obtain better insight into the various 

aspects of the mechanism by which syndecans mediate the surfing of nanoparticles along 

filopodia, we expressed different GFP-tagged syndecan mutants (Figure.1a) in HeLa cells, 

with the aim of characterizing their dynamics as a function of their structure, upon 

interaction with PEI-polyplexes. Besides wt syndecan-1 (SDC1) and wt syndecan-2 

(SDC2), the following constructs were employed: SDC1ΔCyto, which lacks the 

cytoplasmic domain, eSDC1tcCD4, which lacks the cytoplasmic domain while the 

transmembrane domain has been substituted for that of CD4, a non-HSPG transmembrane 

domain, and two chimeras, i.e., eSDC1tcSDC2 and eSDC2tcSDC1, which contain the 

extracellular domains (e) of SDC1 and SDC2, linked to the transmembrane (t) and 

cytoplasmic (c) domain of SDC2 and SDC1, respectively. The various constructs were 

expressed by using Lipofectamine, as described in Materials and Methods. After 24 h, the 

cells were fixed with 4% PFA and visualized by confocal microscopy.  

 
Figure 1:  
Expression of GFP-labeled Syndecan constructs in HeLa cells. (a) Schematic summary of the various 

syndecan constructs applied in this study. (b) Confocal images of expressed syndecan constructs, including 

wild types (SDC1 and SDC2), lacking the cytoplasmic (SDC1ΔCyto), and the transmembrane domain  
(SDC1tcCD4), which was replaced with a non-syndecan transmembrane domain CD4. Also syndecan 1 and 2 

chimeras were expressed (eSDC1tcSDC2 and eSDC2tcSDC1). The inset in each figure shows actin staining, 

using Alexa 633 labeled phalloidin. Scale bars 5um. 
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As shown in Figure.1b, in HeLa cells both wild type and mutant proteins are all expressed 

at the cell surface. However, surface localization is most pronounced in case of the SDC2 

ectodomain expressing protein constructs, whereas in case of the constructs that contain an 

SDC1 ectodomain, significant fractions can be detected in the cytoplasm, suggesting their 

less efficient transfer to the cell surface, particularly when the mutants were devoid of the 

cytoplasmic domain (SDC1ΔCyto) and, in addition, contained a non-related transmembrane 

domain (eSDC1tcCD4). However, the very presence of at least substantial amounts of 

proteins from all constructs at the surface excludes significant interference of the GFP-tags 

with a membrane surface location, consistent with previous observations in HEK293 cells 
6
. 

Hence the SDC mutant-overexpressing cells thus provided the option to closely examine 

the structural requirements for filopodia-mediated processing of cationic nanoparticles to 

the cell body surface. 

 

The transmembrane domain is necessary for clustering of syndecans in filopodia 

Previously it has been shown that upon addition of polyplexes, a rapid clustering of 

syndecan occurs, which is essential for the nanoparticles to surf along the filopodia to the 

cell body plasma membrane via actin retrograde flow 
8
. Similarly, syndecan clustering at 

the cell surface appears equally important for internalization of nanoparticles 
6
 or 

lipoproteins
23

  by endocytosis.  In order to define structural parameters within syndecans 

that govern clustering and transfer in the filopodia-mediated processing of the nanoparticles 

to the surface of the cell body, we therefore examined these events in HeLa cells, 

expressing the various syndecan-mutants. To this end, the cells, expressing the various 

GFP-tagged constructs (cf. Figure.1a), were incubated with FluoR-labeled PEI polyplexes 

for two hours, after which time interval the cells were washed, fixed and stained for actin, 

using phalloidin. Subsequently, the interaction of the nanoparticles with the filopodia was 

analyzed by confocal microscopy. A typical image, like that shown in Figure 2a, is obtained 

for all syndecan-mutant overexpressing cells, except in cells overexpressing the 

transmembrane mutant eSDC1ΔCD4, where only few polyplexes appeared to interact with 

filopodia, and a lower level of particle internalization was observed.  Thus, after an 

incubation of 90 minutes, the cells show internalized polyplexes, in either the absence (red) 

or presence of syndecans (yellow), as well as a prominent interaction of the nanoparticles 

with surface protruding filopodia. Close examination of the polyplex-filopodia interaction 

indicates that cells over-expressing wild type syndecan-1 (SDC1) Figure. 2b), SDC1ΔCyto 

(Figure. 2c), and the chimeras eSDC1tcSDC2 (Figure. 2d) and eSDC2tcSDC1 (Figure. 2e) 

all reveal the association of the polyplexes with filopodia in conjunction with the clustering 

of the various syndecan mutants, as reflected by (colocalized) yellow fluorescence. 

Interestingly, in cells overexpressing eSDC1ΔCD4, in which the transmembrane domain 

was replaced with that of non-HSPG CD4, only a limited degree of polyplex association 

with actin-stained filopodia was observed, compared to that seen for all other mutants. 

Moreover, in this particular case, clustering of the syndecan mutant was conspicuously 

absent (Figure.2e).  
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Figure 2: 
Deletion of the transmembrane domain abolishes syndecan clustering in the filopodia. HeLa cells 

expressing syndecan constructs of interest (green) were incubated with FluoR-labeled polyplexes (red), fixed 

and subsequently stained with Alexa 633 labeled phalloidin  pseudocolored blue).  See Materials and Methods 
for details. In (a) a typical image is shown as obtained for wt SDC1 overexpressing cells after an incubation of 

the cells with the polyplexes for 90 minutes. A very similar image was obtained for all other mutants, except 
in cells overexpressing the transmembrane mutant. Note the presence of the (red) polyplexes at the tips of the 

filopodia, extending into the media. In b-e, a detailed view of attached nanoparticles to the filopodia is shown, 

revealing the clustering of syndecan near the attachment site of the particle, visualized in the red and green 
channels (upper frames) (b) SDC1, (c) SDC1ΔCyto, (d) eSDC1tcSDC2 (e) eSDC2tcSDC1. By contrast, note 

that in cells overexpressing the transmembrane mutant (eSDC1tcCD4) as shown in (f), significant syndecan 

clustering is not apparent. Scale bar 5um.  

 

 

Indeed, in previous work 
8
, we have provided evidence that clustering of syndecans is an 

essential requirement for stabilizing the interaction of both cationic polymer and lipid-based 

nanoparticles with filopodia, and their subsequent processing to the surface of the cell body, 

preceding nanoparticle internalization by endocytosis. Specifically, it was observed that 

without syndecan clustering, stable attachment of the nanoparticles to the filopodia was 

precluded, resulting in their dissociation into the surrounding medium (see e.g. Figure. 3c). 

Clearly, as shown here, the transmembrane domain of syndecans appears to be the driving 

force of the protein’s clustering in filopodia, and these data are consistent with previous 

observations, indicating that transmembrane domain-mediated clustering of syndecans is of 

relevance to a variety of biological functions 
15, 16

, including the endocytic internalization of 

nanoparticles at the cell surface
6
.  

 

Syndecan-mediated transfer of polyplexes along filopodia does not depend on the 

cytoplasmic domain  

To obtain a better insight and further support that overexpressing the transmembrane 

syndecan mutant interferes with filopodia-nanoparticle interactions, the dynamics of the 

process were monitored by live cell imaging.  The eSDC1ΔCD4 mutant was therefore 

overexpressed in the HeLa cells, as described above. As a control, we also overexpressed 

SDC1ΔCyto, which lacks the cytoplasmic domain but does not appear to interfere with 

syndecan clustering. FluoR-labled PEI polyplexes were added to the cells and the 

interaction was monitored, as described in Materials and Methods. As demonstrated in 

Figure. 3a, (Supplementary Materials Movie-1) when the polyplex interacts with the 

filopodia, the GFP-labeled SDC1ΔCyto mutant is rapidly recruited to the site of 

nanoparticle binding. as apparent from the appearance of the yellow colocalization signal 
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(Figure 3a) and the time-dependent accumulation of green GFP fluorescence at the site of 

the (red) nanoparticle, as visualized by their separate monitoring in the green and red 

channels, respectively (upper panel in Figure.3a).  

 

 
 

Figure 3: 

Failure of syndecan clustering immobilizes polyplexes and leads to their dissociation from the filopodia. 

(a) HeLa cells expressing SDC1ΔCyto (pseudocolored green) were incubated with FluoR-labeled polyplexes 

and monitored by live cell imaging. It is apparent that after binding of the polyplexes to the filopodia a rapid 
clustering of syndecans takes place, followed by recruitment of polyplexes to the cell body. Upper frames 

reveal syndecan recruitment (green) at the site of polyplex attachment (red). The time lapse is indicated in the 

first and last frame. (b) Selected frames from Supplementary Materials Movie 2 show that cells expressing the 
transmembrane syndecan mutant eSDC1tcCD4 do not show clustering of the mutant protein, as result of 

which the polyplexes (red) do not move towards the cell body and remain at the attachment site. (c) Selected 

frames from Movie-3 showing the fragility of the interaction between polyplexes and filopodia in the absence 
of syndecan clustering as occurs in the eSDC1tcCD4 mutant. At such conditions, the particles readily 

dissociate from the filopodia as shown in the sequential images.  

 

 

 In this process, the particle is transferred to the cell surface along the filopodia with a rate 

of approximately 3 µm/minute, which is compatible to that obtained for wt syndecan, as 

previously reported 
8
. Accordingly, we thus conclude that effective filopodia-mediated 

transfer of the polyplexes to the cell body surface does not depend on the cytosolic domain 

of syndecans.  We then similarly analyzed the dynamics of processing of the FluoR-labled 

PEI polyplexes in HeLa cells, expressing the transmembrane domain mutant, eSDC1tcCD4. 

As anticipated (cf. Figure. 2f) and in line with the absence of significant clustering of the 

mutated syndecan (Figure. 3b, Supplementary Materials Movie-2), it is apparent that the 

filopodia-attached polyplex is virtually immobile and transfer to the cell body is effectively 

impeded. Importantly, in contrast to the clearly distinguishable oligomerization of the 

cytoplasmic domain mutant, the transmembrane domain mutant fails to oligomerize 

(compare upper panels in Figure. 3a and 3b, illustrating the extent of accumulated GFP-
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labeled syndecan of the cytoplasmic and transmembrane mutants, respectively)). Clearly, as 

observed previously when modulating wt syndecan dynamics by pharmacological means 
8
, 

a malfunctioning of syndecan clustering impedes the lateral movement along the filopodia, 

while in addition, syndecan clustering appears to stabilize the interaction of the 

nanoparticles, failure of such clustering leading to dissociation of the particle from the 

filopodia. Indeed, in cells expressing the transmembrane mutant, a direct demonstration of 

such an unstable interaction is shown in figure 3c and movies 3 and 4. Evidently, the 

dynamic interaction of the polyplexes with cells expressing the transmembrane mutant also 

shows that a loss of the stabilization of the syndecan-mediated interaction due to a failure of 

oligomerization, leads to the dissociation of the particles, from filopodia (Figure 3c, 

Supplementary Materials Movie 3). Finally, it is of particular interest that the SDC1ΔCyto 

mutant was neither defective in its ability to cluster nor in transferring the nanoparticle 

along the filopodia. These data thus suggest that the cytoplasmic domain is not involved in 

regulating the lateral movement of the syndecan receptor by actin retrograde flow.  

 

Syndecan dependent-delivery of nucleic acids and the role of raft-mediated 

mechanisms 

The data presented above indicate that filopodia-mediated processing of polyplexes towards 

the cell body depends on the transmembrane domain of syndecans, implying that in the 

transmembrane mutant less polyplexes reach the cell body and consequently cellular 

internalization is reduced
8
.  By contrast, all other mutants, including the mutant lacking the 

cytoplasmic domain, appeared to be able to mediate cell body directed transfer as efficient 

as wt syndecans. To verify whether these observations were matched by the efficiency of 

actual delivery of nucleic acids by the polyplexes, we examined the efficiency of nuclear 

delivery of fluorescently labeled ODNs in cells overexpressing the various mutants. We 

therefore incubated the HeLa cells, expressing the various mutants, with polyplexes 

carrying TRITC-labeled ODNs. After 2 h, the cells were washed with HBSS and the 

efficiency of delivery, calculated from the number of nuclei labeled with the fluorescently 

tagged ODNs, was determined.  As shown in Figure. 4, in line with an unperturbed flow of 

the nanocarriers along the filopodia in all but the transmembrane syndecan mutant 

expressing cells, similar levels of ODN delivery were observed. In contrast, in cells 

expressing the transmembrane syndecan mutant, delivery was reduced by approximately 50 

%. Our results are in partial agreement with similar data presented in a recent study of Paris 

et al., 
6
.  These authors investigated syndecan-dependent internalization of polyplexes in 

HEK293 cells, as determined by PEI-mediated gene expression. In particular, it was 

reported that syndecan-2 overexpression resulted in a marked diminishment in transfection, 

compared to levels obtained in syndecan-1 overexpressing cells. These observations could 

not be confirmed in the present study as the overall effects for both syndecans, i.e., 

clustering in filopodia and ODN delivery, were quantitatively very similar in cell 

overexpressing either of these mutants. 
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Figure 4: 

Effect of syndecan mutants on ODN delivery; role of cholesterol. (a) HeLa cells expressing the various 
syndecan mutants were incubated with TRITC-ODN carrying polyplexes and incubated for 2hrs. Delivery 

efficiency was determined as described in Materials and Methods by fluorescence microscopy (n=3).  (b) 

Removal of cholesterol by treatment of the cells with MβCD effectively inhibits the transfection efficiency of 

PEI polyplexes in a concentration dependent manner (mean ± SEM, n = 6). (c) HeLa cells expressing 

syndecan-1 were stained for caveolin-1, using rabbit anti-caveolin primary antibody and alexa 633-labeled 

goat anti-rabbit secondary antibody (PEI-ve). Note the absence of colocalization between overexpressed 
syndecan and caveolin. The cells (PEI +ve) were subsequently incubated with FluoR-labeled polyplexes (red) 

and stained for caveolin-1 (blue). Arrows indicate co-localization of PEI complexes, caveolae and syndecans. 

 

 

Previous studies have also suggested that syndecans cluster in cholesterol-enriched rafts, 

localized at the plasma membrane
5
. The evidence was derived from experiments in which 

cholesterol was removed by treatment of the cells with methyl-β-cyclodextrin, showing that 

syndecan clustering is no longer observed while PEI-mediated transfection is inhibited 
6
. 

We observed similarly (Figure.4b) that cholesterol removal effectively inhibited 

transfection efficiency in a concentration-dependent manner. The question arises however, 

whether the observed inhibition is due to failure of syndecan clustering at the cell surface, 

thereby inhibiting nanoparticle internalization (cf. 
8
). It has been well-established that 

membrane invagination, as required for nanocarrier internalization, is strongly impeded 

upon removal of cholesterol, which frustrates the induction of membrane curvature 
24

. As a 

result, the initial internalization step in endocytic pathways is inhibited
25

, and nanoparticles 

can be seen to accumulate at the cell surface, without internalization, thus strongly 

inhibiting transfection efficiency 
26

. Of interest, however, whereas cholesterol removal may 

suggest a role of raft domains in clustering of syndecans at the cell surface, our preliminary 

data (not shown) indicate that such a concentration dependent treatment was without any 
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effect on the surfing of the nanoparticles along the filopodia, showing a seemingly 

unperturbed clustering of syndecans in these structures (cf. Figure.2). This finding may 

indicate potential differences in mechanisms of syndecan clustering at the filopodia and cell 

body surface, the underlying molecular cause of which remains to be elucidated. In 

preliminary work, carried out in this context, we took into account that polyplexes can use 

multiple internalization pathways 
27, 28

, including the raft-dependent caveolar pathway. As a 

marker of the latter, we employed caveolin-1 and examined the dynamics of syndecans in 

caveolae-mediated entry of polyplexes. As shown in Figure 4c, in control cells, the 

syndecans are present at the cell membrane, but colocalization with caveolin, primarily 

localizing in the cytoplasm, is not apparent. However, as shown in figure 4c (arrows), 

following entry of polyplexes, intracellular compartments are seen where syndecans and 

caveolin-1 colocalize. This would be consistent with the notion that raft-localized 

syndecans may mediate polyplex-internalization via the caveolar pathway.  

 

Concluding Remarks 

Our data demonstrate the requirement of syndecan clustering, driven by its transmembrane 

domain, for nanoparticle processing along filopodia toward the cell body. In fact, these data 

are consistent with observations indicating a similar requirement for internalization of 

polyplexes 
6
, and earlier work showing that the transmembrane domain in syndecans is 

indispensable for homologous oligomerization 
29

.  Intriguingly, deleting the cytoplasmic 

domain was without effect, which was unexpected given the role of actin retrograde flow as 

a driving force for the flow of syndecans (and attached nanocarriers) along the filopodia 

towards the cell body. These data may suggest that communication of the syndecan with 

actin filaments may also proceed via the transmembrane domain, for example by interacting 

with transmembrane domains of proteins that mediate the direct interaction with the actin 

filaments. The identity of such proteins and the underlying mechanism(s), e.g., hetero-

oligomerization, driving such interactions remain to be determined. Of further interest, 

whereas MβCD treatment, thought to remove plasma membrane cholesterol and thereby 

compromising lipid raft integrity, abolishes polyplex-induced clustering of syndecans at the 

cell surface 
6
, and endocytic internalization of syndecans 

30
, a similar treatment was without 

effect on nanoparticle-induced clustering of syndecans at and their subsequent processing 

along filopodia. Further work is needed to clarify the underlying (molecular) cause of this 

difference, also in light of the controversial use of MβCD to prove the presence of rafts. 

Moreover, failure of syndecan clustering may frustrate (stable) nanoparticle binding to the 

cell surface, which vice-versa could also  be the cause of failure of syndecan clustering,  

while cholesterol removal per se may interfere with membrane curvature and membrane 

invagination, thus impeding endocytic internalization. Obviously, these and other issues 

merit further investigations in defining the precise role of syndecans in nanoparticle 

internalization, as revealed by intriguing differences between syndecan-mediated 

processing of nanoparticles along filopodia and at the cell surface. 
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Supplementary Material 

 

Four Movies are described in the text, these movies are available via internet at the 

following link: 

 

http://www.rug.nl/umcg/faculteit/disciplinegroepen/celbiologie/Zuhorn_IS/ur

Rehman-Zia 

 

Movie 1: SDC1ΔCyto overexpressing HeLa cells (green) were incubated with FluoR-

labeled PEI polyplexes (red) and monitored by live cell imaging. After initial binding of 

polyplexes rapid clustering of syndecans takes place, followed by flow of the complexes to 

the cell body.  Images were played at 2 frames/second. 

Movie 2: HeLa cells expressing SDC1tcCD4 (green) were incubated with FluoR-labeled 

PEI polyplexes (red) and monitored by live cell imaging. After addition of polyplexes no 

clustering was observed and the complexes remain attached to the filopodia, without 

moving to the cell surface.  Images were played at 3frames/second. 

Movie 3: HeLa cells expressing SDC1tcCD4 (green) were incubated with FluoR-labeled 

PEI polyplexes (red) and monitored by live cell imaging. In the absence of syndecan 

clustering, polyplexes readily dissociate from the filopodia. Images were played at 

2frames/second. 

Movie 4: HeLa cells expressing SDC1tcCD4 (green) were incubated with FluoR-labeled 

PEI polyplexes (red) and monitored by live cell imaging. In the absence of syndecan 

clustering, polyplexes can also lose directionality can move in ‘reverse’ surfing manner. 

Images were played at 2frames/second. 
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Abstract 
Cellular entry of nanoparticles for drug- and gene delivery relies on various endocytic 

pathways, including clathrin- and caveolae-mediated endocytosis. To improve delivery, i.e., 

the therapeutic and/or cell biological impact, current efforts are aimed at avoiding 

processing of the carriers along the degradative clathrin-mediated pathway towards 

lysosomes, and promoting that along the caveolae-mediated pathway. Here, we demonstrate 

the effective internalization of branched polyethyleneimine polymers (BPEI), complexed 

with nucleic acids, by HeLa cells along both pathways. However, transfection efficiency or 

nuclear ODN delivery primarily occurs via the caveolae-mediated pathway, along which 

delivery into lysosomes is avoided. Interestingly, inhibition of intracellular protein kinase A 

(PKA) activity modulates the intracellular trafficking of both poly- and lipoplexes along the 

clathrin-mediated pathway by impeding trafficking into the late endosomal/lysosomal 

compartments, thus avoiding degradation. In case of BPEI polyplexes this promotes their 

transfection efficiency by 2–3 folds. Evidence excludes early endosomes as a major site for 

BPEI-mediated release/delivery. Rather, we identify a novel compartment, tentatively 

characterized as a transferrin
−
/rab9

−
/LAMP1

−
 compartment, to which cargo within the 

clathrin-mediated pathway of endocytosis is rerouted upon inhibition of PKA, and which 

may act as an alternative and effective site of cargo release in gene delivery. Our findings 

offer new opportunities for improving gene delivery by non-viral based nanoparticles. 

 

Introduction 

Cationic lipids and polymers are promising tools for gene delivery into mammalian cells. 

When mixed with (negatively charged) DNA, so-called lipoplexes and polyplexes 

spontaneously assemble, resulting in effective packaging and shielding of the nucleic acid. 

Cellular entry of these nanoparticles is accomplished by endocytic mechanisms. Following 

endocytosis the genetic cargo is released into the cell's cytoplasm which is required for 

subsequent nuclear import. It is generally thought that the cationic lipids within lipoplexes 

mediate cargo release from an endosomal compartment by local destabilization of the 

endosomal membrane 
1-4

, whereas polyplexes have been claimed to induce rupture of 

acidifying endosomes via the generation of an osmotic shock (proton sponge theory)
5
. 

The endocytic pathways that are involved in the internalization of gene delivery vehicles by 

cells are diverse, and include but are not limited to clathrin-mediated endocytosis (CME), 

macropinocytosis, and caveolae-mediated endocytosis
6-9

. Importantly, none of these 

pathways is mutually exclusive. Given the relatively low poly- or lipoplex-mediated 

transfection efficiencies compared to those obtained with viral carriers, the question can be 

raised whether efficiencies by the former could be improved by directing their uptake into a 

specific endocytic pathway 
1, 8, 9

. Thus, entry via caveolae rather than the clathrin-mediated 

pathway might favor particle processing along a non-acidic non-degradative pathway, 

avoiding lysosomal digestion, thereby optimizing opportunities for endosomal escape of the 

genetic cargo and, presumably, transfection efficiency 
8, 10

. However, if polyplex-mediated 

delivery requires acidic conditions for release, the caveolae-mediated pathway should 

instead be avoided and the clathrin pathway preferred, whereas the opposite may hold for 
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lipoplex-mediated transfection. Yet, it should be taken into account that crosstalk between 

different endocytic pathways may occur 
11

. 

In order to target nanoparticles into specific endocytic routes, specific ligands, recognized 

by distinct cellular receptors may be attached, such as transferrin to target the transferrin 

receptor, which is internalized via clathrin-mediated endocytosis, or folate to target the 

GPI-linked folate receptor, which enters the cell via caveolae. However, it has been noted 

that the conjugation of ligands to cargoes/nanoparticles may alter their cellular processing. 

For instance, transferrin-liposome conjugates were shown not to travel via the transferrin 

receptor 
12

, while cell penetrating peptides were reported to lose their ability to permeate 

the plasma membrane when coupled to macromolecules 
13

. Nevertheless, in previous work 

we demonstrated that non-targeted nanoparticles may be processed along distinct cellular 

entry pathways, depending on their size 
14

. Moreover, the involvement of specific receptors, 

i.e., β1-integrin receptors, in mediating effective transfection by non-targeted lipoplexes in 

polarized MDCK cells was shown 
15

. Since cellular internalization pathways for different 

gene delivery vehicles vary, it is very likely that differences in parameters such as chemical 

structure, particle size, and morphology co-determine the interaction of such nanoparticles 

with (receptors at) the cell surface, and hence their subsequent processing and transfection 

efficiency. 

Interestingly, it is becoming increasingly apparent that early nanoparticle-cell surface 

interaction may trigger cellular signaling cascades 
16

, modulating a variety of kinase 

activities, which among others have been implicated in viral entry 
17

. Evidently, such 

parameters might also play a key role in nanoparticle trafficking and should therefore be 

taken into account when devising and applying nanoparticles for entry along specific 

pathways, in particular in efforts aimed at improving delivery efficiency. Here, we have 

investigated the influence of a distinct set of kinases on the cellular internalization of lipo- 

and polyplexes and their subsequent transfection efficiency. Our data reveal a regulatory 

role of protein kinase A (PKA) activity in the trafficking of lipo- and polyplexes. Our 

findings reveal that PKA inhibition strongly promotes transfection efficiency with 

polyplexes that relatively poorly penetrate endosomes, such as branched PEI, which 

appears to be related to a kinase-dependent modulation of intracellular trafficking, i.e., 

away from lysosomes.. 

 

Materials and methods 

 

Reagents, antibodies, and plasmids 

Lipofectamine 2000 was purchased from Invitrogen (Invitrogen, CA), and linear 

polyethylenimine (LPEI) (average MW = 22 kDa) from Polyplus-transfection (Illkirch, 

France). Branched polyethylenimine (BPEI) (average MW = 25 kDa) and FITC-labeled 

poly-L-lysine (FITC-PLL) were purchased from Sigma (Zwijndrecht, the Netherlands). 

Alexa Fluor 555-labeled cholera toxin subunit b (CTxB), Alexa Fluor 568-labeled 

transferrin, and LysoTracker Red DND-99 were obtained from Invitrogen (Invitrogen, CA). 

FITC-labeled dextran (FITC-dextran) was purchased from Sigma. 
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Primary antibodies were obtained from the following sources: rabbit anti-caveolin and 

mouse anti-clathrin heavy chain were from Becton Dickinson transduction laboratories 

(Breda, The Netherland), rabbit anti-EGFR was from Santa Cruz Biotechnology (Santa 

Cruz, CA), mouse anti-LAMP1 H4A3 was obtained from the Developmental Hybridoma 

Bank, University of Iowa, mouse anti-beta-tubulin was from Sigma (Zwijndrecht, The 

Netherlands), and rabbit anti-phospho PKA substrate antibody from Cell Signaling 

Technology (Beverly, MA, USA). 

Fluorescently-labeled secondary antibodies were purchased from Jackson (cyanine-labeled, 

Jackson ImmunoResearch, UK) and Invitrogen (Alexa Fluor-labeled, Invitrogen, CA). 

Infrared dye-labeled goat anti-rabbit 680 nm secondary antibody was from Li-Cor 

Biosciences (USA). All other reagents were from Sigma (Zwijndrecht, The Netherlands). 

Plasmid DNAs were obtained from the following sources: pEGFP-N1 was from Clontech 

(USA) and pRab9-dsRed was purchased from Addgene (Cambridge, MA USA). Plasmid 

DNAs were isolated from E-coli using Sigma Aldrich GenEluteTM HP Plasmid 

Mini/Midiprep kits (Sigma-Aldrich), following the manufacturer's protocol. 

 

Cells 

HeLa cells were cultured in 25 cm
2
 Costar flasks in Dulbecco's Modified Eagle Medium 

nutrient mixture F-12 (DMEM/F-12, Gibco, the Netherlands), containing 10% (v/v) fetal 

calf serum (FCS), 2 mM L-glutamine (Gibco, the Netherlands), 100 units/ml penicillin 

(Invitrogen) and 100 μg/ml streptomycin (Invitrogen) at 37 °C and 5% CO2. Cell were 

passaged every third day. 

 

Endocytic pathway inhibitors and kinase inhibitors/activators 

Cells were treated with endocytic pathway inhibitors for 30 min before complexes 

(lipoplexes and polyplexes) were added unless stated otherwise. 6 μg/ml chlorpromazine 

was used to inhibit clathrin mediated endocytosis, 5 μg/ml filipin III or 25 μg/ml nystatin to 

inhibit caveolar endocytosis, and 40 μM DMA (5-(N,N-dimethyl) amiloride hydrochloride) 

to inhibit macropinocytosis. Effective concentrations of the inhibitors were determined by 

measuring their effect on the uptake of markers for specific endocytic pathways by HeLa 

cells, i.e. transferrin (5 min) for CME, CTxB (30 min) for the caveolar pathway, and 

dextran (4 kDa; 4 h) for fluid phase endocytosis. The absence of cytotoxicity of the 

effective concentrations of the endocytic pathway inhibitors towards HeLa cells was 

verified by an MTT assay. 

To inhibit kinase activities the following inhibitors and concentrations were used: 20 μM 

H89 (Calbiochem) for PKA (cAMP-dependent protein kinase A), 50 μM PD98059 (LC 

Labs, USA) for p42/44 MAPK, 0.5 μM U0126 (Calbiochem) for mitogen activated protein 

kinase kinase (MAPKK), 10 μM SB203580 (LC labs, USA) for p38 mitogen activated 

protein (MAP) kinase, 1 μM KN62 (LC labs, USA) for Ca
+ 2

/calmodulin dependent protein 

kinase II (CaMKII), 25 μM Y27632 (Calbiochem) for Rho associated kinase (ROCK-I/II), 

20 μM LY294002 (VWR international) for phosphatidylinositol 3-kinases (PI-3 kinase), 

10 μM roscovitin (LC labs, USA) for cyclin-dependent kinases (CDK kinases), 20 μM PP2 
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(www.proteinkinase.de) for src kinases, 30 μM genistein (LC labs, USA) for tyrosine 

kinases, 34 μM tyrphostin (AG490) (Calbiochem) for PTK Janus kinase 2 inhibition. 

To activate PKA, 100 μM dibutyryl-cAMP (dbcAMP) (Biolog, Germany), 30 μM forskolin 

(Sigma), and 1 mM IBMX (3-isobutyl-1-methylxanthine) phosphodiesterase (Sigma) were 

used unless stated otherwise. 

 

Preparation of lipo- and polyplexes and cellular transfection 

HeLa cells were plated in 12-wells plates at 1.5 × 10
5
 cells per well. After 24 h lipoplexes 

composed of Lipofectamine 2000 (Invitrogen) and pEGFP-N1 (Clontech) or fluorescently-

labeled oligonucleotides (ODNs) (Biognostik GmbH, Germany), and LPEI- and BPEI-

polyplexes at an N/P ratio of 5 and 8, respectively, were prepared according to the 

manufacturers' protocols. Cells were washed and 0.5 ml of serum-free medium was added 

per well. Lipoplexes and polyplexes containing 1 μg of pDNA or 0.1 nmol of ODNs were 

added per well and incubated for 2 h at 37 °C. Then the transfection medium was replaced 

for complete cell culture medium, which was refreshed after 24 h, and transfection 

efficiency was measured after 48 h using FACS-analysis (Elite, Coulter, 10,000 

events, λex. 488 nm/λem. 530 nm). 

For fluorescence microscopy, BPEI polyplexes were labeled with FITC-PLL. Briefly 3.6 μl 

of 1 mM FITC-PLL was mixed with 2 μg of plasmid DNA and incubated for 15 min at 

room temperature. Then BPEI was added and further incubated for 20 min at room 

temperature to allow complex formation. At this concentration FITC-PLL has no effect on 

the size, as measured with a Malvern Zetasizer nano-S (Malvern Instruments, 

Worchestershire, UK), nor the transfection efficiency of BPEI complexes. Alternatively, 

lipoplexes and polyplexes were prepared using Cy3-labeled pDNA (Mirus, MA). 

 

Internalization of BPEI polyplexes and nuclear delivery of oligonucleotides 

24 h before the experiment HeLa cells were plated at 1.5 × 10
5
 cell/well in 12-wells plates. 

Cells were treated with inhibitors and activators for 30 min prior to the addition of FITC-

PLL-labeled BPEI polyplexes and further incubated for 2 h. Cells were immediately 

prepared for FACS analysis by trypsinizing cells at 37 °C for 5 min and resuspending them 

in complete medium, containing 0.2% trypan blue solution to quench extracellular 

fluorescence. FITC-positive cells were detected using a 488 nm wavelength laser line 

(λex. 488 nm, λem. 530 nm 10,000 events/sample). To determine nuclear delivery of ODNs, 

cells were incubated for 2 h with BPEI polyplexes containing FITC-labeled ODNs, and 

investigated with confocal microscopy. Fluorescence images were taken of three 

independent experiments and of 20 nuclei/sample the fluorescence intensity was measured 

using ImageJ software. 

 

 

 

 

http://www.sciencedirect.com.proxy-ub.rug.nl/science?_ob=RedirectURL&_method=externObjLink&_locator=url&_issn=01683659&_origin=article&_zone=art_page&_plusSign=%2B&_targetURL=http%253A%252F%252Fwww.proteinkinase.de
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Colocalization studies 

HeLa cells were plated 24 h before the experiment at 1.5 × 10
5
 cells/ml on glass coverslips 

(12 mm diameter) in a 12 wells plate. After treatment with PKA inhibitor/activator, cells 

were treated with fluorescently-labeled BPEI polyplexes (2 h), DiI-LDL (2 h), EGF 

(30 min), and dextran (2 h). Subsequently, cells were washed three times with PBS, fixed 

for 20 min with 4% p-formaldehyde (PFA) in PBS, quenched with 0.1 M glycin in PBS, 

permeabilized with 0.2% triton X-100 for 2 min, and blocked with 1% BSA and 0.05% 

Tween20 in PBS (PBS-T) for 1 min. Subsequently, cells were incubated with primary 

antibodies for 1 h at 37 °C in a humid chamber. The primary antibodies were diluted in 

PBS-T. Cells were washed 4 times with PBS and once with PBS-T for 1 min. Next, cells 

were incubated with fluorescently-labeled secondary antibodies for 30 min at 37 °C in a 

humid chamber. The Alexa Fluor-labeled antibodies were diluted 1:1000, while cyanine-

labeled antibodies were diluted 1:400 in PBS-T. After three times washing with PBS, 

coverslips were mounted on glass slides using Dako mounting medium (Dako, Carpinteria, 

USA). Samples were analyzed using a confocal microscope (Leica TCS SP2; Germany) 

equipped with a 60× oil immersion lens. For colocalization analysis, samples were captured 

in a sequential manner and analyzed using ImageJ software (NIH). For early endosome 

labeling, Alexa Fluor 633 labeled transferrin (5 μg/ml) was added to the cells and incubated 

for 5 min at 37 °C before cells were fixed with 4% PFA. In case of incubation with EGF, 

cells were serum starved for 6 h prior to the addition of PKA inhibitor/activator, and 

immunostained for EGFR following EGF incubation. For the determination of 

colocalization of BPEI polyplexes with rab9, cells were transfected with pRab9-DsRed one 

day prior to the experiment. 

 

Western blot analysis of phosphorylated PKA substrates 

HeLa cells were plated at 1.5 × 10
5
 per milliliter in six wells plates. After 24 h, cells were 

washed three times with ice-cold HBSS, lysed in lysis buffer (1% Triton X-100 in HBSS), 

containing a protease inhibitor cocktail (Roche) and a phosphatase inhibitor cocktail 

(10 mM sodium fluoride, 2 mM sodium pyrophosphate decahydrate, 1 mM sodium 

orthovanadate, 2 mM beta-glycerophosphate) for 10 min, and whole cell lysates were 

collected using a cell scraper (Corning Incorporated, USA). The protein concentration in 

the lysate was determined using BCA protein assay reagent (Pierce IL, USA) according to 

manufacturer's instructions. 10 μg of protein was boiled for 5 min in bromophenol blue 

sample buffer containing beta-mercaptoethanol, shortly spinned, loaded onto 10% SDS–

polyacrylamide gels, and subjected to SDS–PAGE. Subsequently, proteins were transferred 

to a nitrocellulose membrane, and the membrane was blocked with Odyssey blocking 

buffer (Li-Cor biosciences, USA), incubated with rabbit anti-phospho PKA substrate 

antibody (1:1000) for 2 h, washed with PBS/Tween 20 (0.5%) three times 5 min, and once 

with PBS. Membranes were then incubated with infrared dye-labeled goat anti-rabbit 

680 nm secondary antibody, washed three times with PBS/Tween 20 (0.5%), washed once 

with PBS, and directly visualized using ODYSSEY infrared imaging system (LI-COR 
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Biosciences, USA) according to the manufacturer's instructions. Obtained signals were 

analyzed using ODYSSEY infrared imaging system software. 

 

Results 

 

Modulation of transfection efficiency by protein kinase A activity 

To examine the potential role of kinase activity in lipo- or polyplex-mediated transfection, 

we first examined the effect of a panel of widely-used kinase inhibitors on the transfection 

of HeLa cells with three different transfection agents, i.e. Lipofectamine 2000 (LF2000), 

linear polyethyleneimine (LPEI), and branched polyethyleneimine (BPEI). 

Essentially all of the tested inhibitors were without a significant effect on transfection 

efficiency (Supplementary Figure. 1), except for H89, which among others inhibits protein 

kinase A (PKA) activity. Intriguingly, H89 treatment enhanced the transfection of HeLa 

cells approximately two-and-a-half fold when BPEI was used as a transfection agent, while 

leaving the transfection efficiency with LF2000 and LPEI, in terms of % GFP-positive 

cells, unaffected (Figure. 1a). As shown in Figure. 1b, the stimulatory effect of H89 was 

concentration-dependent, and at optimal conditions, the level of BPEI-mediated 

transfection efficiency was similar to levels usually obtained for LF2000 lipoplexes and 

LPEI polyplexes. 

 

 

Figure 1: 
The PKA-inhibitor H89 increases the transfection efficiency of BPEI polyplexes. (a) Following treatment 

with H89 (20 μM) for 30 min, HeLa cells were transfected with lipo- and polyplexes (mean ± SEM, n = 12), 

setting the relative percentage of BPEI-mediated transfection (expressed as % GFP-positive cells) in the 
absence of H89 as 100%. (The experimentally measured transfection efficiency in case of BPEI (control) was 

17.9 ± 3.1 %.) (b) Following treatment with the indicated concentrations of H89 for 30 min, HeLa cells were 
transfected with BPEI polyplexes (mean ± SEM, n = 6), setting the relative percentage of BPEI-mediated 

transfection in the absence of H89 as 100%. (The experimentally measured transfection efficiency in case of 

BPEI (control) was 13.1 ± 3.8%.) 
 

To obtain further support for a specific role of PKA activity, we took into account that H89 

has been described to also affect Rho-kinase activity
18

. However, as demonstrated 

in Figure. 2a (and Supplementary Figure. 1), the Rho kinase inhibitor Y27632 was without 

http://www.sciencedirect.com.proxy-ub.rug.nl/science/article/pii/S0168365911004949#f0040
http://www.sciencedirect.com.proxy-ub.rug.nl/science/article/pii/S0168365911004949#f0005
http://www.sciencedirect.com.proxy-ub.rug.nl/science/article/pii/S0168365911004949#f0005
http://www.sciencedirect.com.proxy-ub.rug.nl/science/article/pii/S0168365911004949#f0010
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effect on BPEI-mediated transfection of HeLa cells, which excludes that the observed H89-

mediated enhancement in transfection is due to Rho kinase inhibition. To verify therefore 

the specificity of the effect of H89 as a modulator of PKA activity in promoting BPEI-

mediated transfection, we next investigated the effect of the PKA activators dibutyryl cyclic 

AMP (dbcAMP) and forskolin/isobutyl-1-methylxanthine (F/IBMX). As opposed to the 

inhibitor H89, both PKA activators, in a concentration-dependent manner, inhibited BPEI-

mediated transfection of HeLa cells (Figure. 2a and b).  

 

 

Figure 2: 
The increase in transfection efficiency by H89 is due to protein kinase A inhibition. (a) HeLa cells were 

pretreated with the indicated kinase inhibitors and activators for 30 min. Subsequently, cells were transfected 

with BPEI polyplexes (mean ± SEM, n = 6). All data were expressed relative to the experimentally measured 
transfection efficiency of BPEI (control), which was 17.9 ± 3.1%. (b) HeLa cells were pretreated with the 

indicated concentrations of either forskolin and IBMX (F/IBMX, top panel) or dbcAMP (bottom panel) for 

30 min. Subsequently, cells were transfected with BPEI polyplexes (mean ± SEM, n = 6), setting the relative 
percentage of BPEI-mediated transfection in control cells as 100%. (c) HeLa cells were incubated with BPEI 

polyplexes, H89 (20 μM), dbcAMP (1 mM), F/IBMX (30 μM/2 mM) and a combination of H89 (20 μM) and 

forskolin/3-isobutyl-1-methylxanthine (F/IBMX, 30 μM/2 mM) for 2 h. Whole cell lysates were analyzed for 
the presence of PKA phosphorylated substrates using equal protein loading. Tubulin was used as a loading 

control. 
 

 

Moreover, a direct effect of inhibitor (H89) and activators (dbcAMP and F/IBMX) on PKA 

activity per se, as well as the inertness of BPEI toward modulating PKA activity, could be 

revealed in an in vitro phosphorylation assay (Figure. 2c). The basal level of PKA 

phosphorylation activity in HeLa cells was low, as shown by the limited presence of 

phosphorylated PKA substrates (Figure. 2c, control lane), implying that a decrease in the 

http://www.sciencedirect.com.proxy-ub.rug.nl/science/article/pii/S0168365911004949#f0010
http://www.sciencedirect.com.proxy-ub.rug.nl/science/article/pii/S0168365911004949#f0010
http://www.sciencedirect.com.proxy-ub.rug.nl/science/article/pii/S0168365911004949#f0010
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phosphorylation of PKA substrates by H89 was therefore not detectable (Figure. 2c, lane 

H89). However, the inhibitory activity of H89 could be confirmed by its ability to preclude 

the increase in PKA-induced substrate phosphorylation following PKA activation by 

forskolin/IBMX (Figure. 2c, lanes F/IBMX versus F/IBMX + H89). Thus, the data support 

the notion that the H89-stimulated BPEI-mediated transfection efficiency involves a PKA-

dependent step, implying that a diminished PKA activity promotes, whereas an 

enhancement of its activity inhibits transfection. 

 

PKA inhibition enhances the escape of BPEI-delivered nucleic acids from 

intracellular compartments 

There are several possibilities to explain the promotion of transfection efficiency upon PKA 

inhibition. An obvious one would be that PKA inhibition promotes the cellular uptake of 

BPEI polyplexes; alternatively, an enhanced release of plasmid into the cytosol, following 

initial internalization of the polyplexes, might also promote transfection efficiency. The 

following experiments were undertaken to discriminate between these possibilities. First, 

we determined the cellular uptake of BPEI polyplexes in the absence and presence of H89. 

To this end the interaction of fluorescently-labeled BPEI polyplexes was measured in 

control cells, and cells treated with H89, dbcAMP or forskolin/IBMX. After 2 h of 

incubation, the cells were washed and surface-bound fluorescently-labeled polyplexes were 

quenched with trypan blue, the remaining cell-associated fluorescence reflecting the 

genuinely internalized pool of BPEI nanoparticles. As shown in Figure. 3a, none of these 

treatments affected the net cellular internalization of the polyplexes. Accordingly, these 

data would therefore suggest that PKA-inhibition interferes with a step secondary to 

internalization, presumably at the level of escape from an intracellular endocytic 

compartment. 

To evaluate whether H89 promoted the efficiency of release of BPEI-delivered nucleic 

acids from intracellular compartments, we monitored the nuclear accumulation of BPEI-

mediated delivery of fluorescently-labeled oligonucleotides (ODNs). The release of tagged 

ODNs from BPEI polyplexes from an intracellular compartment into the cytosol is readily 

reflected by their rapid transport and subsequent accumulation into the nucleus. As shown 

in Figure. 3b, over a two hour incubation period, both control and dbcAMP-treated cells 

showed a prominent punctuate distribution pattern of fluorescent polyplexes, presumably 

reflecting the capture and processing of the polyplexes within intracellular compartments. 

Occasionally, weakly-labeled fluorescent nuclei were apparent. Interestingly, in H89-

treated cells, the number of fluorescently-labeled nuclei was drastically enhanced, relative 

to control cells (Figure. 3b), and equally striking was the increase in fluorescence intensity 

of the nuclei in H89-treated cells, compared to control and PKA-activated cells 

(Figure. 3c). 

Consistently, and in line with the ineffectiveness of H89 treatment on LF2000 and LPEI-

mediated transfection (as reported above), no increase in LF2000- or LPEI-mediated ODN 

delivery was observed, neither in terms of cellular delivery nor in nuclear fluorescence 

intensity (not shown). These results thus indicate that upon inhibiting PKA activity, the 
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compartmental release of ODNs, as delivered by BPEI polyplexes, is strongly facilitated, 

causing their enhanced nuclear accumulation when compared with control and dbcAMP-

treated cells. Next, we investigated the nature of the compartments involved in BPEI 

processing and ensuing nucleic acid release, as modulated by PKA activity. 

 

Figure 3: 
PKA inhibition results in an enhanced endosomal release of BPEI delivered ODNs. (a) HeLa cells were 

treated with the PKA inhibitor H89 (20 μM) and activators forskolin/3-isobutyl-1-methylxanthine (F/IBMX, 
30 μM/2 mM) and dbcAMP (1 mM) for 30 min, followed by a 2 h incubation with fluorescently-labeled BPEI 

polyplexes. The extent of polyplex internalization was determined by FACS-analysis (mean ± SEM, n = 6). 

(b) HeLa cells were treated with H89 (20 μM) and dbcAMP (1 mM), 30 min before BPEI polyplexes were 
added to the cells. After another 2 h of incubation, the nuclear accumulation of ODNs was visualized in live 

cells with confocal microscopy (scale bar = 10 μM, n = 4). (c) The amount of nuclear accumulated ODNs was 
quantified using ImageJ (NIH). Twenty nuclei were randomly selected and the fluorescence intensity per 

nucleus was measured.  
 

BPEI polyplexes are internalized via both CME and caveolae, but only uptake 

via the caveolar pathway leads to productive transfection 

Thus far the data indicate that following an incubation of the cells with BPEI polyplexes in 

the presence of H89, such a treatment promoted the escape of the nucleic acid cargo into 

the cytosol from an intracellular compartment, without affecting net cellular uptake. Since 

intracellular transport of materials is linked to their cellular entry mechanism, while 

subsequent release of cargo will depend on the pathway of polyplex processing 
19

, the entry 

pathway for BPEI polyplexes was determined in the absence and presence of H89, using 

pharmacological inhibitors of potential pathways for endocytic entry. Chlorpromazine was 

used to inhibit clathrin-mediated endocytosis, nystatin and filipin III to inhibit entry via 

caveolae, while dimethylamiloride (DMA) was used to inhibit macropinocytosis. To 



PKA inhibition modulates the intracellular trafficking of nanocarriers 

85 | P a g e  

 

determine effective inhibitor concentrations, control experiments were carried out using 

appropriate ligands (not shown), as previously described 
6, 14

. At these conditions, no toxic 

effects of the inhibitors were apparent, as determined by an MTT assay, and both the 

cellular uptake of polyplexes and the transfection efficiency were measured. 

In Figure. 4 it can be seen that none of the pharmacological inhibitors of endocytosis 

seemingly influence the net internalization of BPEI polyplexes in HeLa cells. Possibly, the 

polyplexes are internalized via multiple endocytotic pathways, inhibition of uptake via one 

pathway resulting in a compensatory increase in uptake via another pathway, as previously 

reported by others 
8, 10

. Intriguingly, whereas chlorpromazine, an effective inhibitor of 

nanoparticle internalization along the clathrin-mediated endocytic pathway 
6
, did not affect 

the transfection efficiency of BPEI polyplexes, the presence of nystatin and filipin III, both 

considered to inhibit caveolae-mediated entry, diminished the transfection efficiency by 

more than 50%. Together, these data support the notion that in control HeLa cells caveolae-

mediated entry of BPEI polyplexes, rather than clathrin-mediated endocytosis, leads to 

productive gene expression. Moreover, since the inhibition of transfection efficiency is not 

mirrored by a change of BPEI internalization per se, apparently compensatory entry 

mechanisms are operating. 

Subsequently, we carried out similar experiments in the presence of H89. Thus, after a 

preincubation of the cells with H89, in the presence or absence of CPM, nystatin or FIII, 

respectively, BPEI complexes were added and further incubated for 2 h. The levels of 

nanoparticle internalization and transfection efficiency were then determined, and the data 

are shown in Figure. 4. Remarkably, while caveolae-mediated transfection is most 

prominent in control cells, the H89-mediated enhancement in transfection was effectively 

eliminated following co-treatment of the cells with CPM, i.e., the inhibitor of the clathrin-

mediated endocytic pathway. Consistently, the remaining level of transfection is 

comparable to that obtained in the absence of H89, as contributed by the caveolae-mediated 

pathway of BPEI entry. Indeed, in agreement with a connection between the stimulatory 

effect of H89 and the clathrin-mediated pathway of BPEI internalization was the 

observation that neither nystatin nor FIII significantly affected the H89-induced 

enhancement in transfection efficiency (Figure. 4). At the same time the internalization of 

BPEI polyplexes remained the same, implying that H89 did not modulate internalization 

along one pathway at the expense of another. Furthermore the potential contribution of 

macropinocytosis can be ruled out as dimethylamiloride (DMA), irrespective of the 

presence of H89, was essentially without effect on the transfection efficiency of BPEI 

polyplexes (Figure. 4). Entirely consistent with this observation, when the cells were 

pretreated with dynasore, a selective inhibitor of dynamin 
20, 21

,which interferes with both 

clathrin- and caveolae-mediated endocytosis, the transfection of BPEI polyplexes, either in 

the absence or presence of H89, was significantly inhibited (Figure. 4). 
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Figure 4: 
Effect of PKA inhibition on cellular internalization of BPEI polyplexes via clathrin-mediated 

endocytosis and via caveolae. HeLa cells, plated one day before the experiment, were treated with 

chlorpromazine (CPM; 6 μg/ml), nystatin (NYS; 25 μg/ml), filipin III (FIII; 5 μg/ml), or dynasore (80 μM), 

with or without H89 (20 μM) for 30 min. For determining the extent of internalization, BPEI polyplexes, 
labeled with FITC-PLL, were incubated with the cells for 2 h, and samples were subsequently analyzed by 

FACS measurement. The transfection efficiency of the BPEI polyplexes was measured after 48 h 

(mean ± SEM, n = 10). All data are expressed relative to the internalization and transfection efficiency (both 
set at 100%) as obtained for untreated cells at otherwise identical conditions. The experimentally measured 

transfection efficiency in case of control BPEI was 22.5 ± 5.2%. Asterisks indicate significant differences †,‡, 

#, * (P < 0.05) in control versus H89 + nystatin, control versus H89 + FIII, nystatin versus H89 + nystatin and 
FIII versus H89 + FIII respectively, as evaluated with Student's t-test. 

 

Together, the data thus strongly suggest that the H89-mediated increase in transfection 

efficiency, i.e., upon inhibition of PKA activity, must originate from polyplexes that were 

internalized via clathrin-mediated endocytosis, a pathway that in the absence of H89 does 

not significantly contribute to productive transfection. To obtain further support for such a 

scenario, and to investigate at which step along the clathrin-mediated endocytic pathway 

H89 exerts its potentiating effect on transfection by inhibiting PKA activity, we next 

examined intracellular BPEI polyplexes processing by fluorescence microcopy. 
 

Inhibition of PKA precludes BPEI polyplexes from reaching late endosomes and 

lysosomes thereby promoting transfection efficiency 

First we examined the intracellular processing of BPEI polyplexes in the presence and 

absence of H89 by determining the colocalization of the polyplexes with known markers 

for endosomal compartments. As appropriate markers we employed transferrin, rab9 and 
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LAMP1 to visualize early endosomes, late endosomes and endolysosomes, respectively. 

Colocalization of BPEI polyplexes with the endosomal markers transferrin (early 

endosomes) and rab9 (late endosomes) was determined 2 h after internalization of the 

polyplexes, while colocalization with the endolysosomal marker LAMP1 was measured 

after a three hour incubation period. As shown in Figure. 5a (left panels), in the absence of 

H89 (control), BPEI polyplexes colocalized with transferrin, rab9 and LAMP1. In contrast, 

in the presence of H89, BPEI polyplexes colocalized with transferrin, but not with rab9 or 

LAMP1 (Figure. 5a, middle panels). 

Intriguingly, after a three hour incubation period and in the presence of H89, most BPEI-

complexes had disappeared from the transferrin-containing early endosomes (data not 

shown) and now resided in compartments that were also devoid of rab9 and LAMP1 

(Figure. 5a, middle panels). In fact, this localization was maintained for at least 24 h, i.e., 

after this time interval BPEI polyplexes were found in similar compartments as after 3 h, 

i.e., negative for transferrin, rab9, and LAMP1 (not shown). 

In the presence of dbcAMP (Figure. 5a, right panels) the colocalization of BPEI polyplexes 

with transferrin, rab9, and LAMP1 was similar to the pattern of colocalization in control 

cells. Accordingly, these data would suggest that upon inhibition of PKA activity 

internalized BPEI polyplexes, although reaching early endosomes are not transported into 

late endosomes/lysosomes, as observed in control or PKA-activated cells. Rather, PKA 

inhibition causes their rerouting from an early transferrin-containing endosomal 

compartment to a compartment tentatively characterized as being devoid of transferrin, 

rab9 and LAMP1. Moreover, an effect of H89 in the caveolae-mediated pathway of 

internalization could be excluded as the colocalization of BPEI complexes with caveolin-1, 

either in the presence or absence of the PKA inhibitor, was essentially the same in treated 

and control cells (Supplementary Figure. 2). 

In the presence of chlorpromazine, inhibiting clathrin-mediated endocytosis, BPEI 

polyplexes did not colocalize with LAMP1 (Figure. 5b), irrespective of H89 treatment. 

Assuming that the observed internalized FITC-labeled BPEI complexes thus largely reflect 

their presence in caveolar compartments, as described in the previous paragraph 

(see Figure. 4), the data imply that polyplexes that are internalized via caveolae do not 

reach lysosomes (i.e., within the incubation time interval of 3 h), thus avoiding potential 

degradation. In contrast, in the presence of nystatin, blocking caveolae-mediated entry, 

BPEI polyplexes now enter via the pathway of clathrin-mediated endocytosis, a degradative 

route, and indeed colocalize with LAMP1 (Figure. 5c). 
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Figure 5: 

PKA inhibition precludes trafficking of BPEI polyplexes into late endolysosomal compartments. (a) 

Hela cells, 24 h after seeding, were first treated with H89 (20 μM) and dbcAMP (1 mM) for 30 min; then 

FITC-PLL-labeled BPEI polyplexes were added, in the presence of inhibitors. Colocalization of the 

complexes with transferrin and Rab9 was determined after 2 h, and colocalization with LAMP1 after 3 h of 

incubation (scale bar = 5 μM, n = 4). (b, c) HeLa cells were pre-treated with either chlorpromazine (CPM; 

6 μg/ml) or nystatin (NYS; 25 μg/ml), with or without H89 (20 μM) as indicated, for 30 min and then FITC-

PLL-labeled BPEI polyplexes were added to the cells. After another 3 h, the cells were fixed and 

immunostained with anti-LAMP1 antibody. A CY3-labeled secondary antibody was used to visualize LAMP1 

(scale bar = 5 μM, n = 3). 

 

 

Interestingly and consistently, when H89 was included in the incubation mixture, BPEI 

polyplexes no longer colocalized with LAMP1 (Figure. 5c). Accordingly, these 

observations further strongly support the notion that inhibition of PKA precludes the 

transport of polyplexes within the clathrin-dependent pathway towards late 

endosomes/lysosomes. A summary of these findings is schematically presented 

in Figure. 6. 

In principle, the observations potentially point to early endosomes and/or the 

transferrin/rab9/LAMP1-devoid compartments as the most likely sites for nucleic acid 

release. Clearly, effective release from early endosomes would thus require the presence of 

H89, since although BPEI accumulates similarly in early endosomes in both control and 

PKA-stimulated cells, the contribution of the clathrin-mediated pathway towards 

transfection at these conditions is limited (Figure. 4). To simulate these conditions and 

hence to better define the intracellular site of contents release, the cells were pretreated with 

the microtubule-disrupting agent nocodazole, which allows membrane flow and 

nanoparticle transport to early endosomes, but not subsequent transport to late endosomes. 

Following a subsequent incubation with BPEI polyplexes for 2 h, with or without H89, the 

transfection efficiency was determined after 48 h. 
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Figure 6: 

Schematic representation of trafficking of BPEI polyplexes in control and PKA-inhibited cells. Clathrin-

mediated endocytosis (CME) and caveolae/raft-mediated endocytosis are the major pathways of cellular entry 

of BPEI polyplexes in HeLa cells. At control conditions or upon treatment with dbcAMP (left part of the 

scheme), most polyplexes, traveling along the classical endocytic pathway, pass through early and late 

endosomal compartments, thereby reaching the digestive lysosomes. Particularly the fraction of the 

polyplexes entering via caveolae displays the capacity to release nucleic acid contents, and does not reach the 

late endolysosomal compartments. Following treatment with the PKA inhibitor H89 (right part of the 

scheme), trafficking of the polyplexes along the CME pathway is impeded and/or perturbed in that complexes, 

after passing through early Trf-containing endosomes, primarily localize in compartments that are devoid of 

Trf, Rab9 and LAMP1. Presumably, cargo release from this compartment results in an enhanced delivery of 

ODNs into the nucleus and a substantial increase in transfection efficiency. For further details see text. For 

reasons of simplicity only one EE is indicated. We do not mean to suggest that cargoes within the pathways of 

CME and caveolar endocytosis necessarily mix at the level of the EE. (CME: clathrin-mediated endocytosis; 

CCV: clathrin-coated vesicle; EE: early endosome.) 

 

 

As shown in Figure. 7, the uptake of polyplexes by the cells, irrespective of treatment, were 

similar; however, in the presence of nocodazole, the relative transfection efficiency, 

irrespective of the presence of H89, was strongly inhibited.  
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Figure 7: 

Protein kinase A inhibition does not affect cargo release from BPEI polyplexes, captured in early 

endosomes. HeLa cells were treated with nocodazole (NOC, 10 μM), in the absence or presence of H89 

(20 μM), for 30 min. BPEI polyplexes were added and further incubated for 2 h after which the level of 

polyplex internalization was determined. Alternatively, the cells were subsequently incubated for another 48 h 

after which the transfection efficiency was determined (mean ± SEM, n = 6). All data are expressed relative to 

the internalization and transfection efficiency (both set at 100%) as obtained for untreated cells at otherwise 

identical conditions. The experimentally measured transfection efficiency of BPEI (control) was 10.4 ± 1.5%. 

 

 

In fact the residual transfection efficiency, which is proportionally stimulated upon 

treatment of the cells with H89 (i.e., as observed in control cells) likely relates to a cell 

fraction that was not affected by nocodazole. Accordingly, these data suggest that rerouting 

of BPEI upon PKA inhibition presumably represents an essential step that leads to the 

promoting effect of PKA inhibition on the transfection efficiency. 

Evidently, the PKA-induced modulation of intracellular routing raised the question to 

which extent this event was related to the processing of a specific nanoparticle, i.e., BPEI 

polyplex, or whether it reflected a typical cell biological PKA-regulated feature of cargo 

that is taken up by the cells via clathrin-mediated endocytosis. Therefore, we next 

investigated the effect of PKA inhibition, following addition of H89, on the endocytic flow 

of the other gene delivery vehicles, i.e., Lipofectamine 2000 and LPEI, as well as the 

unrelated endocytic markers dextran and low density lipoprotein (LDL). 

 

PKA inhibition precludes transport into late endosomes/lysosomes of cargo that 

is internalized by clathrin mediated endocytosis 

To better appreciate the PKA-mediated effect on endocytic trafficking, the intracellular 

flow of LF2000 lipoplexes and LPEI polyplexes was examined by fluorescence 

microscopy. Similar to BPEI polyplexes, LF2000 lipoplexes and LPEI polyplexes 

colocalized with LAMP1 after 3 h of incubation in the absence of H89, while in the 
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presence of H89 their transport into late endosomes/lysosomes was precluded 

(Supplementary Figure. 3a–c). Next, the cellular processing of dextran and LDL was 

analyzed. Both ligands are internalized by eukaryotic cells along different endocytic 

pathways, i.e. fluid-phase endocytosis, and clathrin-mediated endocytosis, respectively, but 

eventually reach the lysosomes. The fluid phase marker dextran was shown to reach 

lysosomes, both in the absence and presence of H89, as reflected by its colocalization with 

lysotracker (Supplementary Figure. 3d). As anticipated, in control cells LDL is similarly 

transported, albeit along the clathrin-mediated pathway, to the lysosomes. However, in 

sharp contrast, in H89-treated cells LDL does not significantly colocalize with LAMP1 

(Supplementary Figure. 3e). As a control, dbcAMP treatment of the cells revealed the usual 

processing of both dextran and LDL towards the lysosomes (Supplementary Figure. 3d,e). 

Moreover, virtually identical results as observed for LDL transport were obtained in case of 

processing of EGF along the clathrin-mediated pathway (not shown). Importantly, like in 

the case of BPEI internalization, the presence of H89 did not affect the internalization of 

either ligand (not shown). Hence these data imply that upon inhibiting PKA activity 

endocytic transport of gene delivery vehicles as well as common ligands to late 

endosomes/lysosomes is precluded. Moreover, this inhibitory effect is particularly related 

to an interference with relatively early steps in the clathrin-mediated pathway of 

endocytosis, i.e., transport from early to late endosomes. 

 

Discussion 

To improve lipo- and polyplex-mediated delivery of nucleic acids into eukaryotic cells for 

therapeutic and cell biological purposes, insight into regulatory mechanisms of 

nanoparticles internalization and subsequent processing leading to transfection, is 

imperative. Thus, parameters like the chemical nature and particle size of applied vehicles 

may govern the nature of the endocytic pathway of entry (clathrin-mediated endocytosis, 

caveolae-mediated endocytosis, macropinocytosis, etc.)
8, 14, 22-24

. Here, we have investigated 

the involvement of protein kinases, being part of the regulating endocytic machinery, as a 

governing co-factor in determining internalization per se and/or the kinetics of particle 

processing 
17, 25, 26

, thereby potentially modulating cellular transfection. The present work 

reveals that of the kinases examined thus far (Supplementary Figure. 1), inhibition of 

protein kinase A activity is of particular interest as it perturbs trafficking of gene delivery 

vehicles along the clathrin mediated pathway of endocytosis (CME), precluding their 

delivery to late endosomal/lysosomal compartments. As a result, BPEI mediated-

transfection efficiency increases approximately 2.5 fold. PKA modulation does not affect 

BPEI internalization per se and affects the endocytic processing of LDL and EGF similarly 

as observed for polyplexes trafficking, emphasizing a general and typical effect of PKA 

inhibition on relative early trafficking steps in the pathway of CME. Moreover, whereas in 

control cells BPEI polyplexes are internalized via both CME and caveolae (Figure. 4), 

primarily the latter pathway contributes to transfection efficiency. Accordingly, these 

observations support the notion, as summarized in Figure. 6, that impediment of particle 

delivery into the late endolysosomal track of the clathrin-mediated pathway may strongly 
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promote transfection efficiency of complexes that are otherwise ineffective in this pathway. 

Although care should be taken as to the precise interpretation of the effect of 

pharmacological inhibitors in defining intracellular pathways, our data, in conjunction with 

the detailed colocalization studies of the lipo/polyplexes with markers of the clathrin- and 

caveolae-mediated pathways, convincingly support the conclusion of the clathrin-mediated 

pathway as the primary target of H89 (Figure. 4, Figure. 5 and Figure. 2). Apparently, in 

contrast to BPEI, LPEI polyplexes and LF2000 lipoplexes do not benefit from an altered 

endosomal processing as they efficiently mediate endosomal escape of genetic cargo well 

before their uptake into digestive lysosomes 
27-29

. Hence, rather than by targeting gene 

carriers into the caveolar pathway, thereby avoiding lysosomal delivery (in some but not all 

cell types), transfection efficiency of relative poorly delivering complexes may particularly 

benefit from modulating their endolysosomal trafficking, as accomplished by inhibiting 

PKA activity as demonstrated in the present work. Our data indicate that as a result of this 

inhibition, trafficking of the BPEI nanoparticles does not proceed into the degradative 

pathway with lysosomes as their final destination, but rather leads to their delivery into a 

compartment that we tentatively define as a transferrin/rab9/LAMP1-devoid compartment 

(Figure. 6). Since release of plasmids from early endosomes, as mimicked by nocodazole 

treatment, is not promoted in the presence of H89, the data support the 

transferrin/rab9/LAMP1-devoid compartment to act as the major site from which plasmids 

and ODNs are released by an as yet unknown mechanism (Figures. 3 and7). In a more 

general context, these data imply that the kinetics of poly- and lipoplex-mediated delivery 

of nucleic acids into late endolysosomal compartments represent the limiting step in overall 

delivery efficiency. 

The underlying mechanism as to how PKA exerts its action in the process of BPEI-

mediated gene delivery remains to be determined. Our data show that in H89-treated HeLa 

cells, BPEI polyplexes transiently reside in early (transferrin-containing) endocytic 

compartments, and at later time points localize in transferrin/rab9/Lamp1-devoid vesicles 

(Figure. 5 and Figure. 7). Usually, the maturation of early endosomes into late endosomes 

is regulated by the loss of rab5 and concomitant recruitment of rab7. Furthermore, in cells 

treated with H89 an increase in the size of both endolysosomes (LAMP1) and in particular 

lysosomes (Supplementary Figure. 3, dextran) was often observed with a concomitant 

decrease in the number of these organelles. These observations might hint to an impediment 

of (vesicular) transport upon inhibiting PKA activity, since the effectivity of rabs and rab 

effector proteins mediating these processes depends on their state of phosphorylation 
30, 31

. 

Finally, the elucidation of cellular signaling pathways as modulators of gene delivery 

efficiency, will be highly instrumental in further broadening our understanding of the 

interaction between lipo/polyplexes and cells at the molecular level, and may thus 

contribute to the design of protocols that further improves gene delivery efficiency. Since 

such pathways might be affected by the lipo/polyplexes themselves 
16

, the present findings 

may not only be relevant to, for example, ex vivo (therapeutic) protocols, but rather, may 

bear relevance to in vivo studies as well. Clearly, this merits further investigations. 
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Supplementary Figures 

 

Figure S1 

 

 
Figure S1: 

Influence of kinase inhibitors on the transfection efficiency of LF2000 lipoplexes, and LPEI and BPEI 

polyplexes. HeLa cells, plated one day before transfection, were treated with the indicated kinase inhibitors, 

30 min before lipo- and polyplexes were added. Subsequently, the cells were incubated for another 2 h with 

lipo- and polyplexes in the presence of the inhibitors. Transfection efficiency was measured after 48 h. 

Concentrations of the applied inhibitors, as well as their specificity, are indicated in Materials and 

methods (mean ± SEM, n = 6). 
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Figure S2 

 
 

Figure S2.  
PKA inhibition does not affect the colocalization of BPEI polyplexes with caveolin-1, following 

internalization along the caveolae-mediated pathway. HeLa cells, plated one day before the experiment, 

were pretreated with H89 (20 μM) for 30 min. BPEI polyplexes containing Cy3-labeled plasmid DNA (red) 

were added and further incubated for 2 h. Subsequently, the cells were fixed and immunostained for caveolin-
1 (green). Scale bar = 5 μM. (See Materials and methods.) 
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Figure S3: 

PKA inhibition precludes the trafficking of LF2000 lipoplexes, LPEI polyplexes and LDL, but not 

dextran, into LAMP1-positive compartments. (a–c) HeLa cells pretreated with H89 (20 μM) for 30 min, 

were incubated with BPEI polyplexes, LPEI polyplexes and LF2000 lipoplexes, containing Cy3-labeled 

plasmid DNA, for 3 h. Subsequently, cells were fixed and immunostained for LAMP-1. (d, e) HeLa cells, 

pretreated with H89 (20 μM) and dbcAMP (1 mM) for 30 min, were incubated with FITC labeled dextran 

(4 kDa, 4 μg/ml) for 3½ h and further incubated with lysotracker red (100 nM) for 30 min. Live cells were 

directly observed by confocal microscopy. For LDL tracking, similarly treated cells were incubated with Dil-

labeled LDL (15 μg/ml) for 2 h before the cells were fixed and immunostained for LAMP1 (scale 

bar = 5 μM, n = 3). LDL: low density lipoprotein. 
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Abstract 

Lipoplexes and polyplexes are widely applied as non-viral gene delivery carriers. Although 

their efficiencies of transfection are comparable, their mechanisms of delivery, specifically 

at the level of nucleic acid release from endosomes, are different. Thus, lipoplex-mediated 

release is proposed to rely on lipid mixing, as occurs between lipoplex and endosomal 

target membrane, the ensuing membrane destabilization leading to nucleic acid delivery 

into the cytosol. By contrast,  the mechanism by which polyplexes, particularly those 

displaying a high proton buffering capacity, release their nucleic acid cargo from the 

endosome, is thought to rely on a so-called ‘proton sponge effect’, in essence an 

osmotically-induced rupturing of endosomal membrane integrity. However, although a 

wealth of indirect insight supports both these mechanisms, direct evidence is still lacking. 

Therefore, to further clarify these mechanisms, we have investigated the interaction of lipo- 

and polyplexes with HeLa cells by live cell imaging. As monitored over an incubation 

period of two hours, our data reveal that in contrast to the involvement of numerous 

nanocarriers in case of lipoplex-mediated delivery, only a very limited number of 

polyplexes, i.e., as few as one up to four/five nanocarriers per cell, with an average of 

one/two per cell, contribute to the release of nucleic acids from endosomes and their 

subsequent accumulation into the nucleus.  Notably, in neither case complete rupture of 

endosomes nor release of intact polyplexes or lipoplexes into the cytosol occurs. Rather, at 

the time of endosomal escape both the polymer and its genetic payload are separately 

squirted into the cytoplasm, presumably via (a) local pore(s) within the endosomal 

membrane. Specifically, an almost instantaneous and complete discharge of nucleic acids 

and carrier (remnants) from the endosomes is observed in a typical vectorial mode. In case 

of lipoplexes, the data suggest the formation of multiple transient pores over time within the 

same endosomal membrane, via which the cargo is more gradually transferred into the 

cytosol. 

 

Introduction 

Lipo- and polyplexes are promising nonviral tools for nucleic acid delivery into cells, e.g., 

plasmids for transfection and siRNA for gene silencing 
1-4

. In order to exert their function 

they have to cross several cellular barriers including the plasma and endosomal membranes, 

and in case of plasmid or antisense delivery- the nuclear membrane. Although each barrier 

represents a critical step in determining the final efficiency of nucleic acid delivery and 

effectivity of nucleic acid-based drugs, the release of genetic cargo from endosomes, i.e., 

endosomal escape prior to their trafficking to lysosomes, appears to be a major bottleneck. 

To release their cargo from endosomal compartments, lipo- and polyplexes are thought to 

employ different mechanisms, the molecular details of which are only gradually emerging. 

Polyplexes, composed of polymers that display a high proton buffering capacity such as 

polyethyleneimine (PEI) 
5, 6

 or polyamidoamine dendrimers (PAM) 
7
, carry titratable 

amines. In this manner, it has been proposed that such polymers can act as a so called 

‘proton sponge’ 
6, 8

. During endosome maturation, when the pH acidifies due to the activity 

of H-ATPase, the amines become protonated, while the excessive inflow of H
+
 provokes 
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the influx of Cl
-
 counter ions for reasons of charge neutralization. It has thus been proposed 

that in order to compensate for an osmotic imbalance, subsequent water intake into the 

endosomes causes their osmotic swelling and eventual rupture, resulting in the release of 

polyplexes into the cytosol 
5, 8

, where subsequent dissociation of the nucleic acid cargo may 

occur.  

Lipoplexes use a different mechanism to release their cargo into the cytosol, that relies on 

lipid mixing which may involve fusion and/or the formation of transient and local 

perturbations of the endosomal membrane through which nucleic acids can be released into 

the cytosol 
9, 10

. It has been proposed that the underlying mechanism is related to the 

inherent ability of the cationic lipids to engage, with or without helper lipids such as 

dioleoylphosphatidylethanolamine, in the formation of non-bilayer structures. Instrumental 

in the overall process is also the lipoplex-induced flip-flop of negatively charged 

phospholipids from the cytoplasmic to the inner face of the endosome 
11

, forming charge 

neutral ion pairs with the cationic lipids 
12

, thereby destabilizing the lamellar membrane 

organization and at the same time causing dissociation of the nucleic acids from the 

lipoplexes.  

Although widely accepted, several reports have questioned the proton sponge mechanism 
13, 14

, largely because of a lack of direct evidence and/or because of entry of PEI complexes 

via a pathway (caveolae-mediated endocytosis) that may not rely on compartmental 

acidification
15

. An alternative escape mechanism, relying on membrane perturbation caused 

by a time-dependent increase of a protonation-induced tight apposition of the polyplex and 

endosomal membrane, has also been proposed. Strong circumstantial evidence in favor of 

the proton sponge effect was provided by Sonawane et al. (
16

), showing the accumulation of 

Cl
-
 ions and swelling of the endosome in polyplex-mediated transfection. However, the 

individual fate of the polymer, its genetic cargo, and the endosome from where the release 

occurs, remain poorly addressed 
17, 18

. Obviously, microscopic imaging is a versatile tool to 

potentially obtain detailed insight into structural changes in the morphology of nanocarrier 

and endosomes which, by inference may lead to novel insight into the mechanism of 

nanocarrier-mediated gene delivery. Advanced electron microscopic technology may serve 

that purpose, although an approach that allows direct insight into the dynamics of the 

process is preferred. We therefore examined endosomal escape of nucleic acids as mediated 

by lipo- and polyplexes by live cell imaging to further clarify the mechanism of 

nanocarrier-mediated delivery of nucleic acids, in particular the polymer-based sponge 

effect. Our data support a highly effective discharge from endosomes following polyplex 

entry, but the observed effect, which can be described as ‘bursting’ of the endosome, 

neither leads to complete endosomal lysis nor release of intact polyplexes into the cytosol. 

This implies that although seemingly fierce in nature, a yet relatively subtle mechanism 

underlies polyplex-mediated delivery. 

 

Materials and Methods 
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Reagents 

Lipofactamine 2000 was purchased from Invitrogen. Both unlabeled linear 

polyethyleneimine (LPEI, average MW= 22dDa) and labeled LPEI (jetPEI®-FluoR) were 

obtained from Polyplus-transfection (Illkirch, France). Pre-labeled plasmids were from 

Mirus (Mirus M.A). FITC and TRITC labeled oligonucleotides were obtained from 

Biomers.net.  

 

Cells 

HeLa cells were obtained from ATCC and maintained in 25 cm
2
 flasks in DMEM/F-12 

(Dulbecco’s Modified Eagle Medium F-12, Gibco, The Netherlands) at 37
o
C and 5% CO2. 

The medium was supplemented with 2 mM L-glutamine (Gibco, The Netherlands), 100 

units/ml each penicillin, streptomycin (Invitrogen), and 10% (v/v) FCS.  

 

Plasmids  

pEGFP-N1 was obtained from Clontech (USA), Syndecan-1 (pSDC1-GFP) and LAMP1-

RFP was kindly provided by Dr. Yves Durocher (National Research Council (NRC), 

Canada) and Dr. Walther Mothes (Yale University, CT, USA), respectively. All plasmids 

were amplified from E.Coli using GenElute
TM

 HP Plasmid Mini/Midiprep kits (Sigma-

Aldrich), using the manufacturer’s protocol.  

 

Preparation of Lipo- and Polyplexes, transfection and ODN delivery 

For the expression of SDC1-GFP and LAMP1-RFP, HeLa cells were plated in glass 

bottomed 2 wells chambers (Lab-Tek
TM

 Chambered Coverglass, Thermo Fisher Scientific, 

Denmark) at 1.8x10
5
 cells/well, two days prior to the experiment. After 24h the cells were 

washed once with serum free medium and transfected with plasmid using Lipofactamine 

2000, according to the manufacturer’s protocol.  

For measurement of transfection efficiency of LPEI polyplexes cells were plated in twelve 

wells plates at 1.5x10
5
cells/well, one day before the experiment. After 24hrs the cells were 

washed twice with serum free medium and then incubated with polyplexes, suspended in 

HBSS, carrying 1ug of pEGFP-N1 at N/P 5. After 2hrs of incubation, the cells were washed 

and complete cell culture medium was added, with an additional medium change after 

24hrs. Transfection efficiency was measured after 48hrs by FACS analysis (Elite, Coulter 

10,000events λex. 488nm/λem. 530nm). When inhibitors were employed, the cells were 

preincubated with the indicated inhibitors for 30min and subsequently polyplexes were 

added, with inhibitors kept present.  

For live cell imaging and fluorescence microscopy, lipoplexes and polyplexes were used, 

containing fluorescently labeled ODNs. When required, the polyplexes contained either 

FluoR labeled LPEI (2ul, at N/P ~5) or in case of labeled lipoplexes rhodamine labeled 

Lipofactamine 2000 (3ul, according to manufacturer’s protocol).  FITC or TRITC-labeled 

oligonucleotides (ODNs), 0.1 nmol each, or Cy
TM

 labeled plasmid (Mirus MA) were 

complexed with LF2000 lipoplexes (conditions according to manufacturer’s instruction) or 

PEI polyplexes (at an N/P ratio of 5.0).  
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Fluorescence Microscopy  

Fluorescence microscopy (Olympus) was used to quantitatively measure the release of 

oligonucleotides per cell. Briefly, one day before the experiment HeLa cells were plated at 

1,5x10
5
cells/well in twelve wells plates. After 24hrs, the cells were washed twice with 

serum free medium. Lipo/Polyplexes, containing 0,1nmol of oligonucleotides, were mixed 

in 200ul HBSS, added to the cells and incubated for 2hrs. Subsequently, the cells were 

washed once with HBSS and live cells were directly placed on glass slides, carrying a drop 

of HBSS. In the presence of Bafilomycin A1, the cells were pre-incubated with the 

inhibitor for 30minutes and subsequently the lipo/polyplexes were added with the inhibitor 

present. Images were analyzed using ImageJ software (NIH).  

 

Live Cell Imaging  

For live cell imaging cells were plated on special glass bottomed 2 wells plates (Lab-

TekTM Chambered Coverglass, Thermo Fisher Scientific, Denmark). In case cells were 

employed expressing SDC1-GFP or LAMP1-RFP, the cells were plated two days before 

the experiment at 1,8x10
5
cells/well. Subsequently the cells were transfected with either 

SDC1 or LAMP1 plasmid using Lipofectamine 2000 according to the manufacturer’s 

protocol. On the day of the experiment cells expressing either of the plasmid were placed in 

a Solamere Spinning Disk Confocal Microscope (based on a Leica DM IRE2 Inverted 

microscope, Leica Microsystem, Germany, Solamere, Salt Lake City, USA) equipped with 

a temperature/CO2 controlled cabinet and automated stage. Cells that express LAMP1-RFP 

or SDC1-GFP were selected before addition of polyplexes. Image acquisition was directly 

started after addition of the polyplexes using InVivo software (Media Cybernetics, Inc., 

Bethesda, MD). Images were further analyzed using ImageJ (NIH) and Imaris software 

(Bitplane AG, Switzerland). When similar experiments were carried with cells that did not 

express the above mentioned plasmids, the, cells were plated at 3x10
5
cells/well, one day 

before actual experiment. Otherwise incubation conditions and data acquisition were 

identical to those described for the LAMP1 and SDC1 expressing cells.  

 

Results and Discussion 

 

PEI polyplexes induce endosomal bursting; polyplex dissociation prior to nucleic 

acid release   

Previously, we demonstrated
19

 that PEI-mediated delivery of nucleic acids into HeLa cells 

occurs via the clathrin- and caveolae-mediated endocytic pathways. To characterize this 

delivery process in further detail, an effort was undertaken to its visualization by live cell 

fluorescence imaging, Thus HeLa cells were incubated with PEI polyplexes containing 

FITC-labeled oligonucleotides (ODNs) and the interaction process was monitored in real 

time. As shown in Fig1a and Movie 1a, near the cell surface and early after internalization, 

presumably by endocytosis, the polyplexes are visible as bright, globular fluorescent 

structures. Approx. 30-35 min after addition of polyplexes, the dot-like appearance of the 
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polyplexes quickly disappears over a time interval of less than 1 min, showing an initially 

localized ‘burst’ of diffuse fluorescence that in the next 5-10 seconds starts to accumulate 

in the nucleus, reflected by the rapid distinction of the nuclear boundary in the cytoplasmic 

background. In fact, this process continues over at least 15-20 min (Figure.1a).  

 

 
 

Figure 1:  
Release of PEI-mediated delivery of nucleic acids occurs by endosomal bursting. (a) HeLa cells were 

incubated with PEI polyplexes containing FITC-labeled oligonucleotides (ODNs) and the interaction was 

monitored by live cell imaging. Selected frames from Movie 1a show that after internalization of the PEI 
polyplex (arrow in third panel), its ODN contents are rapidly released into the cytoplasm (arrow head in fourth 

panel), followed by a ready accumulation into the nucleus (panels 5-8). (b) Line graph of Movie 1a showing 

the fluorescence at a region of interest (ROI) within the cytoplasm and a ROI within the nucleus at the time of 
the endosomal escape of ODNs, followed by their accumulation in the nucleus. The arrow indicates the 

fluorescence intensity of the complexed ODNs within the endosome (cf. arrow Figure 1a panel 3), while the 

arrowhead indicates the cytoplasmic fluorescence intensity upon endosomal escape (cf. arrow head Figure 1a 
panel 4). The dots in the graph correspond with the images in Figure 1a, which are taken approximately every 

52 seconds. (c, d) HeLa cells were incubated with polyplexes carrying two different kinds of ODNs (FITC- 

and TRITC-labeled) in a 1:1 molar ratio (c) or with a mixture of polyplexes, each carrying one of the labeled 
ODNs (d) for two hours. Live cells were directly observed by fluorescence microscopy and the amount of 

nuclei that were positive for both ODNs or for one of the ODNs were quantified. Representative images are 

shown in the insets in c and d. (e) FluoR-labeled PEI (red) and FITC-ODNs (green) were complexed, 
incubated with HeLa cells, and monitored by live cell imaging. Representative images from Movie 1b are 

shown, together with the signals (upper row of frames) from the individual fluorescence channels for the 

boxed area. The boxed area  in Figure 1e is yellow due to the colocalization of the PEI and ODN fluorescence 
(panels 1-4) and disappears in time due to loss of both  signals after bursting (panels 5,6).  Corresponding 

scale bars are shown in each figure. Time in Figure 1a and 1e is indicated in hh:mm:ss. 

 

 

Although it is reasonable to assume that the observed burst(s) originate(s) from endosomal 

ODN release, this notion was supported by two pieces of evidence. First, when HeLa cells, 
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prior to the addition of polyplexes, were incubated with Bafilomycin A1, which prevents 

endosome acidification, the release of fluorescently labeled ODNs was virtually completely 

inhibited (Figure 2a). In control cells virtually all cells showed ODN-positive nuclei, while 

in BafA1-treated cells the ODNs remained localized within the endosomes in the cytoplasm 

of the cells (Figure 2b). Pretreatment of the cells with Bafilomycin A1 also inhibited the 

transfection efficiency with polyplexes to a similar extent (data not shown). In addition, the 

endosomes were labeled with Lysotracker-Red and cells were subsequently incubated with 

FITC-ODN-containing polyplexes. As can be seen in Figure 2c (and Supplementary 

Materials Movie 2), polyplex-containing endosomes acidify while moving through the 

cytoplasm, which is evident from the recruitment of Lysotracker into these compartments 

(Figure 2c, upper row). When the polyplex-containing endosome bursts, it releases both the 

ODNs and the Lysotracker (Figure 2c, last panel and also upper row). Accordingly, these 

data indicate that the observed bursts indeed reflect the release of ODNs from endosomal 

compartments, as delivered by the polyplexes. 

 

 
 

Figure 2: 
Acidification is required for ODN release, following PEI-mediated delivery. (a) HeLa cells were 
incubated with or without Bafilomycin A1 for 30 minutes, followed by incubation for 2 h with PEI polyplexes 

carrying TRITC-ODNs. Live cells were imaged by fluorescence microscopy and the amount of nuclei that 

were positive for ODNs were quantified using ImageJ. (b) Representative images of both control and 
Bafilomycin A1 treated cells are shown.  (c) HeLa cells were labeled with Lysotracker-Red (red) (see 

Materials and Methods) and subsequently incubated with polyplexes carrying FITC-ODNs. Selected frames 

(and individual red channel images; upper frames) from Movie 2 show that endosomes gradually accumulate 
Lysotracker-Red (panels 1-9), which is released from the endosome upon its bursting, which is visualized by 

the cytoplasmic spread of the FITC-ODNs (last panel). Representative scale bars are shown in each figure. 

Time lapsed in figure 2c is hh:mm:ss.  
 

The initial steep increase in fluorescence intensity (up to a level indicated with an arrow in 

Figure.1b) of the cytoplasmic ROI (blue tracing) is due to the ‘capturing’ of the labeled 

polyplex in the laser beam, following its internalization, and localization within an 



Chapter 5 

106 | P a g e  

 

endosomal compartment. Next, a further increase in fluorescence intensity is seen 

(Figure.1b, arrow head), which precedes a subsequent decrease in intensity. Likely, the 

latter increase corresponds to a relief of self-quenching of the polyplex-associated FITC-

labeled ODNs at the time of endosomal escape, indicating their dissociation from the 

polyplex (arrow head in Graph 1b and Figure 1a, fourth panel), as reflected by a subsequent 

decrease of the (localized) fluorescence intensity of the cytoplasmic ROI spot, due to lateral 

diffusion of the labeled ODNs into the cytosol. Concomitantly, the fluorescence intensity 

measured in the nuclear ROI rapidly increases, reflecting the passive diffusion of the 

relatively small (21 bp) ODNs from the cytosol into the nucleus (Graph 1b, red tracing; 

Figure 1a, panels 5-8). It is apparent from the data in Figure. 1b that the fluorescence 

intensity in the nucleus (red tracing) remains constant over > 100 min., suggesting that 

during this time period there are no additional polyplexes that contribute to subsequent 

ODN delivery into the nucleus. Indeed, quite surprisingly, at the present conditions a very 

limited number of polyplexes appeared to contribute to the overall delivery process, which 

varied between one (Figure.1a) up to 4-5 bursts/cell as shown in Figure 3.  

To obtain additional support for this low frequency in delivery, HeLa cells were transfected 

with polyplexes carrying either a mixture of two differently labeled (red and green) ODNs 

in a 1:1 ratio or a mixture of two polyplex populations, each carrying one of the labeled 

ODNs. At the former conditions, essentially all cells showed yellow nuclei, following a 2 h 

incubation (Figure. 1c), indicating the endosomal escape and subsequent nuclear 

accumulation of both green and red ODNs, which is not surprising since both ODNs are 

contained within one and the same polyplex. However, when the cells were incubated with 

a mixture of polyplexes containing either red or green ODNs, only 23% of the nuclei were 

yellow, while 77% were either green or red (Figure. 1d). Similar results were obtained 

when the polyplexes contained plasmids instead of ODNs. Specifically, when the cells had 

been incubated for 2 h with polyplexes that carried pDNA coding for GFP and RFP, the 

next day essentially all cells expressed both plasmids. However, when the plasmids were 

complexed separately with the polymers and cells were transfected with a mixture of these 

polyplexes, the amount of cells coexpressing both plasmids drastically dropped while the 

majority of the cells expressed only one of the plasmids (data not shown). These results 

provide further evidence that for polyplex-mediated nucleic acid delivery endosomal escape 

of nucleic acids, derived from delivery via a single polyplex, can be responsible for the 

final level of transfection efficiency. The extremely low delivery efficiency of polyplexes in 

terms of particle number was unexpected, and the underlying reason is unclear. Clearly, 

additional particles are internalized (Figure.1a, frames 5-8; Figure 1c, d fluorescent images) 

but they fail to discharge their contents and seemingly stable particles can be seen in the 

cytoplasm for several hours after their internalization. Clearly, size does not appear to be a 

governing parameter as endosomal escape occurs for both small and large polyplexes (data 

not shown). 

The rapid dequenching of FITC-fluorescence at the time of endosomal escape of the ODNs, 

as indicated by the subsequent decrease of fluorescence (Figure.1b, blue tracing), might 

suggest that the dissociation of cargo and carrier occurs in the endosome. Therefore, the 
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fate of the PEI polymer upon endosomal escape of the genetic cargo was examined next. In 

this case HeLa cells were incubated with double labeled polyplexes, i.e., containing FluoR-

labeled PEI (red) and FITC-labeled oligonucleotides (green) and observed under live cell 

confocal microscopy (Supplementary Materials Movie 2b). In the upper frames of 

Figure.1e the time dependent appearance of the FITC-labeled ODN cargo (green) and 

polymer (red) are visualized in separate channels. Evidently, following the initial burst as 

reflected by the scattered diffuse distribution of the ODNs (3th frame) , the contours of the 

polymer carrier are still very similar as those of the original carrier (frames 1 and 2). Even 

after one min (frame 4), when the released ODNs localize to the cytoplasm and when 

accumulation in the nucleus becomes apparent, a clearly localized, although slightly 

deformed appearance of the carrier can still be discerned. Only over the next minutes 

(frames 5 and 6), the polymer carrier appears to fragment and the remnants subsequently 

disappear (frame 6). Accordingly, the data indicate that dissociation of the ODNs from the 

polyplex very likely occurs in the endosomal compartment, and that at least part of the 

carrier (remnants) remains associated with the compartment at a time when the ODNs have 

essentially been released into the cytosol and transported to the nucleus.  Thus, these results 

are in marked contrast with what has been previously suggested, namely that polyplexes are 

released in an intact manner from endosomes following osmotic lysis, and that the release 

of their genetic payload occurs in the cytosol by exchange of polymers from the polyplexes 

with negatively charged cellular components 
20-22

. Since these claims were largely based on 

delivery of plasmids, which are substantially larger in size than the 21 bp ODNs, we next 

investigated the endosomal escape of polyplexes carrying plasmid DNA (pDNA).   

 

Plasmid DNA carrying polyplexes release in a similar way but plasmid DNA do 

not move freely in the cytoplasm 

To investigate whether mechanistic differences may exist between polymer-mediated 

release of relatively small (21 bp) ODNs versus large (4.7 kb) plasmids across the 

endosomal membrane, PEI-polyplexes were prepared that contained both Cy3-labeled 

pDNA and FITC-labeled ODNs (red + green = yellow).  The complexes were incubated 

with HeLa cells and polyplex-cell interaction was monitored by live cell imaging. At the 

time of endosomal escape, as revealed  by the appearance of ODNs into the cytosol  

(Figure. 3, second panel) and subsequent accumulation of nuclear fluorescence (Figure. 3, 

third panel), the pDNA signal (Figure 3, arrow head in the third and following panels) can 

be clearly discerned by its red Cy3-fluorescence after release of the FITC-labeled ODN. At 

the time of endosomal escape a distinct increase in plasmid size becomes apparent, which 

presumably reflects pDNA decondensation following its dissociation from the polymer. 

However, in contrast to the mobility of ODNs, the plasmid remains localized at (Figure.3; 

frames 1-3) or near the site of release and fails to diffuse into the cytosol. Consistently, as 

shown in Figure. 3 (see also Movie 3a), three additional polyplexes consecutively release 

their content from the endosomes in which they are contained, leading to a proportional 

increase in nuclear fluorescence intensity, but the released plasmids remain very closely 

localized to the site of release (Figure. 3 arrow and arrow heads) . This is in agreement with 
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previous observations showing that large DNA fragments like pDNA are poorly if at all 

mobile in the cytoplasm 
23

. In addition, dissociation of the PEI/pDNA complex is 

reminiscent of that of the PEI/ODN polyplex, eventually resulting in PEI dispersal 

throughout the cell’s cytoplasm (Movie 3b; c.f. Figure.1b). 

 

 
 

Figure 3: 
PEI-mediated delivery of plasmid DNA. A 1:1 molar ratio of Cy3-labeled pDNA (red) and FITC-ODNs 

(green) was mixed with unlabeled PEI and added to HeLa cells. Selected frames from Movie 3a show that 

three polyplexes (yellow; arrow head in panel 1, arrow in panel 4, and open arrow head in panel 7) release 

their genetic payload into the cytosol. Subsequently, the ODNs (green) accumulate in the nucleus, whereas 
pDNA (red) remains in the cytosol. Representative scale bar is shown in figure. Time is indicated in 

hh:mm:ss. 
 

 

Endosomes are not lysed upon polyplex-mediated release of nucleic acids 

So far the data indicate that upon endosomal bursting, the polyplex cargo is efficiently 

released into the cytosol, with a concomitant escape of the polymer, i.e., intact polyplexes 

were not seen to be released from endosomes. This would suggest that the sponge effect, 

proposed to involve osmotic swelling and subsequent lysis 
5, 6, 16

 might not be as destructive 

as thought to the integrity of the endosomal membrane. Thus, rather than complete lysis, 

our data as obtained in the present study would be compatible to a more subtle process, 

involving a degree of membrane rupture that precludes the integral release of polyplexes 

from endosomes. To obtain experimental support for such a scenario, we investigated the 

endosomal integrity in the process of polyplex-induced bursting, employing various 

membrane markers that were monitored by live cell imaging.  To this end, HeLa cells were 

used that express syndecan 1-GFP (SDC1-GFP), a transmembrane receptor for polyplexes 

that mediates their internalization by endocytosis 
24-26

. As shown in Figure 4a, panels 1-3, 

(see also Supplementary Materials Movie 4a) the SDC1-GFP expressing cells reveal a 

somewhat fuzzy plasma membrane staining, reflecting syndecan distribution in the plasma 

membrane and extensions protruding from it, presumably filopodia and other filaments 

(see
26

). Upon addition of polyplexes, containing TRITC-labeled ODNs, polyplex binding 

induces clustering of the syndecans, a necessary step for polyplex internalization, as was 

shown previously 
24, 25

. Indeed, in panel 1 of Figure 4a two polyplexes carrying TRITC-

labeled ODNs can be seen, colocalizing with SDC1 as reflected by the yellow 

colocalization signal.  
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Figure 4: 
ODN release does not lead to the complete rupture of the endosome. (a) HeLa cells expressing GFP-

labeled syndecan-1(SDC1-GFP; green) (see Materials and Methods) were incubated with PEI polyplexes 

carrying TRITC-ODNs (red) and visualized by live cell confocal microscopy. Selected frames from Movie 4a 
show that endosomal bursting takes place from SDC1-positive compartments (arrow in panels 1-3; arrowhead 

in panels 4-7). The ODNs accumulate in the nucleus,  leaving behind SDC1-positive vesicles (arrow in panels 

2, 3; arrow head in panels 6, 7).(b) Two frames are selected from live cell imaging in which a polyplex-
containing endosome, positively stained for LAMP1, bursts, resulting in the release of ODNs and their 

accumulation into the nucleus, leaving behind the LAMP1 positive compartment. Insets show the magnified 

area where bursting takes place, showing the presence of the LAMP1 positive vesicle.  (c) Selected frames 
from Movie 4b show that bursting of a polyplex-containing endosome (arrow head in panel 1) does not result 

in a randomized  radial spread of ODNs, but rather shows a vectorial release of ODNs towards the lower right 

corner of the cell (indicated with arrow in panel 2). Subsequently, the ODNs distribute throughout the 
cytoplasm (panel 3) and accumulate in the nucleus (panels 4, 5). Time is indicated in hh:mm:ss. 

 

 

This is supported by the observation that one of the polyplexes (indicated with arrow in 

panel 1-3 in Figure.4a) releases its content into the cytosol, leading to accumulation of the 

released ODNs (red) in the nucleus. At the very site of release, a bright green spot is left 

behind of which it is then reasonable to assume that it represents the SDC1-positive 

endosome from which the nucleic acid (red) was liberated. In time, a second endosomal 

escape occurs in the same cell as visualized in panels 4-7 (arrowhead), resulting in an 

additional increase in the nuclear ODN signal, while again leaving behind an  endosomal 

compartment, brightly labeled by green SDC1-GFP fluorescence Supplementary Materials 

Movie 4a). Very similar results were obtained in HeLa cells expressing LAMP1-RFP, a late 

endosomal/lysosomal marker.  When the cells were incubated with polyplexes carrying 

FITC-ODNs, the nucleic acids were released and accumulated in the nucleus, whereas the  

LAMP1-positive compartments, very similar as the SDC1-GFP compartments, still 

localized to the site of release (Figure 4b). Together, these data thus support the notion that 

polyplex-mediated delivery, relying on a proton sponge effect, does not lead to a complete 

lysis of the endosome and scattering of its remnants into the cytosol. 

Consistent with this notion is the observation that instead of a randomized diffusion of 

ODNs into the cytosol upon their release from the endosome, they are in fact vectorially 

jetted into the cytoplasm, i.e.,  the release appears to occur from one particular region of the 

endosomal membrane and has a directional nature. In Movie 4b and its corresponding still 

images in Figure. 4c, it can be seen that upon endosomal escape the ODNs first move to the 
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lower right corner of the cell (arrow), and then flow back upwards to where the nucleus is 

located. This finding does not support the occurrence of a complete rupture of endosomes, 

in line with the observations that syndecan- or LAMP1-labeled endosomes can be clearly 

discerned in the cytosol after endosomal discharge of polyplex-delivered nuclei acids.  

Accordingly, we propose a model in which protonation causes the highly charged polyplex 

to firmly and intimately interact with the inner surface of the endosome, where a very local 

osmotic or mechanical effect may lead to a local rupture of the endosomal membrane. The 

fast kinetics of ODN release from endosomes, as shown in Movie 4b (c.f. Movie 1a), is best 

explained by a prior pressure buildup within the endosome, forcefully driving out the 

rapidly diffusing ODNs, through polyplex-membrane interaction induced local membrane 

perturbations or pores. We do not exclude that depending on the number of such polyplexes 

within an endosome, such events could lead to the complete rupture of the compartment, 

which may also result in the release of polyplexes as such. However, neither complete lysis 

nor release of intact polyplexes was observed in the present study. Nevertheless, the relative 

rapid discharge of the nucleic acid cargo from the endosomal compartment is compatible 

with a mechanism involving a substantial local permeation of the endosomal membrane 

which facilitates the fast release of the cargo, i.e., within seconds after the onset of the 

observed ‘bursting’ (cf. Figure. 1a). In passing, we also note that not only the polyplex 

cargo is released but also other endosomal contents may apparent leak out following the 

bursting event, as reflected by the disappearance of Lysotracker from the compartments 

(Figure 2c). 

In case of lipoplex-mediated delivery, the endosomal membrane is thought to be similarly 

perturbed, which, however, relates to a mixing of cationic and endosomal membrane lipids, 

including negatively charged phospholipids like phosphatidylserine. The latter’s interaction 

with the cationic lipid will cause dissociation of the nucleic acid from the carrier and, 

concomitantly, due to a so-called ion-pairing effect 
9, 10, 12

 promote the formation of non-

bilayer structures, which will destabilize the endosomal membrane and allows the release of 

the nucleic acid. A priori, one might thus envision a more gentle release of cargo from 

lipoplexes than the more forceful osmotically driven discharge from endosomes observed in 

case of polyplexes with high buffering capacity. It was therefore of interest to similarly 

examine the mode of lipoplex-mediated delivery. 

 

Lipoplex-mediated release of ODNs is more gradual than that observed for 

polyplexes  

To visualize in real time the delivery and release of nucleic acids as mediated by lipoplexes, 

HeLa cells were incubated with LF2000 lipoplexes containing FITC-ODNs, and their 

interaction was monitored  by live cell fluorescence imaging. Compared to polyplex-

mediated delivery, two distinctions became immediately apparent. First, lipoplex-mediated 

delivery, reflected by the onset of visible accumulation of fluorescently-tagged ODNs in the 

nuclei, appeared to occur much faster (within 5 minutes, figure 5a, Supplementary 

Materials Movie 5a) than polyplex-mediated delivery (approx. 30-60 min after the onset of 

incubation, Figure. 1e and 2c).  
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Figure 5: 
LF2000 lipoplexes show a gradual release of their genetic payload into the cytosol. (a) HeLa cells were 

incubated with LF2000 lipoplexes carrying FITC-ODNs and monitored by live cell confocal microscopy. 
Selected frames from Movie 5a show two lipoplexes (arrow in panels 1-4 and arrow head in panels 5-8) that 

successively release parts of the ODN content, revealing a stepwise decrease in ODN fluorescence within the 

endosome, and a concomitant increase in ODN fluorescence within the nucleus. (b) Line graph of Figure 5a, 
showing the gradual nature of the endosomal escape of genetic cargo from lipoplexes, which contrasts the 

burst release following polyplex-mediated delivery (compare Figure 1b).  The two lipoplexes (red and green 

lines) slowly lose their contents, which corresponds with a steady increase in the nuclear fluorescence signal 
(blue line). (c) Rhodamine-labeled Lf2000 (red) was complexed with FITC-ODNs (green) and added to HeLa 

cells. Selected frames from Movie 5b show that three lipoplex-containing endosomes that initially appear 

yellow (due to colocalization of carrier (red) and contents (green)) gradually turn red while releasing ODNs 
into the cytoplasm. (d, e) HeLa cells were incubated for two hours with lipoplexes carrying two different 

kinds of ODNs (FITC- and TRITC-labeled) in a 1:1 molar ratio (d) or with a mixture of lipoplexes each 

carrying one of the labeled ODNs (e). Live cells were directly observed by fluorescence microscopy and the 
amount of nuclei that were positive for both ODNs or for one of the ODNs were quantified. At both 

conditions most of the cells are positive for both of the ODNs.  Time in Figures 5a and 5c is indicated in 

hh:mm:ss . 

 

 

Second, the typical bursting process, seen for polyplexes, was not observed for lipoplex-

mediated delivery and the actual release had to be largely inferred from the accumulation of 

the ODNs in the nucleus. Thus, as anticipated, the kinetics of ODN release from lipoplexes 

versus polyplexes per se was grossly different. As shown in Figure.5a and movie 5a, the 

nuclear fluorescence of the accumulating ODNs gradually intensifies, as supported by 

quantitatively monitoring of the nuclear fluorescence (Figure.5b, blue tracing) indicating a 

gradual, stepwise increase of ODN release. Given the fast accumulation of ODN in the 
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nucleus, once released from the endosome, the data thus suggest that their dissociation from 

the lipoplexes and subsequent release across the endosomal membrane represents a more 

gradual event than that observed in case of release following polyplex-mediate delivery (cf. 

Figure.1a). Indeed, when tracking individual lipoplex-containing endosomes (Figure 5a, 

arrow in panels 1-4 and arrowhead in panels 5-8) the diminishment in fluorescence, 

presumably reflecting the release of ODNs into the cytosol, is an equally gradual process 

(green and red tracings in Figure.5b).  

To obtain further insight into the mechanism of lipoplex-mediated delivery, we next 

investigated the fate of the cationic lipid at the time of endosomal escape of the ODNs. To 

this end, the lipoplexes were labeled with Rhodamine-labeled PE (red) and FITC-labeled 

ODNs (green) and the interaction of thus labeled complexes with the HeLa cells was 

monitored by live cell fluorescence imaging. As illustrated in Figure. 5c (and 

Supplementary Materials Movie 5b), following internalization in endosomes, the co-labeled 

lipoplexes are clearly discernible as bright yellow dots, resulting from the colocalization of 

the red rhodamine-labeled lipid and the green FITC-labeled ODNs. As a function of time, 

all dots gradually turn red; as they release their green ODNs into the cytosol which rapidly 

accumulate into the nucleus (see also Figure. 5c). Accordingly, these data indicate that the 

lipid carrier remains associated with the endosome and does not accompany the released 

genetic cargo. This is different from the polymer content of polyplexes, which is expelled 

into the cytoplasm together with the genetic payload.  

Overall, our data suggest that relative to the very limited number of polyplexes engaged in 

delivery, the number of lipoplexes that deliver their contents is substantially higher. . To 

further support this notion, HeLa cells were incubated with lipoplexes that contain both 

TRITC- and FITC-ODNs in a 1:1 ratio. At these conditions, it was observed that essentially 

all cells contained both labels in their nuclei, as reflected by the yellow fluorescence, 

arising from the colocalized red TRITC- and green FITC-labeled ODN (Figure. 5d, cf. 

Figure 1c). When cells were incubated with a 1:1 mixture of lipoplexes that contained 

either TRITC or FITC ODNs, more than 80% of the cells similarly showed nuclei positive 

for both ODNs (Figure. 5e), implying that both labeled populations discharged their cargo, 

which subsequently colocalized in the nucleus. Since polyplex-mediated delivery resulted 

in label colocalization in approx. 20% of the cells (Figure.1d), lipoplex-mediated delivery 

involves release of contents from multiple carriers.  

 

Concluding Remarks 

In the present work we have presented direct evidence in support of the proton sponge 

effect, instrumental in the mechanism of nucleic acid delivery by highly buffering 

polyplexes, like those based on PEI. Interestingly, we observed a vectorial release of the 

nucleic acids, without endosomal lysis. Most remarkable, only a limited number of 

polyplexes appear to participate in this process, ranging from 1 up to 5 per cell. The 

kinetics of release indicates the nucleic acids to be released as an almost instantaneous 

event, while whole polyplexes were not observed to appear in the cytosol. In contrast, the 

release observed in case of lipoplex-mediated delivery revealed a sustainable-like 
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mechanism of release proceeding over an extended time interval. Apart from the evident 

distinction in kinetics of ODN release from endosomes, when comparing lipoplex- versus 

polyplex-mediated delivery, reflecting clear differences in the underlying mechanisms of 

release, the images as presented in Figures. 5a and 5b make it tempting to speculate on the 

mechanism of lipoplex-mediated release. Indeed, the more gradual ‘leakage-like’ or 

sustained release of ODNs when delivered by lipoplexes suggests a more subtle 

destabilization of the endosomal membrane according to a pore forming mechanism, rather 

than a fusion mechanism that is thought to result in a more instantaneous mode of contents 

release. Evidently, further work will be needed to clarify this issue.  

As discussed in a previous paragraph, our data suggest that a local destabilization of the 

endosomal membrane, possibly induced by an osmotic effect at the site of tight charge-

driven polyplex-endosomal membrane interaction, may underlie the mechanism of 

polyplex-mediated delivery. In contrast, a more subtle destabilization of the endosomal 

membrane relying on its perturbation by non-bilayer structures appears the driving force in 

lipoplex-mediated release, its more gradual kinetics (compare Figure.5b, blue tracing versus 

1b, red tracing) indicating that multiple pores over time are required to completely 

discharge the nucleic acid content. Consistent with the latter notion is the observation that 

the lipids remained associated with the endosome.  In this context, previously we have 

shown that membrane pores induced by plasma membrane-inserted-cationic lipid 
27

have a 

restricted life time (10-15 min, depending on their size), before lateral randomization of the 

membrane destabilizing cationic lipids reseals the induced pore. Accordingly, prolonged 

release over a period of almost one hour would suggest that multiple pores of a transient 

life time are formed in the endosomal membranes, which may thus account for a gradual 

release until complete discharge of the cargo has occurred into the cytosol. 

Finally, in contrast to the relative rapid onset of ODN release from lipoplexes, ODN release 

from polyplexes became apparent after approx. 30 min, following internalization. This may 

suggest that for polyplexes the site of ODN entry takes place from late, more strongly 

acidified endosomes, possibly reflecting the strength of the osmotic gradient required, in 

conjunction with the ensuing tightening of charge-driven polymer-endosomal membrane 

interaction, for eventual (local) destabilization of the membrane. However, given the 

perinuclear region where release occurs, and given fairly minimal delivery efficiency in 

terms of number of polyplexes that are effectively delivering their contents, this localization 

may be favorable for plasmid delivery, plasmids being substantially less motile than ODNs 

in the cytosol.  Clearly, these and other issues, including the reason why such a limited 

number of polyplexes release their contents, as shown in this study, warrant further studies.  
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Supplementary Material 

 

Nine Movies are described in the text; these movies are available via internet at the 

following link: 

 

http://www.rug.nl/umcg/faculteit/disciplinegroepen/celbiologie/Zuhorn_IS/ur

Rehman-Zia 

 

Movie 1a: Release of ODNs by endosomal bursting, following PEI-mediated delivery. 

HeLa cells were incubated with polyplexes carrying FITC-ODNs (green) and monitored by 

time-lapse microscopy. Following internalization of the PEI polyplexes in endosomes, 

endosomal bursting occurs causing the release of ODNs into the cytosol. After an initial 

appearance throughout the cytosol, the ODNs rapidly accumulate in the nucleus. Images 

were taken at about every ~69seconds. The video is played at a speed of 2frames/sec. For 

experimental details see the legend to Figure 1a.  

Movie 1b: Separate release of ODN cargo and polymer upon endosomal bursting. 

Time-lapse microscopy of HeLa cells, incubated with doubly labeled polyplexes (FlouR-

labeled PEI (red) and FITC-ODNs (green)). After bursting, ODNs move into the nucleus, 

while PEI at the time of bursting dissociates from ODNs and spreads throughout the 

cytoplasm. Images were taken at about every 65 seconds and the video is played at 

3frames/sec. For details see the legend to Figure 1e.  

Movie 2: Release of ODNs occurs from acidified endosomal compartments. Cells were 

pre-labeled with lysotracker-red (red) and incubated with FITC-ODNs carrying polyplexes. 

The cells were subsequently monitored by time-lapse microscopy. Note that lysotracker 

gradually accumulates in the PEI containing endosome (shown in merged red channel only 

on the right), that subsequently bursts, releasing both the ODNs and the lysotracker. Images 

were taken at about every 40 secs and the video is played at a speed of 3frames/sec. 

Movie 3a: Release of plasmid DNA by endosomal bursting.  HeLa cells were incubated 

with polyplexes carrying ODNs (green) and cy3 labeled plasmid DNA (green) in 1:1 ratio 

mixed with unlabeled PEI and monitored by live cell imaging. After release, the ODNs 

move into the nucleus, while the plasmid DNA, a compact structure before the bursting, 

transforms in a more swollen, fluffy-like structure that remains localized near the site of 

release.  Images were acquired at about every 52 seconds, and the video is played at a rate 

of 5frames/sec. For details see text.  

Movie 3b: PEI dissociates from plasmid DNA and distributes to the cytosol. FluoR-

labled PEI (red) were mixed with pEGFP plasmid DNA and added to HeLa cells. The 

interaction was then monitored by live cell imaging. After bursting, PEI polymers are 

distributed into the cytosol, similarly as observed for the ODNs (cf. Movie-1b). Images 

were taken at about every 43 seconds and played with a speed of 3 frames/ sec.  

Movie 4a: Release of polyplex-delivered ODNs occurs from syndecan positive 

compartments.  SDC1-GFP expressing HeLa cells (green) were incubated with polyplexes 

carrying TRITC-ODNs (red), and monitored by live cell imaging. After incubation with 
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polyplexes, the surface localization of syndecans is lost and they rapidly clusters with 

polyplexes. The endosome carrying the polyplexes (red) and syndecan (green) is yellow 

due to their colocalization, and after bursting the ODNs accumulate in the nucleus (red), 

while leaving behind empty syndecan positive endosomes. In time, another bursting occurs 

in the same cell, showing a very similar pattern of events. Images are taken every 53 

seconds and played at 3frames/second. 

Movie 4b: Endosomal contents are released by vectorial rather than radial bursting. 

HeLa cells were incubated with PEI polyplexes carrying FITC-ODNs and imaged by time 

lapse confocal microscopy. After bursting of the endosome, the ODNs are first directionally 

jetted away from the nucleus prior to their accumulation in the nucleus. Images were taken 

at about every 48 secs and the video is played at a speed of 3frames/sec.  

Movi-5a: Unlike the release mediated by polyplexes, the release from lipoplexes is 

gradual and persistent. Time-lapse microscopy of HeLa cells incubated with lf2000 

carrying FITC-ODNs (green). It is apparent that the lipoplexes gradually release their ODN 

content into the cytosol, which subsequently accumulate in nucleus. Accordingly, lipoplex-

associated fluorescence (FITC-ODN) gradually disappears with a corresponding increase in 

the fluorescence intensity in the nucleus. Images were taken at about every 43 seconds and 

the video is played at a speed of 3frames/sec.  

Movie-5b: Cationic lipids of the nanocarrier remain in the endosomes during ODN 

release into the cytosol. HeLa cells were incubated with lipoplexes, containing rhodamine-

labeled lf2000 (red) and FITC-ODNs (green). After release, it can be seen that ODNs 

accumulate in the nucleus, while rhodamine labeled lf2000 (red) remains associated with 

the endosome. See the text for details.  Images are take every ~43 seconds and played with 

a speed of 3frames/second. 
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Summary of the Thesis 

Gene therapy involves the delivery of nucleic acids, such as genes or siRNA, into 

eukaryotic cells for therapeutic purposes. The purpose can be manifold and may include 

replacing the nonfunctional gene with a functional one, silencing the ill functioning gene, 

introducing a new gene, or the regulation of gene expression. The potential applications of 

both plasmid DNA (pDNA) and RNA interference (RNAi) is currently investigated in the 

context of many diseases e.g. cancer, genetic disorders, inherited skin disorders, solid tumor 

and in the treatment of virus infections. In order to express their biological effect, the 

nucleic acids have to reach their appropriate target sites. Since this does not occur 

spontaneously, several methods are used to deliver the nucleic acids, which rely largely on 

applying non-viral and viral vectors. Lipoplexes (consisting of cationic lipids and DNA) 

and polyplexes (composed of cationic polymers and DNA) are among the non-viral vectors 

that gain considerable interest. Because of their ease of production, possibility to carry large 

DNA fragments, and reduced toxicity and immunogenicity, these carriers are considered 

superior to their viral counterparts, although they are still lagging behind in terms of 

transfection efficiency. Lipo- and polyplexes have to cross several barriers before they can 

transfer their genetic payload to their target sites. The overall process  includes: (i) 

extracellular processing and reaching the cell surface, (ii) endocytosis, (iii) intracellular 

processing and endosomal escape , and in case of plasmids and antisense oligonucleotides 

(iv) nuclear delivery. Deciphering these extra- and intracellular barriers will help us to 

better understand and define the processing of lipo- and polyplexes and hence achieve the 

transfection and/or therapeutic efficiency that at the end would be comparable to viral 

vectors.  

Chapter 1 discusses these barriers in more detail and gives an overview of current progress 

made in the field to cross these barriers. Moreover, specific emphasis is given to the latest 

modifications made in the development of novel lipoplex formulations and their 

applications both in vitro and in vivo. In addition, mechanisms are described as to how 

nanocarriers reach the cell body, before entering the cell by means of a variety of endocytic 

mechanisms..  

Heparan sulfate proteoglycans (HSPGs), present on the cell surface, carry negative charges 

and are considered as hot spots for the binding of the positively charged lipo- and 

polyplexes. In Chapter 2 we have investigated the precise involvement of HSPGs in the 

initial interaction between the cationic nanocarriers and the cell surface. We demonstrate 

for the first time that before actual endocytosis lipo- and polyplexes are picked up by actin 

rich cellular protrusions, known as filopodia and retraction fibers. We show that lipo- and 

polyplexes can be brought to the cell surface using two different mechanisms, i.e., surfing 

along filopodia and retraction along retraction fibers. Clustering of syndecans, an actin 

binding transmembrane protein belonging to the HSPG family that localizes to filopodia is 

a pre-requisite for the operation of both these mechanisms. Thus initially, after binding to 

the filopodia, rapid clustering of syndecans takes place at the binding site of the lipo- and 

polyplexes, which is followed by the transfer of the nanocarrier to the cell surface by either 

surfing or retraction. Interestingly, lipo- and polyplexes can also move along nanotubes 



Summary, Perspectives, Nederlandse samenvatting, Acknowledgements 

   119 | P a g e  

 

between cells, thereby establishing ‘filopodial bridges’ between cells. We demonstrate that 

the processing of the cationic nanocarriers along the filopodia depends on intact actin 

fibers, and occurs by an actin retrograde flow mechanism. Having thus reached the cell 

surface, the cationic nanocarriers subsequently enter the cells by a variety of endocytic 

pathways. Most interestingly, the described events for filopodia-mediated transport of the 

cationic nanocarriers bear strong similarity to mechanisms employed by viruses and 

pathogenic bacteria prior to entering the cell. Accordingly, the current findings, relying on 

nanoparticle processing, may also be of help in clarifying cellular mechanisms relevant to 

the entry of these pathogens.   

Syndecans are type 1 transmembrane HSPGs that have three distinct domains with distinct 

functions. An extracellular domain can be distinguished that carries various HS moieties, 

next to the transmembrane part which largely contributes to the clustering of syndecans, 

and a cytoplasmic domain that performs  a multitude of functions, including intracellular 

signaling, and that indirectly interacts with actin fibers by binding to actin interacting 

proteins, such as  ERM (Ezrin/Radixin/Moesin). To further define the role of syndecans in 

the processing of polyplexes along filopodia, we expressed syndecans in which different 

domains had been modified or interchanged (chimera), as described in Chapter 3. In this 

manner we aimed at obtaining insight into structural aspects of these proteins in governing 

the initial interactions with the cationic nanocarriers that catalyzed their transfer along the 

filopodia to the cell surface. We demonstrate that deleting the cytoplasmic domain of 

syndecans does not inhibit their clustering, neither in the filopodia nor on the cell surface. 

Moreover, both surfing and retraction of the nanocarriers still occurs in cells expressing this 

specific type of mutant. Similarly, syndecan chimera, in which the extracellular part was 

exchanged between syndecan-1 and 2, also maintained the ability to cluster and mediate 

subsequent trafficking along the filopodia. However, syndecan mutants, in which the 

transmembrane part is replaced with that of a non-HSPG protein, fail to cluster. As a result, 

neither surfing nor retraction of the cationic nanocarrier along filopodia was observed. In 

fact, intracellular transport and subsequent release of oligonucleotides from polyplexes 

requires intact syndecans. Finally, using caveolin-1 as a caveolar pathway marker we find 

that clustered syndecan, when interacting with polyplexes, colocalizes with caveolin-1, 

showing the potential role of the caveolae pathway in syndecan-mediated entry of 

polyplexes.  

Several factors, including cell type, size and type of nanocarriers, may determine the 

intracellular pathway by which nanoparticles gain intracellular access.  These pathways can 

be divided into two main categories, i.e., clathrin-dependent and clathrin-independent 

endocytosis, although none of these pathways is mutually exclusive. However, avoiding 

lysosomal delivery, where cargo may be degraded, appears to be a significant parameter for 

successful gene delivery. Various strategies have been proposed to avoid this potential 

destination. In Chapter 4 we have investigated the involvement of protein kinases, being 

part of the regulating endocytic machinery, as a governing co-factor in determining 

internalization per se and/or the kinetics of particle processing, thereby potentially 

modulating cellular transfection. We used different kinases-specific inhibitors and found 
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that protein kinase A (PKA) inhibition particularly increased the transfection efficiency of 

branched polyethyleneimine (BPEI) polyplexes by approximately 2-3 folds. The observed 

increase in transfection efficiency was due to perturbation of trafficking of the gene 

delivery vehicles along the clathrin mediated endocytic pathway, and relied on precluding 

trafficking to late endosomes/lysosomes. The ability of PKA inhibition to perturb 

trafficking along the clathrin-mediated pathway of entry was corroborated by showing that 

the trafficking to the lysosomes of specific markers of this pathway, such as LDL and EGF, 

was also perturbed.  Our data reveal that instead of targeting gene carriers into the caveolar 

pathway, which potentially may also preclude trafficking to the lysosomes, modulation of 

the clathrin pathway by inhibiting PKA activity is a highly effective means to promote 

transfection efficiency of relative poorly delivering complexes.  

In the tale of ‘interplay between nanocarriers and the cell’, we have investigated  in the 

final experimental chapter (Chapter 5) the most prominent barrier in nanocarrier-mediated 

delivery of nucleic acid, i.e., endosomal escape.. There are two distinct mechanisms. 

Polyplexes with a high proton buffering capacity may mediate cytosolic delivery of nucleic 

acids by means of a mechanism known as the ‘proton sponge effect’. Lipoplex-mediated 

delivery seems to rely on endosomal membrane destabilization, induced when the lipoplex 

membrane adopts a non-bilayer structure, which may be promoted by a so-called helper 

lipid, dioleoylphosphatidylethanolamine, and by ‘flip-flop’ of acidic phospholipid in the 

endosomal membrane, which intermingle with those in the lipoplex. Both mechanisms were 

proposed more than a decade ago, but direct evidence in situ has not been provided thus far. 

By live cell imaging, we demonstrate that nucleic acid release from polyplexes involves a 

bursting mechanism in which both the nucleic acid and polymers are separately, but with 

similar kinetics released from the endosomal compartment.  Small oligonucleotides are 

released by bursting vectorially, after which they rapidly accumulate in the nucleus. 

Plasmid DNA remains localized at the site of bursting. We show that the release is inhibited 

when compartment acidification is inhibited, while it takes place from syndecan- and 

LAMP1-positive compartments. Importantly neither lysis of endosomes nor release of 

whole polyplexes occurs, i.e., events that are assumed to be an inherent part of the proton 

sponge release mechanism. Unlike endosomal bursting in case of polyplex-mediated 

delivery, lipoplex-mediated delivery occurs via a more gradual release mechanism, 

proceeding over 45-60 min. By contrast, the release by the proton sponge mechanism is 

completed within 1-2 min. Our data thus provide a detailed insight into the mode and extent 

of endosomal membrane destabilization in nucleic acid release, as induced by cationic lipid 

and polymer-based nanocarriers. 
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Perspectives 

In recent years hundreds of different cationic nanocarriers have been formulated, but most 

of them did not pass the first stage in clinical trials. In part, this can be attributed to their 

relative colloidal instability and high susceptibility towards clustering in circulation, thus 

giving rise to a potential health risks and/or toxicity. In addition, however, compared to 

viral-based formulations, which have their own disadvantages, nanocarrier-mediated 

transfection efficiency is relatively low. The reason underlying poor transfection efficiency 

is especially related to lacks of sufficient cell biological insights, which is essential to pin-

point the barrier(s) and develop subsequently options to address them. The aim of the work 

presented here was to decipher some of these cellular barriers in detail. It is generally 

considered that cationic nanocarriers are electrostatically attracted towards the highly 

anionic cell surface. Here we show that in addition to electrostatic interaction, cationic 

nanocarriers are efficiently picked up by cellular filopodia that subsequently bring them to 

the cell body where endocytosis takes place. The process is further supported by clustering 

of syndecans, a family of transmembrane proteins, and depends upon intact actin and the 

motor protein myosin II. This shows that binding of nanocarriers to the cell surface is not 

just a matter of electrostatic interaction. Rather, it is a highly regulated process, which in 

addition to syndecan clustering might also depend on other regulatory factors, including 

kinase activity. Thus unlike previous ideas that nanocarriers can internalize into the cells 

relatively un-noticed, their interaction with the cell surface and subsequent internalization 

may well provoke proinflammatory and proapoptotic pathways, which is currently a rapidly 

emerging topic in the field. In future work, it would be highly instrumental to carefully 

investigate effects of different nanocarriers on cellular signaling and determine which 

kinases are up- or down-regulated upon their addition. This could be of help in regulating 

the transfection efficiency of nanocarriers at the molecular level. Indeed, we could show 

that by using different kinase inhibitors the trafficking of nanocarriers can be re-routed to 

non-degradative pathways, thereby increasing the transfection efficiency, although more 

specific approaches, like knocking down the specific kinase would also be a most useful 

extension. 

Syndecans have been shown in many cases to act as co-receptors instead of posing as direct 

receptor for viruses and other ligands. We also find that syndecan clustering is required for 

the processing of nanocarriers along filopodia, while syndecan mutants lacking the 

cytoplasmic domain can still maintain surfing or retraction. This could suggest that there 

are other factors, probably extracellular matrix binding proteins including integrins, in 

addition to syndecans that are also involved in the subsequent processing of nanocarriers 

along the filopodia. Knowing the role of these extracellular matrix binding proteins would 

be highly beneficial, not only in the field of nanocarriers, but also for obtaining insight as to 

how cells respond to other ligands, including viruses and chemoattractants. 

The endocytic pathways followed by nanocarriers can be highly complex, and in the 

absence of their specific targeting into a given pathway can potentially use any of the 

endocytic pathways as none of them seems to be exclusive. The mutual contribution of each 

pathway is commonly explained in terms of either avoiding or ending up in lysosomes. But 
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in either case the nanocarriers have to escape from endosomes in order to release their 

genetic payload into the cytosol. Nanocarriers use two distinct mechanisms to bring about 

the release of nucleic acids from the endosome,  namely lipid-induced membrane 

perturbations which includes lipid flip-flop of acidic phospholipid in the endosomal 

membrane in case of lipoplexes, and a ‘proton-sponge mechanism’ in case of polyplexes 

that display a relative high proton buffering capacity. Unexpectedly, it was apparent that 

only a very limited number of polyplexes (as low as one up to four/five polyplexes per cell) 

actually release their contents and thus contribute to the transfection efficiency. It is still a 

major question why only such a small number of polyplexes release their contents, in spite 

of the fact that additional complexes can be detected intracellularly, seemingly inert. 

Knowing the exact reason will help us to design more efficient nanocarriers that will be 

required in a lesser amount but expressing higher transfection efficiency. Advantageously, 

in this way the relative toxicity can also be lowered. Moreover, these observations, i.e., of a 

very limited degree of actual delivery, may also explain why some cells in the same 

population are expressing and why others do not. Since larger DNA fragments e.g. plasmid 

DNA, cannot move freely in the cytoplasm, and also due to the lower half-life of DNA in 

the cytosol,  a release at a distance  far from the nucleus or at a timing  too early before cell 

division, will decrease the chance of intact DNA to reach the nucleus. Developing 

nanocarriers that respond to the cell cycle and also release their content near the nuclear 

membrane (right time and right place) may subsequently increase the transfection 

efficiency of nanocarriers to a level similar to that of viral vectors.  

Finally, it is apparent that the field of nanocarriers is quite versatile in terms of production 

and characterization, which is obviously due to their ease of handling, relative simplicity of 

their structures,  and availability of cheaper technology in the field. However, with every 

single production of yet another nanocarrier and yet another characterization of cell 

biological pathways with the frequent outcome that it may not reach  the first stage of a 

clinical trial, is often felt as unproductive, if not frustrating. For a more successful 

approach, it is therefore, highly recommended  that these undertakings are carried out in a  

close collaborative setting, involving cell biologists, pharmacists and biophysicists in  order 

to benefit optimally from intellectual design of these carriers in the context of their future 

application. 
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Nederlandse samenvatting 

Gentherapie behelst de afgifte van genetisch materiaal, dat is opgebouwd uit nucleinezuren 

(zoals DNA, antisense oligonucleotiden en siRNA) aan lichaamscellen voor therapeutische 

doeleinden. Het wordt toegepast bij de behandeling van verschillende ziektes, waaronder 

genetische afwijkingen, kanker, en virale infecties. Door het vervangen van een defect gen 

voor een goed functionerende kopie, de introductie van een nieuw gen, of door regulatie 

van genexpressie kunnen  deze ziektes behandeld worden. 

Om effectief te kunnen zijn, moet het genetische materiaal de juiste plek in de 

lichaamscellen bereiken. Voor DNA is dit de kern, waar het wordt afgeschreven tot mRNA, 

dat na transport naar het cytoplasma van een cel zorgt voor de aanmaak van een specifiek 

eiwit. Voor siRNA is dit het cytoplasma van de cel, waar het bindt aan mRNA en de 

aanmaak van een bepaald  eiwit remt. Aangezien genetisch materiaal niet spontaan een cel 

kan binnendringen, zijn hiervoor methoden ontwikkeld, waaronder het gebruik van niet-

virale en virale vectoren. Lipoplexen (combinaties van positief geladen vetten en DNA) en 

polyplexen (combinaties van positief geladen polymeren en DNA) zijn de meest 

veelbelovende niet-virale vectoren. Ondanks dat ze minder efficiënt dan virale vectoren hun 

materiaal afgeven in cellen, biedt hun gemakkelijke produktie, vermogen om grote DNA 

constructen te vervoeren, lage toxiciteit en immunogeniciteit, vele voordelen. De afgifte 

van genetisch materiaal met behulp van lipo- en polyplexen (transfectie) is onder te 

verdelen in: (i) transport naar het celoppervlak, (ii) opname door de cel via endocytose, (iii) 

transport in de cel, en ontsnapping uit het endosoom, (iv) afgifte in het cytosol en/of de 

kern van de cel. Door deze extra- en intracellulaire processen te bestuderen, krijgen we 

meer inzicht in hoe niet-virale vectoren werken en kunnen we gericht verbeteringen 

aanbrengen die hun transfectie- en/of therapeutische efficiëntie tot eenzelfde niveau 

brengen als van virale vectoren.  

In Hoofdstuk 1 bespraken we in meer detail de bovengenoemde extra- en intracellulaire 

barrières voor genafgifte met lipo- en polyplexen, alsmede de recente ontwikkelingen om 

de barrières te slechten, met speciale nadruk op nieuwe lipoplex formuleringen en hun in 

vitro en in vivo toepassingen.  

In Hoofdstuk 2 werd speciale aandacht gegeven aan de eerste stap in het transfectieproces, 

namelijk hoe de niet-virale vectoren het celoppervlak bereiken. Wij lieten zien dat lipo- en 

polyplexen worden opgepikt door uitstulpingen op het celoppervlak, zogenaamde 

‘filopodia’. Vervolgens worden ze naar het celoppervlak gebracht door over het oppervlak 

van de filopodia te bewegen (‘surfen’), of doordat de filopodia zich verkorten. Voor zowel 

het ‘surfen’ als het terugtrekken van filopodia speelt de clustering van een bepaald type 

negatief geladen eiwit  (syndecan) dat aanwezig is in filopodia een cruciale rol. Syndecan 

clustering treedt op op de bindingsplaats tussen lipo-/polyplexen en filopodia, en is tezamen 

met het daaropvolgende ‘surfen’ van lipo-/polyplexen naar het celoppervlak, afhankelijk 

van een intact actine cytoskelet. Bij het celoppervlak aangekomen, worden de lipo-

/polyplexen opgenomen door de cel via endocytose. Interessant genoeg maken 

verschillenden ziekteverwekkers, zoals virussen en bacteriën, gebruik van overeenkomstige 
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mechanismen. Zo kunnen we door de interacties tussen niet-virale vectoren en cellen te 

bestuderen dus ook cellulaire mechanismen ophelderen die een rol spelen in infecties.   

Syndecans zijn transmembrane eiwitten, die negatief geladen heparan sulfaatketens op hun 

extracellulaire domein dragen. Hun cytoplasmatische domein speelt een rol in 

intracellulaire signalering en gaat via additionele eiwitten (ezrin/radixin/moesin) een 

interactie aan met actine. Om meer inzicht te krijgen in de rol van syndecan in het transport 

van lipo-/polyplexen over filopodia, werden syndecan mutanten tot expressie gebracht met 

mutaties in het extracellulaire , transmembrane, en cytoplasmatische domein, zoals werd 

beschreven in Hoofdstuk 3. Wanneer het cytoplasmatische domein van syndecan wordt 

verwijderd, treedt nog steeds clustering van syndecans op, ‘surfing’ van lipo-/polyplexen , 

en verkorting van filopodia. Wanneer echter het transmembrane deel van syndecan wordt 

vervangen door die van CD4 (een eiwit zonder heparaan sulfaatketens), vindt geen van 

deze processen meer plaats. Dit duidt erop dat het transmembrane domein een rol speelt in 

de interactie met het actine cytoskelet, waarschijnlijk via additionele eiwitten. 

Mogelijkerwijs is de aanwezigheid van syndecans in rafts belangrijk om deze interactie met 

andere eiwitten mogelijk te maken. We lieten zien dat de aanwezigheid van syndecans in 

rafts in ieder geval betrokken is bij de syndecan-gemedieerde opname van polyplexen door 

de cel via endocytose. 

De cellulaire opname van nanopartikels, zoals lipo- en polyplexen, kan plaatsvinden via 

verschillende opnameprocessen. Deze opnameprocessen worden grofweg verdeeld in twee 

categorieën, te weten clathrine-afhankelijke  en –onafhankelijke endocytose.  Welke 

opnameroute wordt gevolgd is afhankelijk van het type nanopartikel, zijn grootte, maar ook 

van het celtype. Het voorkómen van transport naar lysosomen, waar afbraak plaatsvindt, is 

belangrijk om een efficiënte genafgifte te krijgen. Verschillende strategieën zijn bedacht 

om opname in lysosomen tegen te gaan, zoals het bevorderen van opname via caveolae, een 

route die in sommige celtypes niet leidt tot opname in lysosomen .  In Hoofdstuk 4 werd de 

betrokkenheid van eiwitkinases bij lipo-/polyplex-gemedieerde transfectie onderzocht door 

gebruik te maken van een serie remmers voor specifieke kinases.  Eiwitkinases spelen een 

rol in het reguleren van de cellulaire opnameprocessen - bij de initiële opnamestap, maar 

ook het transport verder de cel in- en daarmee beïnvloeden ze mogelijkerwijs het 

transfectieproces.  Remming van proteïne kinase A (PKA) blijkt de transfectie-efficiëntie 

van BPEI polyplexen 2-3 maal te verhogen, door, ná opname van de polyplexen via 

clathrine-afhankelijke endocytose, hun transport naar lysosomen te blokkeren. Hiermee 

lieten we zien dat het moduleren van de clathrine-afhankelijke opnameroute door middel 

van remming van de PKA activiteit, een effectieve manier is om opname in lysosomen 

tegen te gaan en daarmee genafgifte met bepaalde niet-virale vectoren (BPEI) te 

bevorderen.  

In Hoofdstuk 5 beschreven we de meest prominente barriére voor genafgifte met niet-virale 

vectoren: hun vrijlating uit het endosoom. Lipo- en polyplexen ontsnappen uit het 

endosoom door gebruik te maken van specifieke, onderling verschillende mechanismen.  

Polyplexen met een hoge bufferende werking mediëren afgifte van nucleinezuren aan het 

cytosol door het zogenaamde ‘protonenspons effect’, terwijl lipoplexen afgifte veroorzaken 
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doordat de cationische lipiden in interactie met lipiden uit het endosoom membraan-

verstorende conformaties aannemen. Beide mechanismen zijn meer dan 10 jaar geleden 

geponeerd, maar directe evidentie in een celsysteem ontbreekt tot op de dag van vandaag. 

Door middel van ‘live cell imaging’ lieten wij zien dat de afgifte van nucleinezuren van 

polyplexen aan het cytosol gepaard gaat met het ontstaan van een ‘lek’ in het endosoom 

waardoor tegelijkertijd, maar apart van elkaar de nucleinezuren en de polymeren volledig 

ontsnappen. Deze afgifte duurt 1-2 minuten. Korte nucleinezuur sequenties (ODN) 

accumuleren daarna spontaan in de kern, terwijl grotere sequenties (DNA) op de plek 

blijven waar ze uit het endosoom zijn vrijgekomen. Belangrijk is dat het endosoom niet 

uiteenvalt en dat het polyplex niet in zijn geheel vrijkomt, zoals tot nu toe werd 

aangenomen. Wanneer een lipoplex zijn nucleinezuren afgeeft aan het cytosol gaat dit veel 

langzamer (45-60 min.) en stapsgewijs. Dit gedetailleerde inzicht in de manier en mate van 

destabilisatie van endosomale membranen door cationische polymeren en lipiden biedt 

handvatten voor de ontwikkeling van efficiëntere transfectiemiddelen. 
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