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Abstract 

Artificial nanocarriers represent a promising platform to revolutionize traditional drug 

delivery methods. For example, by allowing the targeted delivery of a drug to the 

tissue/cells of interest. However, various biological barriers prevent the therapeutics 

from efficient accumulation at the target site. On the other hand, several pathogens and 

their secreted toxins successfully utilize physiological pathways to overcome 

extracellular and intracellular barriers to infection. In this review we will outline the 

molecular mechanisms that are involved in pathogen invasion, and highlight how this 

knowledge can be exploited in the design of biomimetic drug nanocarriers.  
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1. Introduction 

Over the past decades, major efforts were undertaken to develop devices on a 

nanoscale level for the efficient and non-toxic delivery of molecules to tissues and cells, 

for the purpose of either diagnosis or treatment of disease. The application of such 

devices in drug delivery has proven to be beneficial for matters as diverse as drug 

solubility, drug targeting, controlled drug release, and transport of drugs across cellular 

barriers. Multiple nanotherapeutics [1] have been approved for clinical treatment, and 

more products are being evaluated in pre-clinical and clinical trials. However, many 

biological barriers hinder the medical application of nanocarriers. There are two main 

classes of barriers that need to be overcome by drug nanocarriers: extracellular and 

intracellular barriers, both of which may capture and/or destroy therapeutics before they 

reach their target site. This review discusses major biological barriers that are 

confronted by nanotherapeutics, following their systemic administration. In particular we 

will discuss strategies to overcome these barriers, guided by mechanisms used by 

pathogens to invade target tissues, evade host immune responses, and exploit the host 

cell machinery for their own purpose. These pathogenic strategies may be implemented 

in the design of biomimetic nanocarriers.   

Depending on the route of administration, different biological barriers are met. In case of 

systemic delivery, (targeted) nanocarriers firstly need to avoid uptake and clearance by 

non-targeted tissues. Furthermore, they should be capable of specific accumulation at 

the target site. For instance, therapeutics for central nervous system (CNS) diseases 

require crossing of the blood-brain barrier (BBB), which is formed by microvascular 

endothelial cells. Oral administration, a preferred route because of its patient-friendly 

nature, faces concerns of the harsh gastrointestinal environment (acidic pH, digestive 

enzymes), the intestinal mucus layers, and the intestinal epithelial cell barriers. Other 

extracellular barriers for nanoparticle penetration into target tissues include limited 

interstitial space, increased interstitial fluid pressure (as in solid tumors), and a dense 

extracellular matrix (ECM). In addition, the size of a nanoparticle is a critical factor in 

determining its tissue penetration. In general, nanoparticles with a size <100 nm usually 

show a good penetration into tissue. Coating of nanoparticles with ECM-degrading 

enzymes has been shown to improve nanoparticle penetration into solid tumors [2]. 

Furthermore, since nanoparticles are generally taken up by cells via the process of 

endocytosis, they also need to overcome intracellular barriers in order to release their 

therapeutic cargo intracellularly within the target tissue, prior to lysosomal degradation. 

This is especially the case for the delivery of macromolecules such as proteins, peptides, 

and nucleic acids, because these compounds do not spontaneously escape from 

endosomes via simple diffusion across cellular membranes. Taken together, effective 

bioavailability of therapeutics is largely determined by the ability of the nanocarrier to 

overcome extracellular and intracellular biological barriers. Currently, nanocarriers lack 
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a level of developmental sophistication to effectively overcome those barriers. 

Compared to the inefficient delivery by artificial drug/gene nanocarriers, pathogens are 

incredibly efficient in invading the body, often a prerequisite for their own replication. 

Interestingly, upon adhesion to cell surfaces, pathogens can activate intracellular 

signaling pathways that promote their internalization, survival, and/or replication. Since 

pathogens are masters in evading biological barriers, integrating those properties that 

drive pathogen entry mechanisms into nanoparticle development, seems favorable. 

Several promising pathogen-like nanocarrier systems have been developed to 

overcome biological barriers and enhance delivery efficiency [3][4], although the 

potential signaling pathways that might be involved in the (intra)cellular processing of 

nanoparticles remain largely to be clarified [5][6].  

Here, we discuss the molecular mechanisms of pathogen invasion across biological 

barriers, and present an overview of the receptors that are potential targets for 

biomimetic drug/gene nanocarriers. To allow the reader to gain insight into the design of 

biomimetic nanocarriers, the current systems and their associated limitations will also be 

discussed. Finally, we offer a perspective on future challenges in the development of 

biomimetic nanocarriers for drug delivery.   

2. Pathogens’ strategies to overcome extracellular and intracellular 

barriers serve as inspiration for the design of nanocarriers for drug 

delivery 

As described above, nanocarriers for therapeutic molecules should, depending on the 

route of administration, overcome different biological barriers in order to reach the target 

site and exert a therapeutic effect.  It is not the goal of the present review to discuss at 

length all possible barriers and strategies to overcome these barriers, as several of 

these aspects have also been discussed  in some recent reviews [7-9]. Rather, this 

review specifically focuses on pathogenic strategies to overcome i) the intestinal 

epithelial barrier, which provides a large surface for interaction with drug delivery 

systems, and ii) the endosomal barrier, which is particularly relevant for the delivery of 

biologicals (proteins, peptides, nucleic acids).  

2.1 Intestinal epithelial barrier 

The intestinal epithelium is a single-cell layer lining the gut lumen that is comprised of 

enterocytes, entero-endocrine cells, goblet cells and Paneth cells. The intestinal 

epithelium forms a selective permeable barrier that is critical to maintaining a normal 

physiological function, and preventing disease. The epithelium absorbs dietary nutrients, 

electrolytes, and water from the lumen to the circulation, while precluding the transport 

of harmful substances, including foreign antigens, microorganisms, and their toxins. 

Within the small intestine there are regions of specialized epithelium, known as ‘Follicle 
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Associated Epithelium’ (FAE) that overlay lymphatic tissue. The FAE contains 

enterocytes and M cells [10]. M cells provide a gateway to the mucosal immune system;  

 

 

Figure 1. A, The intestinal epithelial barrier separates the gut lumen from the underlying lamina 

propria. It is composed of a single layer of intestinal epithelial cells covered by a stratified mucus 

layer. The intestinal epithelium includes (B) crypt and villus, and (C) Peyer’s patches also referred 

to as Follicle associated epithelium (FAE). B, Polarized enterocytes have a plasma membrane that 

is separated into two distinctive domains by tight junctions (Tjs), i.e., an apical domain and a 

basolateral domain. Transport through the intestinal epithelial barrier occurs via paracellular and 

transcellular transport pathways. C, The basolateral membrane of Microfold (M) cells in the FAE is 

invaginated, thereby forming intraepithelial pockets which contain immune cells. M cells are 

specialized to transport antigens and/or bacteria from the gut lumen to the lymphoid tissue. Ajs: 

Adherent junctions; DS: Desmosomes; Gjs: Gap junctions; Mv, Microvilli; DC, Dendritic cell.  

 

they are able to translocate microorganisms from the gut lumen to immune cells in order 

to initiate host defense [11] (Figure 1).  

   



Chapter 1 

16 

However, pathogens can also escape from the gut and cause systemic infection. 

Generally, pathogenic organisms attach to and penetrate the intestinal barrier via cell 

receptors that trigger signaling pathways that lead to alterations in physiological 

functions. This will impair host immune defenses and/or lead to physical disruption of 

the intestinal barrier, followed by overgrowth of the pathogenic organisms accompanied 

by a loss of the microflora balance 

There are two major transport routes through the intestinal epithelial barrier: the 

paracellular (between cells) and transcellular (through cells) pathway [12] (Figure 1B). 

Paracellular transport in the intestine is restricted by the limited pore size (6-15 Å) in the 

tight junctions that connect the epithelial cells, and that only allow the passage of small 

water-soluble molecules, such as small solutes and ions [13]. The paracellular pathway 

is not suitable for the transport of nanocarriers that usually have a size of ~20-200 nm, 

i.e., two orders of a magnitude larger than the pore size in the tight junctions. 

Transcellular transport across the intestinal epithelium comprises passive diffusion of 

lipophilic substances, and transport via transport proteins or the process of transcytosis 

[14-16]. Transcytosis is a vesicular transport pathway, comprising endocytosis at one 

side of the epithelial cell monolayer, followed by intracellular trafficking and exocytosis 

at the opposite side of the cell monolayer. This transcytotic pathway seems promising 

for the transcellular transport of nanocarriers, because nanocarriers are generally 

efficiently internalized by cells via receptor-mediated endocytosis. The identification of 

receptors that may mediate transport across intestinal epithelium is key  to the 

development of nanocarriers for transepithelial drug delivery. Several representative 

receptor-ligand pairs that are exploited by pathogens for intestinal invasion are shown in 

Table 1, together with therapeutic applications.  

2.1.1 Tight Junction complexes 

The paracellular permeability in the intestinal epithelium is mainly controlled by the 

intercellular tight junctions (TJs). The main TJ components are the transmembrane 

claudins, and occludins, and the zonula occludens (ZO) proteins that localize at the 

cytoplasmic membrane surface of TJs [17]. Enteric pathogens and enterotoxins can 

interact with TJ proteins, leading to destabilization of the TJ complex. For instance, the 

Vibrio cholerae toxin hemagglutinin/protease (HA/P) is known to cleave the extracellular 

domain of occludin, which destabilizes the TJs, and enhances paracellular permeability 

[18]. The zonula occludens toxin (Zot) binds to the apical zonulin receptor and disrupts 

TJ organization through cytoskeletal rearrangements [19]. Likewise, the 

enteropathogenic Escherichia coli (EPEC) disturb the TJ complex from within the cell 

through actin rearrangement [20] [21]. In addition, TJ proteins may be used as receptors 

for cell entry, as utilized by among others Clostridium perfringens enterotoxin (CPE) [22], 

coxsackieviruses, and hepatitis C virus [23]. The C-terminal region of CPE (C-CPE) was 

shown to specifically bind with claudin-19, induce TJ disassembly, and enhance 
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paracellular permeability [24]. Mutants of C-CPE (C-CPE 194 and m19) facilitated the 

paracellular permeability of insulin across the nasal epithelium [25]. The synthetic 

peptides OCC2 [26] and C1C2 [27]  directly interacted with the junctional proteins 

occludin, and claudin-1, respectively, and caused an increase in paracellular 

permeability for hydrophilic agents. In addition, chitosan has been used to enhance 

insulin absorption across intestinal cells [28][29]. Finally, TJs were shown to localize in 

raft-like membrane domains, suggesting that disruption of rafts may be used to regulate 

paracellular permeability [30]. 

Summarizing, reversible expansion of TJs has been successfully employed to enhance 

the paracellular permeability for drug molecules [31-34]. However, there are safety 

concerns associated with this strategy because of the risk of co-absorption of pathogens 

and immunogens. This explains that -to the best of our knowledge- TJ receptors are not 

investigated for the targeting of (larger) nanocarriers across the intestinal epithelium.  

2.1.2 Cell adhesion molecules 

Except for their role in cell-cell and cell-ECM adhesion, adhesion molecules also may 

play a role in the interaction of cells with extracellular ligands. In addition to TJ proteins, 

other cell adhesion molecules, including integrins [35] [36], cadherins [37], intercellular 

cell adhesion molecules (ICAMs) [38], selectins [39], and syndecans [40] are exploited 

by pathogens to associate with host cells. Notably, cell adhesion molecules, specifically 

integrins and syndecans, have been reported to function as receptors for 

unmodified/non-targeted gene delivery vectors, i.e., cationic lipids and polymers [41] 

[42]. This suggests that the binding of nanocarriers with cell surface receptors is 

triggered by a charge-mediated interaction, instead of a specific ligand-receptor 

interaction. In relation to this, it has been shown that transferrin-coated nanocarriers are 

internalized by cells, independent of the transferrin receptor [43]. 

2.1.2.1 Integrins The majority of integrins recognize the RGD (arginine-glycine-aspartic 

acid)-sequence [44]. In fact, many viral and bacterial proteins contain the RGD motif 

that enables their binding to integrins [45] [46]. Integrin expression is often upregulated 

in tumor endothelial cells as well as in some tumor cells, and coupling of RGD peptides 

to therapeutic agents as well as to RGD-modified nanocarriers were used to enhance 

drug delivery to tumors [47]. In the gut, β1 integrin is largely expressed at the apical 

membrane of M cells, where it is the primary binding site for the bacterium Yersinia 

pseudotuberculosis [48]. RGD-modified PLGA nanocarriers were successfully used as 

an orally delivered vaccine in mice [49]. 

2.1.2.2 E-cadherins are transmembrane glycoproteins, and play a major role in the 

adhesion of neighboring epithelial cells. Botulinum neurotoxin (BoNT) was shown to 

form a complex with bacterial hemagglutinins, and specifically bind to E-cadherin, 

leading to the disruption of cell-cell adhesion in the intestinal epithelial barrier and 

   



 

 

18 

Table 1.   Receptor-ligand interactions involved in invasion by intestinal pathogens that are exploited for therapeutic applications.   

Category Receptor Involvement 
Potential 
Ligand 

Pathogen  Mechanism 
(Derived) 
Vector 

Cargo Application Ref. 

Tight 
junction 
complexes 

Occludins Hemagglutinin 
protease 
(HA/P) 

Vibrio Cholerae TJ disruption, 
Cytoskeletal 
reorganization 
etc. 

-- -- -- 18 

Zonulin Zonula 
occludens 
toxin (Zot) 

Vibrio Cholerae TJ disruption, 
Cytoskeletal 
rearrangement 
etc. 

Zot-derived 
peptide  
AT-1002  
 

--  
TJ regulator, 
Absorption 
enhancer 
 

19, 
179 

Claudins Clostridium 
perfringens 
enterotoxin 
(CPE) 

Clostridium 
perfringens 

TJ disruption, 
Cytolysis 

CPE derived 
peptide 
(C-CPE)   
 

-- Absorption 
enhancer, 
Cancer cell  
killing 

22, 
24,  
25, 
180 

Cell 
adhesion 
molecules 

Integrins RGD motif Adenoviruses, 
Bordetella 
pertussis 

  
Binding 

Liposome or  
polymeric 
NPs, 
polystyrene 
NPs,  
PLGA NPs 
 

Anticancer 
therapeutic 
agents  
(drug, protein, 
 and nucleic 
acid), 
Vaccine 
 

Anti-infection , 
Tumor targeting, 
Oral vaccine 

44-
49, 
181, 
182 
 
 

E-cadherins Internalin A 
(InlA) 

Listeria 
monocytogenes 

Cell entry Polystyrene 
NPs 

-- Oral drug 
delivery 

52, 
53 

Intercellular cell adhesion 
molecule-1 (ICAM-1) 

-- Rhinovirus, 
Plasmodium 
falciparum 
 

Binding Anti-ICAM-1 
antibody-
coated 
polystyrene 
NPs  
and  
quantum dots  

-- Drug delivery to 
infected/inflamed  
intestine 

55-
58 
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Glycocalyx  
 
 
 
 
 
 
 

Sialic acids (Sias) Lectins (WGA, 
Peanut lectin, 
 LTA etc.) 

Bacteria, 
Viruses,  
 

Binding PLGA NPs 
 

Thymopentin, 
Antigen, 
Glucocorticoid 

Oral drug 
delivery 

61-
76 

Glycosphingolipids  GalCer 
 

Gp120   HIV-1 Binding Gold NPs -- Inhibition of HIV-
1 infection of  
T-cells  

87-
89 

Gb3 Shiga toxins 
(Stx) 

Enterohemorrha
gic  
E. coli (EHEC) 
 

Stx-derived 
peptide  

Stx or Stx-
conjugated 
therapeutic 
compounds 
and  contrast 
agents,  
 

Cancer therapy 
and imaging, 
Inhibition of Stx-
induced 
cytotoxicity 
 

90-
96 
 
183 

GM1 Cholera toxin 
B (CTB) 
Heat labile 
toxin (LTB) 

Vibrio cholera, 
Escherichia coli 

LTB-
polystyrene 
NPs, 
Recombinant 
CTB-
liposome, 
CTB coupled 
gold NPs 
 

Antigen Transport across 
in vitro  intestinal 
barrier,  
Oral Antigen 
Delivery  

60, 
100, 
184 

Proteoglycans (PGs) 
 
 

-- Many microbial 
pathogens 

Cell adhesion 
and entry 

Positively 
charged 
nanocarriers 

-- -- 106, 
108, 
109, 
185 

M cells   Integrins , 
Sialic acids (Sias) 
 
 

RGD motif, 
Lectins,   
M cell-specific 
antibodies 

Antigens and 
microorganisms 

Cell entry Polymeric 
NPs,   
Solid lipid NPs  

Vaccines,   
Insulin  
 

Drug delivery  49,  
75, 
118
-
120, 
186 
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contributing to the oral toxicity of BoNT [50]. Listeria monocytogenes [37][51] is a food-

borne bacterial pathogen, which enters human intestinal epithelial cells through the 

specific interaction between its surface protein internalin A (InlA) and E-cadherin at the 

host cell, and is released in the lamina propria by exocytosis, from where it spreads 

systemically [52]. Polystyrene particles (1 µm in diameter) coated with In1A fragments 

showed enhanced binding to intestinal epithelial cell monolayers compared to non-

coated particles, although no differences in the efficiency of uptake and transcytosis 

were observed [53]. The lack of a promoting effect in uptake of the coated particles may 

be due to the large size of the particles. Indeed, the cellular uptake of polystyrene 

particles has been  shown  to  be  size-dependent,  with particles >500 nm showing poor 

internalization by cells in culture, compared to particles of 50-200 nm [54].   

2.1.2.3 ICAM-1 The intercellular adhesion molecule-1 (ICAM-1) that is present on the 

apical surface of enterocytes, is utilized as receptor by bacteria and viruses to adhere to 

and invade the intestinal epithelium [38] [55]. Ghaffarian et al [56] showed that 

polystyrene nanoparticles (size ~100 nm) coated with an antibody against ICAM-1 were 

effectively transported through a Caco-2 intestinal epithelial cell monolayer. The 

biodistribution of anti-ICAM-1 antibody-modified polystyrene nanoparticles, administered 

through gastric gavage in mice, revealed the targeting of the nanoparticles to the 

gastrointestinal tract and their endocytosis by duodenal epithelial cells [57]. Furthermore, 

ICAM-1 was shown to be upregulated at inflammatory conditions, such as in 

inflammatory bowel disease (IBD). Anti-ICAM-1-conjugated quantum dots were able to 

cross inflamed, but not non-inflamed intestinal epithelia [58].  Due to the upregulation of 

ICAM-1 expression under inflammatory conditions, ICAM-1 may represent a promising 

target for oral drug delivery.  

2.1.3 Glycocalyx 

The glycocalyx refers to the glycoconjugates that are present at the cell surface of 

eukaryotic cells, which includes glycoproteins, glycolipids, and proteoglycans. Their 

glycan moieties play a role in cell-cell and cell-ECM interactions [59]. The apical 

membranes of intestinal epithelial cells are especially rich in glycosylated proteins and 

lipids. Enterocytes expose a dense glycocalyx at the tips of their microvilli, whereas M 

cells show a thin glycocalyx at their microfolds. In the intestine the glycocalyx facilitates 

local digestion of nutrients by concentrating pancreatic enzymes, and serves to protect 

the apical cell surface against pathogen adhesion [60].  However, some pathogens have 

evolved ways to colonize the mucus surface through the specific interaction with 

mucosal glycoconjugates, which is generally followed by toxin action and tissue invasion.  

2.1.3.1 Sialic acids (Sias) are mostly present in glycoproteins and gangliosides, and 

typically localize at the end of the sugar chains. They are involved in intercellular 

adhesion and signaling. Sias are recognized by specific lectins, which among others are 
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present on the surface of a variety of invasive pathogens [61] [62].  For instance, many 

bacterial toxins (e.g., cholera [63], tetanus [64], botulinum [65], and pertussis toxins [66] 

[67]) and viral hemagglutinins (e.g., influenza HA [68]) bind to sialylated glycoconjugates. 

In addition to lectins of pathogens, other invertebrate lectins (e.g. Limulin [69]), and 

plant lectins (e.g., wheat-germ agglutinin (WGA) [70]) bind with high specificity to sialic 

acids. Due to its dense glycocalyx the intestinal epithelium has a high abundance of 

Sias. Lectin-sias interaction was investigated to improve the bioavailablity of 

nanocarrier-based drug delivery systems, as reviewed in [71-73]. In ex vivo and in vivo 

experiments, WGA-conjugated PLGA nanoparticles showed intestinal bioadhesion, 

suggesting their potential for oral drug delivery [74]. PLGA nanoparticles that were 

decorated with the lectin LTA (Lotus tetragonolobus) effectively delivered hepatitis B 

surface antigen (HBsAg) to M cells for immunization against Hepatitis B [75].  Recently, 

Moulari et al. demonstrated that peanut lectin (PNA)-modifed nanoparticles exhibited 

enhanced bioadhesiveness towards inflamed tissue in experimental colitis, compared to 

WGA-modified nanoparticles [76]. PNA-decorated nanocarriers may emerge as a 

promising platform for the treatment of inflammatory bowel disease.  

As described above, sialoglycoconjugates are predominant components of mammalian 

cell surfaces. Notably, bacterial pathogens coat their cell surface with sialic acid 

residues and thereby disguise themselves as host cells, which prevent their recognition 

by the host’s innate immune system [77].  Likewise, coating of sialic acid moieties (e.g., 

Neu5Ac) on the surface of nanocarriers could prolong their blood circulation and reduce 

immunogenicity and antigenicity [78].  

2.1.3.2 Glycosphingolipids (GSLs) consist of a hydrophilic oligosaccharide chain 

connected to a hydrophobic ceramide backbone structure, which localizes to the outer 

leaflet of the plasma membrane [79]. GSLs play a key role in cellular trafficking and 

signaling [80]. The microvillar (apical) surface of the intestinal epithelium is enriched in 

GSLs and cholesterol that together form tightly packed lipid rafts, which prevents 

solubilization of the apical membrane by secreted bile salts [81]. Lipid rafts have been 

implicated in transcytosis [82]. The shape of the oligosaccharide chains of GSLs that 

face the aqueous environment at the cell surface, varies with the saccharide sequence 

and the type of inter-saccharide linkages, creating a multitude of potential binding sites 

for cell surface recognition molecules, including pathogens [83-86]. The gp120 protein 

of HIV-1 is decorated with high-mannose glycans and is involved in carbohydrate-

mediated HIV-binding. The gp120 protein at the HIV-1 envelope binds to the CD4 

receptor that is present on immune cells. Oligomannoside-coated gold nanoparticles 

were shown to effectively inhibit HIV-1 infection of T-cells [87]. In (CD4-negative) human 

intestinal epithelial cells, GalCer was shown to be a (co)receptor for the HIV-1 gp120 

envelope protein, and responsible for its transcytosis across the epithelial monolayer [88] 
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[89]. It will be of interest to verify whether oligomannoside-coated nanoparticles traverse 

the intestinal barrier. 

Shiga toxins (Stx) that are released into the intestinal lumen by enterohemorrhagic E. 

coli (EHEC) specifically bind to globotriaosylceramide (Gb3), present on vascular 

endothelial cells. However, it remains enigmatic how Stx can cross the intestinal barrier 

to reach the vasculature, because intestinal epithelial cells lack the Stx receptor Gb3 [90] 

[91]. It is thought that EHEC interferes with the host cell signaling machinery by 

rearranging the actin cytoskeleton, which will disturb epithelial barrier integrity and 

facilitate Stx passage [92]. Other potential routes that could facilitate Stx translocation 

across the intestinal epithelium, include its par acellular transport during neutrophil 

(PMN) transmigration, induction of Gb3 expression by EHEC infection, and transport via 

Paneth cells, and M cells [93] [94].  Glyconanoparticles have been developed that 

successfully competed with Stx1 and Stx2 for the Gb3 receptor at the host cell, 

preventing Stx-mediated toxicity. Interestingly, natural Stx-variants of Stx2 could not be 

inhibited with the same glyconanoparticles, indicating that tailored glyconanoparticles 

are needed for all different Stx variants [95]. Unfortunately, so far the fate of the 

glyconanoparticles has not been studied. However, overexpression of Gb3 on human 

cancers facilitated Stx and Stx conjugated with therapeutic compounds and contrast 

agents for cancer therapy and imaging, respectively, as reviewed in Ref. [96].   

Cholera toxin B (CTB), which is secreted by the bacterium Vibrio cholerae, and E.coli 

heat labile toxin (LTB) bind to GM1 ganglioside at the apical surface of intestinal 

epithelial cells [97]. Both CTB and LTB have the capacity to translocate across polarized 

human intestinal epithelial cell monolayers after binding to GM1 [97] [98]. It was found 

that CTB coupled to gold nanoparticles (diameter 28.8 nm) preferentially binds to M 

cells, not enterocytes [60]. Furthermore, Harokopakis et al. found that liposomes 

conjugated with recombinant CTB greatly enhanced the oral delivery efficiency of 

antigens to mice, compared to liposomes without rCTB [99].  LTB-modified 

nanoparticles showed efficient transport across polarized Caco-2 epithelial cell 

monolayers [100]. Interestingly, the transcellular transport of the LTB-coated 

nanoparticles was higher than that of free LTB. Possibly, this was caused by the 

concerted interaction of multiple LTB ligands on one nanoparticle with multiple receptors 

at the cell surface, leading to receptor clustering, which facilitated nanoparticle uptake. 

Along the same line, the uptake of free LTB was enhanced in the presence of excess 

LTB, possibly due to a similar cooperative effect on LTB-receptor binding [100].  

Nevertheless, toxins are immunogenic and repeated administration of toxin-modified 

nanoparticles is likely to elicit immune responses. The use of small fragments of the 

toxin binding units may provide a solution to this problem. Alternatively, ganglioside-

binding ligands may be generated, for example using phage-display and aptamer 

libraries. In fact, GM1-binding peptides were identified by phage display, and were 
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shown to mediate the transport of polymeric nanoparticles across the blood-brain barrier 

[101] [102]. It is worth to similarly investigate the potential of these GM1-binding 

peptides for inducing nanoparticle transcytosis across the intestinal epithelium. Silver 

glyconanoparticles coated with a GM1 mimic (galactose/sialic acid (15:1)) were 

developed for high sensitivity detection of CTB in contaminated water samples [103]. 

Possibly, ligands for this GM1 mimic, recognizing the specific galactose/sialic acid 

binding motif in GM1, may also effectuate effective transcytosis of nanoparticles across 

intestinal epithelium [100].  

2.1.3.3 Proteoglycans (PGs) are another class of carbohydrate-binding receptors used 

by pathogens to cross epithelial barriers. PGs are composed of  glycosaminoglycan 

(GAG) chains, covalently bound to a protein core. On the basis of their GAG chains 

different types of PGs are recognized, including  heparan sulfate proteoglycans 

(HSPGs), chondroitin sulfate proteoglycans (CSPGs), dermatan sulfate proteoglycans 

(DSPGs), and keratan sulfate proteoglycans (KSPGs) [104] [105]. Proteoglycans may 

function as binding and/or internalization receptors for pathogens [106]. Moreover, it has 

been demonstrated that proteoglycans (i.e. heparan sulfate) served as binding 

receptors for cationic peptides, polymers, lipids and other macromolecules by 

electrostatic interactions, and facilitated the cell entry of the resulting complexes [107]. 

The  HSPG syndecan-1 is prominently expressed on the basolateral surface of human 

enterocytes. Although luminal bacteria are unable to bind to syndecan-1 in intact 

intestinal epithelium, syndecan-1 may be involved in Staphylococcus and Streptococcus 

bacterial translocation across the (compromised) intestinal barrier in postsurgical, 

immunosuppressed, and trauma patients [108][109]. Likewise, infections are caused by 

intestinal Pseudomonas aeruginosa following a breach in host defense. In addition, P. 

aeruginosa was shown to recruit basolateral components to the apical surface of 

polarized MDCK kidney epithelial cells via the process of transcytosis, while leaving the 

barrier function uncompromised [110]. Biomimetic nanocarriers were developed that 

similarly recruited basolateral receptors, including syndecan-1 and β1-integrin, to the 

apical surface of MDCK cell monolayers. These nanocarriers showed enhanced binding 

to and internalization by MDCK cells, compared to ‘normal’ nanocarriers (Wang et al., 

under revision). However, it remains to be investigated whether these biomimetic 

nanocarriers can cross the intestinal barrier. 

2.1.4  M cells  

M cells localize in the Follicle-Associated Epithelia above lymphoid tissues [111] (Figure 

1C). They assist in the immunological sampling of the intestinal content by the transport 

of foreign antigens and microorganisms from the lumen to the underlying lymphoid 

tissues. The adherence of material to M cells is facilitated by their relatively thin 

glycocalyx in comparison to the thick glycocalyx that is present in enterocytes. In 

addition, M cells exhibit a relatively high transcytotic capacity compared to that of 
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enterocytes, and may therefore, irrespective of their low abundance in the intestinal 

epithelium, represent a fertile drug delivery portal across the intestinal barrier. Because 

of their proximity to immune cells, M cells have been especially targeted for the delivery 

of vaccines, as reviewed in [112-115]. Live attenuated bacteria and viruses are 

successfully used as oral vaccines, and can carry, by genetic engineering, genes for 

heterologous antigens [116] [117]. However, because of the use of live vaccines, 

immunological responses may occur. The manufacturing of artificial nanocarriers, 

decorated with the proper ligands to induce adherence to and transcytosis by M cells, is 

currently frustrated by a limited knowledge of the type of receptors that are involved in 

the interaction between microorganisms and M cells. In addition to the RGD motif [48] 

[49] [118], and lectins [75],  M cell-specific antibodies have been exploited for drug 

delivery via the gastrointestinal tract. For example, polystyrene particles that were 

modified with the M cell-binding 5B11 monoclonal antibody showed a significantly 

higher internalization by M cells than unmodified polystyrene particles or particles with a 

control (IgM) antibody [119]. Since M cells have been indicated as an important portal 

for oral drug delivery, it is important to identify other M cell receptors and bacterial 

adhesins that target these receptors. Tyrer et al. showed that receptors for pathogen-

associated molecular patterns (PAMPs), specifically α5β1 integrin, provide promising 

targets for the translocation of nanocarriers across M cells [120]. 

2.2 Endosomal Membrane Barrier 

Pathogens and their toxins can become internalized by host cells via different endocytic 

pathways, including clathrin- and caveolae-mediated endocytosis, phagocytosis, and 

macropinocytosis, and rarely become internalized via direct penetration of the plasma 

membrane. Subsequently, they traffic within vesicular compartments of the cell to reach 

the site where replication occurs or from where they exert their (toxic) action. This site 

can either be an intracellular compartment or the cytoplasm. However, by using an 

endocytic cellular entry mechanism, pathogens are at risk of getting trapped in a lytic 

pathway that leads to their degradation (Figure 2A). Several strategies are taken by 

pathogens to escape from the degradation pathway, for example via fusion or the 

formation of pores. Membrane fusion between enveloped viruses and the endosomal 

membrane allows the release of viral content into the cytosol. Influenza virus relies on 

the pH gradient that exists along the endocytic pathway for its escape into the cell’s 

cytoplasm. Upon exposure to a low pH, as occurs during endosomal maturation, the 

hemagglutinin fusion peptide (HA2) becomes activated, and mediates fusion between 

the viral envelope and the endosomal membrane, resulting in cytoplasmic release of the 

viral nucleocapsid [121] (Figure 2B). Recently, Ye et al. reported that conjugation of the 

HA2 (GLFGAIAGFIENGWEGMIDG) fusion peptide together with the Tat cell-

penetrating peptide to gelatin-silica gene delivery nanoparticles (GSNPs) improved their 

cellular internalization, endosomal escape, and nuclear uptake, eventually  leading  to  
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Figure 2. A, Endocytosis of pathogens. Following endocytosis, pathogens may traffic from early 

endosome (EE), to late endosome (LE)/multivesicular body (MVB), to Lysosome, where 

degradation occurs. To escape from degradation, pathogens have evolved mechanisms to disrupt 

the endosomal membrane, and become released into the cell’s cytosol. ER, endoplasmic reticulum; 

Nu, nucleus. B, Schematic view of the endosomal escape of influenza virus by the aid of a fusion 

peptide. The peptide becomes fusogenic upon a drop in pH, that generally occurs during 

endosomal maturation.  
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Table 2. Pathogen-derived proteins (peptides) that are exploited for the endosomal escape of therapeutic agents.  

Category   Mechanism Cargo Vector Ref. 

Haemagglutinin 

(HA2)/Tat, 

HA2 subunit  

 

Membrane 

fusion 

DNA  Gelatin-silica NPs (GSNPs),  

Gold NPs 

122, 

123 

GALA  Membrane 

fusion 

siRNA, 

Dextran 

Multifunctional envelope-type 

nano device (MEND), 

Virus-like particle ,  

Exosome  

 

124, 

129-

131, 

187-189 

KALA  

KALA/RGD 

Membrane 

fusion 

DNA , 

siRNA , 

Drug  

No carrier, 

Polycation (PEI, PLL),  

Modified silica NPs, 

Albumin-Based NPs 

 

125,132

133, 

190, 

191 

Stearylated INF-7, 

INF-7/ nona-arginine 

Membrane 

fusion 

DNA  

 

MEND, Quantum dots  

PEG-based vehicles  

126, 

140, 

192, 

193, 

 

RALA Membrane 

fusion 

DNA  No carrier, 

Polymeric NPs  

 

127, 

194 

H5WYG 

 

Membrane 

fusion 

antisense 2’-Ome 

RNA conjugated 

with H5WYG, 

DNA  

 

Lipofectamine  

PEG-based vehicles  

193, 

195 

Peptide B18 and B55 

derived from a  sea 

urchin fertilization 

protein 

 

Membrane 

fusion 

Macromolecules 

(dextran, antibody, 

DNA)  

No carrier 196, 

197 

Chimeric peptide  599 

 

Membrane 

fusion 

 

siRNA  No carrier 198 

Reovirus derived 

fusion-associated small 

transmembrane (FAST) 

protein (p14) 

Membrane 

fusion 

-- Liposome 199 
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Pseudomonas 

aeruginosa exotoxin A 

(ETA)-derived fusion 

protein (residues 253 to 

412) 

 

Membrane 

fusion 

Protein construct 

(CPP-ETA-eGFP) 

No carrier 200, 

201 

Diphtheria toxin 

fragment A (DTA) 

 

Membrane 

fusion 

DNA PEI  139 

Cecropin A - Melittin 

hybrid peptides (CMs), 

Melittin-derived 

stearylated peptide  

Pore 

formation 

Macromolecules  

(Tat11-EGFP fusion 

protein, calcein, 

dextrans, and 

plasmid DNA), 

DNA,  

siRNA 

 

No carrier 

 

202-204 

 

HIV gp41-derived 

peptide 

Membrane 

fusion, Pore 

formation 

DNA and siRNA PEI 205 

 

high gene transfection efficiency, compared to GSNPs that were decorated with only 

one of the peptides [122]. In contrast, Tat/HA2 surface-functionalized gold nanoparticles 

showed high cellular internalization but no endosomal escape [123].  

Several synthetic pH-responsive fusion peptides have been designed, including GALA 

(WEAALAEALAEALAEHLAEALAEALEALAA) [124], KALA (WEAKLAKALAKALAKHL-

AKALAKALKACEA) [125], INF7 (GLFEAIEGFIENGWEGMIDGWYG) [126], RALA 

(WEARLARALARALARHLA-RALARALRACEA) [127] and H5WYG (GLFHAIAHFIH-

GGWHGLIHGWYG) [128]. GALA and INF7 are anionic glutamic acid-enriched HA2 

analogues, whereas KALA, RALA, and H5WYG are cationic and enriched in lysine, 

arginine, and histidine, respectively.  At acidic pH (pH 5.0) the structure of GALA is 

converted from a hydrophilic random coil to a fusogenic amphipathic α-helix, and for this 

reason GALA has been widely used as an endosome-disrupting agent in several 

therapeutic nanocarrier-based siRNA delivery systems [124] [129-131]. KALA is a 

modified version of GALA, in which the glutamic acid residues have been partially 

replaced by lysines. As a result, KALA not only mediates endosomal disruption, but -due 

to the positive charge of the lysine residues- facilitates DNA condensation, without the 

need for other cationic components (polycations, cationic lipids, etc.). Wyman et al. 

successfully employed KALA/DNA complexes to transfect cells [125]. Moreover, several 
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gene complexes, including  PEI/DNA [132] and PLL/DNA [133], have been coated with 

KALA by electronic absorption to improve their transfection efficiency. H5WYG, a 

designed histidine-rich peptide analogous to the N-terminal segment of H2A undergoes 

a conformational change between pH 7.0 and pH 6.0 due to the protonation of histidine, 

leading to an endosomolytic activity of the peptide at low pH [128].  Probably, 

incorporation of PEGylated poly (L-histidine) into DSPE-PEG micelles triggered fast 

drug release from these carriers in response to an acidic environment [134].  Nouri and 

co-workers compared the endosomolytic activities of five fusogenic peptides (GALA, 

KALA, INF-7, H5WYG, and RALA) using biopolymers consisting of single chain 

peptides composed of an affibody to target the human epidermal growth factor receptor 

2 (HER2), four repeating units of histone H2A, and one of the fusogenic peptides. The 

GALA-containing biopolymer was most efficient in transfecting SKOV-3 (HER2-positive) 

cancer cells [135]. 

Other enveloped and non-enveloped viruses, for example foot and mouth disease virus 

(FMDV), vesicular stomatitis virus (VSV), Sindbis virus (SV), Semliki forest virus (SFV), 

and adenovirus type 2 (AV-2), are also triggered by a mild acidic endosomal pH to 

undergo a conformational change in their envelope glycoproteins or capsid structures, 

which initiates endosomal disruption [136]. Similarly, secreted toxins demonstrate the 

ability to undergo a conformational change in response to an alteration in endosomal pH, 

and act as a fusogenic peptide, such as Diphtheria toxin fragment A (DTA) and  δ-toxin 

from Staphylococcus aureus [137]  [138]. DT-decorated PEI/DNA polyplexes showed 

enhanced transfection efficiency compared to plain PEI/DNA polyplexes [139]. Other 

toxins, including shiga toxin, and cholera toxin were shown to escape from endosomes 

through the formation of pores.  

In addition, cell-penetrating peptides (CPPs) were designed to improve the delivery of 

nucleic acids across plasma membranes, but failed to induce endosomal escape. 

Several strategies were utilized to enhance the endosomolytic ability of CPPs, including 

conjugation with fusogenic peptides such as Tat/HA2 [121], and INF-7/nona-arginine 

[140]). An overview of pathogen--derived proteins/peptides that are exploited for the 

endosomal escape of therapeutic agents is given in Table 2, while pathogen-derived 

agents and their endosomal escape mechanisms are reviewed in [141]. 

Next to the functionalization of nanocarrier systems with pH-dependent fusogenic 

peptides, another strategy is followed to enhance the endosomal escape of the drug 

payload, i.e., the use of pH-sensitive lipids and polymers. For gene delivery purposes, 

Cullis and co-workers developed lipid nanoparticles with ionizable aminolipids, e.g. 1, 2-

dioleoyl-3-dimethylammonium propane (DODAP) and heptatriaconta-6,9,28,31-tetraen-

19-yl 4-(dimethylamino)butanoate (DLin-MC3-DMA), that change to a cationic form 

under acidic conditions [142][143]. At acidic pH the aminolipids effectively complex 

(negatively charged) nucleic acids (DNA, RNA). When, after complex formation, the pH 
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is neutralized (~pH 7), the complexes exhibit a near-neutral surface charge, which may 

prolong their blood circulation time. During the endocytic processing of the complexes, 

that occurs after their uptake by cells, the aminolipids again become cationic, and exert 

a membrane-destabilizing effect that will allow for the release of the genetic cargo in the 

cell’s cytoplasm. Recently, Sato et al. synthesized a new pH-sensitive cationic lipid 

YSK05 that was incorporated in lipid nanoparticles (LNPs) for gene silencing. With their 

LNP formulation, that required prior complexation of siRNA with protamine for efficient 

loading with siRNA, they achieved in vitro (in HeLa cells) and in vivo (by direct tumor 

injection) siRNA-mediated gene silencing [144].  

Next to pH-sensitive lipids, a series of pH-sensitive polymers were investigated for drug 

delivery, including poly(N,N′-diethylaminoethyl methacrylate) (PDEAEM), poly(β-amino 

ester) (PbAE), and poly(2-(diisopropylamino)ethyl methacrylate (PDPA) [145-147]. 

Recently, block copolymers with PDEAEM were prepared to increase the hydrophilicity 

of the polymer and improve drug loading. These block copolymers formed hydrogels at 

body temperature, and drug release from these gels was influenced by the 

environmental pH [148]. The diblock copolymer poly(2-methacryloyloxyethyl 

phosphorylcholine)-b-poly(2-(diisopropylamino)ethyl methacrylate) (PMPC-PDPA) was 

successfully employed for siRNA delivery [149]. PDPA has a pKa of 6.4. It is 

hydrophobic at neutral pH, whereas it becomes protonated and turns hydrophilic at a 

pH<6.4 [147]. Similar to LNPs containing ionizable aminolipids, PMPC-PDPA block 

copolymers could be loaded with siRNA at acidic pH. It is postulated that after their 

uptake by cells, the polymers become hydrophilic at endosomal pH which will lead to 

complex dissociation. This will lead to release of the genetic cargo, and at the same 

time generate osmotic stress within the endosomes, that in turn will lead to endosomal 

rupture and release of the genetic cargo in the cell’s cytoplasm. However, inclusion of 

the pore forming drug amphotericin B was required to obtain effective endosomal 

escape of siRNA when using another PDPA block copolymer for delivery, i.e., poly(2-

(dimethylamino)ethyl methacrylate (PDMA)-PDPA [150]. In addition, PDPA-b-PCL-b-

PEG/DNA complexes were unable to generate endosomal escape of the genetic cargo. 

This problem could be overcome by the incorporation of a cationic lipid in the PDPA-b-

PCL-b-PEG/DNA formulation. The resulting polymer-lipid hybrid nanoparticles showed 

effective gene delivery (Wang et al. submitted; Chapter 4). Hence, the exact mechanism 

of PDPA-mediated endosome destabilization remains to be elucidated.  

3.  General principles to construct biomimetic drug nanocarriers 

Biological barriers (e.g. at the gastrointestinal tract, the respiratory tract, and the blood 

brain barrier)  not only serve as a functional physical interface for the controlled 

transport of various substances like water, nutrients and oxygen, but also function in 

host defense to protect the body against foreign entities, including pathogens and toxins. 

Likewise, these barriers can restrict the movement of therapeutic agents, and influence 
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their absorption by tissues. Consequently, efficient drug delivery to target tissues still is 

a considerable challenge. Nanotechnology is proposed to find its application in the 

engineering of drug delivery systems in order to improve drug stability,  bioavailability, 

and delivery to the target site, in comparison to traditional drug formulations. Apart from 

the extracellular barriers, nanocarriers may be confronted with intracellular barriers as 

well. Once they reach their target cells, they are generally taken up via the process of 

endocytosis, followed by intracellular transport within endosomal compartments. Most of 

these endosomes eventually fuse with lysosomes where the cargoes become degraded. 

Therefore, in addition to the ability to overcome extracellular barriers in order to reach 

the target tissue, nanocarriers may require the capacity to induce the endosomal 

escape of their payload, i.e., to overcome an intracellular barrier, in order to effectively 

deliver their payload to its target site. This is particularly true for the delivery of 

‘biologicals’ (proteins, peptides, nucleic acids). For effective gene delivery, the nuclear 

membrane forms another intracellular barrier. 

Nanocarriers in medicine need to be biocompatible, and show high drug loading 

capacity, site-specific delivery, and controlled drug release. Physicochemical 

characteristics of nanocarrier formulations, including size, shape, and surface charge 

may affect the pharmacokinetics of the formulations as well as their cellular uptake, and 

therefore co-determine their drug delivery potential. This needs to be taken into 

consideration in the design of nanocarriers.  

3.1 Hydrodynamic size  

The hydrodynamic size of nanocarriers affects their biodistribution by influencing the 

extravasation from the blood into tissues, and the elimination by the liver and kidneys. 

The size of the particles must be large enough (30-100 nm) to avoid fast leakage from 

the blood, but not so large (>100 nm) that the particles become recognized and cleared 

by macrophages [151]. Although it has been demonstrated that nanoparticles with a 

size below 150 nm penetrated through the (discontinuous and fenestrated) endothelia 

that line the capillaries in the majority of tissues, most nanoparticles failed to cross the 

continuous brain endothelium, that constitutes the BBB [152]. Recent data have shown 

that gold nanoparticles [153], polysorbate 80-coated polybutylcyanoacrylate (~70 nm) 

[154]. In the case of oral administration, it has been reported that the uptake efficiency 

of 100 nm PLGA nanoparticles  by intestinal tissue was 15-250 fold higher than that of 

large-size microparticles [155]. In addition, the smaller polymeric nanoparticles more 

efficiently crossed the M cells in the Peyer’s patches of the intestine and were taken up 

by the lymphatic system, thereby preventing first-pass metabolism in the liver and 

enhancing the bioavailability of the encapsulated drug [156]. Although the 

pharmacokinetics and drug delivery efficiency vary from one nanocarrier platform to the 

other, and particle size may not be the only factor that influences biodistribution, the 
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data described above indicate that a nanocarrier size of ~ 100 nm seems appropriate for 

(targeted) drug delivery. 

3.2 Surface properties 

In addition to particle size, the surface charge of nanocarriers also plays a role in 

nanocarrier-cell interactions. Generally, positively charged nanocarriers easily interact 

with the negatively charged cell membrane. Compared to nanoparticles with a neutral or 

negative charge, positively charged nanoparticles are taken up by cells at a faster rate 

[157]. In addition, the cationic surface charge of nanocarriers has been linked with the 

propensity to cross the BBB and enter the CNS [158].  Schleh et al. showed that the 

level of transcytosis of radiolabeled gold nanoparticles across the intestinal barrier and 

their subsequent accumulation in secondary organs largely depended on the size and 

surface charge of the particles [159]. Noteworthy, a high positive surface charge of 

nanocarriers can lead to non-specific interactions with plasma proteins (opsonization), 

the extracellular matrix, and non-target cells. The surface of nanocarriers can be 

modified with hydrophilic polymers like polyethyleneglycol (PEG) that reduce these 

specific charge-mediated interactions of nanocarriers with their environment. PEGylated 

nanoparticles show an increased blood half-life compared to non-PEGylated 

nanoparticles, which enhances the chance of their accumulation at the target tissue. 

Additionally, the PEG coating was shown to reduce the degradation of polymeric (PLA) 

nanoparticles in the digestive gastrointestinal fluids [160]; while nanoparticles with a 

‘brush’ conformation of the PEG polymers showed an increased affinity for the mucosa 

and a higher transcytosis efficiency than nanoparticles that exposed PEG in a ‘loop’ 

conformation [161]. PEG length, and PEG density at the nanoparticles’ surface, as well 

as the methods used for nanoparticle PEGylation, all affect the nanoparticles’ 

physicochemical properties [162]. Despite the positive effects of nanoparticle 

PEGylation on particle stability and blood circulation time, the presence of the PEG 

moieties also may present some disadvantages. Next to the inhibition of nanoparticle 

interaction with non-target cells, the PEG moieties inhibit nanoparticle  binding and 

internalization by the target cells. Moreover, PEGylation of gene vectors prevents the 

endosomal escape of their genetic cargo (DNA, RNA), eventually leading to its 

lysosomal degradation. This is referred to as the ‘PEG dilemma’. Several strategies 

have been explored to overcome the negative effects of nanoparticle PEGylation, such 

as the utilization of targeting ligands, cell-penetrating peptides, exchangeable and acid-

labile PEGs, and other stimuli-responsive materials, as is discussed below.  

3.3 Targeting ligands  

Active targeting is an approach to increase the selective accumulation of nanoparticles 

at an intended location by the aid of specific moieties, i.e., targeting ligands. Amongst 

others, the ligand-receptor pairs that mediate pathogen-host interactions offer promising 
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candidates for mediating targeted drug delivery. Possible targeting ligands include 

natural ligands, such as growth factors, antibodies, toxins; and synthetic ligands, such 

as peptides and aptamers [163]. Display technologies are used to screen peptide and 

aptamer libraries in order to identify specific ligands for receptors that are selectively 

expressed at the surface of the target cell type, as reviewed in [164]. 

Compared to proteins, peptides are more easily chemically conjugated with 

nanocarriers. And covalent coupling methods appear to generate a more stable and 

reproducible coupling of ligands to nanocarriers than non-covalent coupling methods, 

such as via adsorption [165]. Of note, the coupling reaction should not affect the 

biological activity of the ligands and/or alter the structure of the nanocarriers. For this 

reason, both pre- and post-functionalization of nanocarriers can be considered [166].  

Usually, targeting ligands are attached to the surface of nanoparticles via a PEG spacer 

arm, so that the ligand is extended from the nanoparticle surface, allowing it to adopt the 

proper conformation for binding to the target receptor [167]. A recent study by Ding et al. 

showed that ligand length, rigidity, and density, as well as the strength of the ligand-

receptor interaction, influence the binding of targeted nanocarriers to the target cell and 

their receptor-mediated endocytosis [168].  

3.4 Stimuli-responsive materials 

Over the past decades, numerous nanoparticle platforms have been investigated for 

drug delivery, including liposomes, polymeric nanoparticles, dendrimers, and 

inorganic/semi-inorganic nanoparticles. Although these materials (mostly polymers and 

lipids) account for >80% of the therapeutic nanoparticles that are in clinical use, there 

now is a tendency to develop stimuli-responsive nanoparticle platforms that are 

sensitive to specific signals such as pH, temperature, redox, magnetic field, and that 

may contribute to site-specific drug delivery [169]. For example, pH-sensitive 

nanocarriers can be prepared from lipids or polymers that contain acid-labile bonds that 

trigger particle dissociation and drug release upon a decrease in pH [170-172]. Such 

decrease in pH occurs e.g. in the interstitial fluid of tumors or within endosomes upon 

endosomal maturation. The use of acid-labile nanocarrier components may provide a 

potential solution for the ‘PEG dilemma’, i.e., the negative effect of particle PEGylation 

on the endosomal escape of the drug payload. Chan et al. recently reported that 

PEGylated cationic liposomes containing a new acid-labile PEG-lipid were able to 

destabilize the endosomal membrane and induce efficient transfection [173].  

3.5 Particle shape 

In addition to the parameters described above, the shape of nanoparticles influences 

their blood circulation time and the efficiency with which they are internalized by cells. 

Using coarse-grained molecular dynamics, it was shown that spherocylindrical particles 
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encounter the same kinetic barrier for their endocytosis as spherical nanoparticles with 

the same diameter. Because the spherocylinders have the larger volume, and therefore 

can carry more payload, spherocylinders are likely to be most efficient for drug delivery 

[174-176]. Indeed, spherocylinders were shown to be internalized more efficiently by 

human melanoma cells than spheres, although they also displayed a higher cytotoxicity 

[177]. The influence of particle shape on the effectiveness of drug delivery in cancer 

therapy was reviewed by Truong et al. They concluded that nonspherical nanoparticles 

(e.g. needles and disks) show promise for next generation drug delivery systems 

because of favorable effects on blood circulation time, biodistribution, and cellular 

uptake. However, more insight is needed in how to control the shape of nanoparticles 

during nanoparticle synthesis [178].  

4. Concluding remarks 

The field of nanocarrier-mediated drug delivery has been developing at a rapid pace, 

and a series of innovative nanoparticle platforms are currently being investigated and 

applied into preclinical and clinical studies. However, the presence of biological barriers 

poses challenges to the successful exploitation of drug nanocarriers for the diagnosis 

and treatment of disease. In nature, several pathogens and secreted toxins use specific 

strategies for crossing extracellular and intracellular biological barriers in order to enter 

host cells. The molecular mechanisms that are involved in the host cell invasion by 

pathogens have inspired the development of biomimetic nanocarriers for drug delivery. 

This review specifically provided insight in how pathogens overcome the intestinal 

barrier and the endosomal barrier, and how this knowledge has been exploited in the 

design of biomimetic nanocarriers for oral drug delivery, and the intracellular release of 

drugs. The further development of biomimetic drug nanocarriers requires the 

collaboration between chemists, biologists, pathologists, pharmacists, and physicians. 

An increase in knowledge on how pathogens control host cell signaling and invasion, as 

well as the synthesis of stimuli-responsive materials, and the control over nanoparticle 

size and shape, are required for the optimal design of biomimetic drug nanocarriers for 

controlled drug delivery.   
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Scope of the Thesis 

Biological barriers, including extracellular barriers (a.o. mucosal epithelial barriers, blood 

brain barrier (BBB)) and intracellular barriers (a.o. endosomal membrane, nuclear 

membrane), represent the main hurdles for nanocarrier-mediated drug/gene delivery.  

Though these barriers serve a protective function against pathogens and toxins, they 

diminish the delivery of therapeutic agents as well. To address these challenges, a 

variety of strategies have been proposed such as the development of new materials, 

formulations, and the use of targeting moieties. Microorganisms acquired tricks to 

circumvent host defense mechanisms, and are able to cross the biological barriers, and 

invade the human body. Inspired by pathogen invasion, this thesis focuses on the 

design of novel biomimetic gene delivery systems to overcome different barriers 

including epithelial barriers, the blood brain barrier, and the endosomal barrier.   

Chapter 1 offers an overview of the currently understood mechanisms used by 

pathogens to overcome  biological barriers, and its exploitation in the design of 

biomimetic drug nanocarriers.    

The mucosal epithelia are used as a gateway for more than 90% of infectious agents. 

The bacterium Pseudomonas aeruginosa invades polarized MDCK epithelial cells by 

inducing production of apical phosphatidylinositol-3, 4, 5-triphosphate (PIP3), which 

results in the recruitment of basolateral constituents to the apical membrane by 

transcytosis, while keeping the epithelial barrier intact. Since basolateral receptors are 

known receptors for gene delivery vectors, apical PIP3 may improve the internalization 

of such vectors into epithelial cells.  In Chapter 2, we designed biomimetic PIP3-

containing polyethylenimine (PEI) polyplexes for nucleic acid delivery into polarized 

MDCK cells.  

Ganglioside GM1 on the apical membrane of polarized intestinal epithelial cells was 

reported to be a potential receptor for Cholera toxin B subunit (CTB), and GM1-CTB 

complexes could traffic from the apical to the basolateral membrane by transcytosis. 
Additionally, a GM1-targeting peptide ‘G23’ (HLNILSTLWKYR) has been identified by 

phage library display in our previous work. Chapter 3 describes functionalization of the 

cationic polymer PEI with the G23 peptide. The transcytosis efficiency of G23-

functionalized PEI polyplexes to overcome the intestinal barrier and the involved 

molecular mechanisms are investigated.  

Some viral fusogenic peptides (a.o. HA2) have been demonstrated to rely on low pH in 

order to become fusogenic and disrupt the endosomal membrane, leading to the 

endosomal escape of viral constituents.  In Chapter 4, a newly synthesized pH-

sensitive polymer poly (2-(Diisopropylamino)-ethyl-methacrylate)-block-poly (ε-

caprolactone)-poly (ethylene glycol) (PDPA-b-PCL-b-PEG) and the cationic lipid DOTAP 
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form a polymer/lipid hybrid nanoparticle with a positive surface charge for DNA 

adsorption.  The pH sensitivity and transfection efficiency of this gene delivery platform 

are measured in vitro. In particular, the mechanism of endosomal escape by these pH-

sensitive polymer/lipid hybrid nanoparticles is elucidated.   

The PDPA-b-PCL-b-PEG/DOTAP hybrid system was functionalized with the G23 

peptide by means of insertion of a maleimide-ended polymer or lipid in the nanoparticles. 

Chapter 5 describes the use of these G23- functionalized nanoparticles as a gene 

delivery system for CNS therapy by systemic administration. The nanoparticles’ ability to 

transcytose across the BBB and transfect brain cells is evaluated in an  in vitro BBB 

model and ex vivo brain slices, respectively. 

Finally, in Chapter 6 future directions in the design of biomimetic nanocarriers for drug 

delivery are discussed in light of our results, highlighting the need for alternative model 

systems to study the process of nanoparticle transcytosis and transfection of target cells 

in their biological context. While artificial nanocarriers generally are less efficient in 

crossing biological barriers than pathogens, their drug delivery efficiency may be 

significantly improved by the incorporation of biomimetic materials, that can modify the 

cellular processing of nanoparticles in a favorable way 
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Abstract  

The polarized architecture of epithelium presents a barrier to therapeutic drug/gene 

carriers, which is mainly due to a limited (apical) internalization of the carrier systems.   

The bacterium Pseudomonas aeruginosa invades epithelial cells by inducing production 

of apical phosphatidylinositol-3,4,5-triphosphate (PIP3), which results in the recruitment 

of basolateral receptors to the apical membrane. Since basolateral receptors are known 

receptors for gene delivery vectors, apical PIP3 may improve the internalization of such 

vectors into epithelial cells. 

PIP3 and nucleic acids were complexed by the cationic polymer polyethylenimine (PEI), 

forming PEI/PIP3 polyplexes. PEI/PIP3 polyplexes showed enhanced internalization 

compared to PEI polyplexes in polarized MDCK cells, while basolateral receptors were 

found to redistribute and colocalize with PEI/PIP3 polyplexes at the apical membrane. 

Following their uptake via endocytosis, PEI/PIP3 polyplexes showed efficient 

endosomal escape. The effectiveness of the PIP3-containing delivery system to 

generate a physiological effect was demonstrated by an essentially complete knock 

down of GFP expression in 30% of GFP-expressing MDCK cells following anti-GFP 

siRNA delivery. 

Here, we demonstrate that polyplexes can be successfully modified to mimic epithelial 

entry mechanisms used by Pseudomonas aeruginosa. These findings encourage the 

development of pathogen-inspired drug delivery systems to improve drug/gene delivery 

into and across tissue barriers.  
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Introduction 

Gene therapy requires safe and efficient carriers that deliver the nucleic acids (DNA, 

RNA) into cells. In order to achieve this aim, a number of obstacles need to be 

overcome by the gene delivery system. At the cellular level, multiple membranous 

barriers need to be passed, namely the plasma membrane, the endosomal membrane, 

and for DNA the nuclear membrane. Moreover, for in vivo applications the gene delivery 

system needs to be stable in biological fluids until it reaches the target cells. Historically, 

epithelia, that line the cavities and surfaces of organs, were considered easy targets for 

gene delivery, because of their direct accessibility via topical and enteral administration. 

However, epithelia turn out to form huge barriers for gene delivery because they display 

multiple features that discourage the uptake of gene vectors. 

Epithelial monolayers consist of polarized cells that are connected through tight 

junctions, which separate the plasma membrane of the cells into an apical and 

basolateral domain. The apical surface, that faces the lumen, is strengthened by actin 

filaments close to the plasma membrane. The tight junctions, together with the junctions 

that are formed between neighboring cytoskeletal networks through desmosomes, 

prevent the paracellular transport of all molecules, with the exception of very small polar 

molecules [1][2]. This way, the epithelial cell monolayer forms a physical barrier, thereby 

preventing the penetration of harmful substances including pathogens. In addition, the 

innate immune system broadly protects the epithelium against the interaction with 

pathogens and also stimulates the adaptive immune response [3]. Despite these 

defense mechanisms, opportunistic pathogens like the bacterium Pseudomonas 

aeruginosa have established ways to invade the polarized epithelium. It was recently 

shown that when P.aeruginosa binds to the apical surface, basolateral proteins become 

recruited to the apical surface by activation of the PI3K/Akt pathway, leading to the 

formation of basolateral domains at the apical surface [4]. At the site of bacterium 

binding, protrusions are formed that are enriched in phosphatidylinositol-3, 4, 5-

trisphosphate, basolateral proteins, and actin. The integrity of the overall cell polarity in 

this process is maintained, which suggests that P.aeruginosa induces the movement of 

basolateral proteins to the apical surface via transcytosis rather than diffusion [5]. 

In mammalian cells, phosphoinositides play a key role in determining cell polarity. 

Phosphatidylinositol-4, 5-bisphosphate (PIP2) primarily localizes to the apical surface, 

whereas phosphatidylinositol-3, 4, 5-trisphosphate (PIP3) is found at the basolateral 

membrane [6]. Insertion of exogenous PIP3 at the apical surface results in the rapid 

transformation of regions of the apical surface into a membrane with the composition of 

the basolateral surface by basolateral-to-apical transcytosis [7]. Since the basolateral 

membrane is prone to endocytosis of viral (e.g. Ad, AAV) and non-viral vectors (e.g. 

LF2k) [8-11], the presence of basolateral domains at the apical surface may improve the 
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endocytic capacity of the epithelium for gene delivery vectors that are luminally applied. 

Here, we hypothesize that local apical-basal polarity reversal in polarized epithelial cells 

may facilitate the entry of gene delivery vectors without barrier disruption. 

Polyethylenimines (PEIs) are promising non-viral polymeric gene carriers, which can 

condense nucleic acids into nanoscale complexes through electrostatic interaction [12]. 

In general, negatively charged nucleic acids shows poor uptake in cells, whereas 

positively charged PEI-nucleic acid complexes, i.e., PEI polyplexes, significantly 

improve nucleic acid internalization via endocytosis. PEIs with a high cationic charge 

density also serve to facilitate the endosomal escape of the nucleic acids by the so-

called ‘proton sponge effect’ [13] which represents an important step in the gene 

delivery process that critically determines transfection efficiency [14]. In addition, PEI 

has been used for PIP3 delivery into cells [15]. Therefore, we investigated whether a 

ternary complex of PEI, nucleic acids, and PIP3 could be used to enhance gene delivery 

into polarized epithelial cells. Ternary complexes of PEI, DNA and poly (α-glutamic acid) 

or heparin have previously been made to reduce the overall positive charge of the 

complexes in order to avoid the undesired interaction with negatively charged serum 

proteins, which may lead to recognition and clearance by the reticuloendothelial system 

[16][17]. Here, it is investigated whether PIP3-containing PEI polyplexes induce the 

recruitment of basolateral receptors to the apical cell surface in MDCK cells. In addition, 

PEI polyplexes with and without PIP3 are compared for their cellular binding and uptake, 

intracellular trafficking, endosomal escape, and transfection efficiency. 

Results and Discussion 

Apical incubation of MDCK cell monolayers with PIP3/Histone recruits basolateral 

receptors to the apical surface 

The PI3-Kinase (PI3K) pathway regulates many cellular processes, including cell 

metabolism, cell survival, and apoptosis [18]. Phosphatidylinositol-3,4,5-trisphosphate 

(PIP3), the product of PI3K activity and a key signaling molecule, acts by recruiting 

proteins that contain PIP3-interacting pleckstrin-homology (PH) domains to cell 

membranes. In polarized epithelial cells, PIP3 is localized at the basolateral plasma 

membrane and excluded from the apical plasma membrane, while PIP2 is enriched at 

the apical membrane. First, the polarized distribution of PIP3 was verified in polarized 

MDCK cells that were stably transfected with the PIP3 sensor GFP-PH-Akt, i.e., a GFP 

fusion protein of the PIP3-binding pleckstrin-homology domain of Akt [7]. GFP-PH-Akt 

localized at the basolateral plasma membrane and partially in the cytoplasm, and was 

typically absent from the apical membrane (Figure 1A; left panel). Exogenous addition 

of PIP3 to the apical plasma membrane domain, through the use of the shuttle protein 

Histone H1, resulted in the appearance of GFP-PH-Akt in clusters at the apical plasma 

membrane (Figure 1A; right panel), indicative for the successful insertion of PIP3 into  
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Figure 1. Apical incubation of MDCK cells with PIP3/Histone induces recruitment of 

basolateral receptors. A, Polarized MDCK cells stably expressing GFP-PH-Akt (green) were 

treated with PIP3/Histone complex, or without treatment (control), for 30 minutes. After cell fixation, 

F-actin was stained with phallodin-Alexa Fluor546 conjugate (red). B, After apical addition of 

PIP3/Histone H1 complex, cells were fixed and stained for β1-integrin (green), actin (red). C, After 

apical addition of PIP3/Histone H1 complex, cells were stained for  Syndecan-1(green),  ZO-1(red).  

Scale bar is 5 μm. 

 

the apical plasma membrane. The clustered appearance likely reflects  their  presence  

in  protrusions, as  was   previously  shown  by  Gassama-Diagne et al [7]. Besides, 
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they showed that basolateral proteins are present within these protrusions, whereas 

apical proteins are excluded [7]. 

In previous work we showed that β1-integrin receptors, that normally mediate cell-cell 

and cell-ECM contact, play a role in the internalization of non-viral gene delivery vectors 

by MDCK cells [11]. Likewise, integrins are exploited by viruses to attach to and infect 

epithelial cells [19] [20]. Izmailyan and colleagues found that vaccinia virus invasion 

through β1-integrin activates PI3K/Akt signaling [21]. We investigated whether upon the 

delivery of exogenous PIP3 to the apical plasma membrane, β1-integrin receptors, that 

typically localize to the basolateral surface in MDCK monolayers, become exposed at 

the apical membrane. Figure 1B shows that in control cells β1-integrin (in green) is 

localized at the basolateral membrane (Figure 1B; left panel). However, after addition of 

PIP3/Histone H1 complexes, clusters of β1-integrin were found at the apical surface, as 

indicated by their localization above the apical plane indicated by actin (Figure 1B; right 

panel).  

Next, the effect of exogenous PIP3 addition on syndecan-1 localization was investigated. 

Syndecan-1 is a transmembrane heparan sulfate proteoglycan (HSPG) involved in cell-

cell and cell-ECM adhesion, growth factor activation, tumor growth, and microbial 

infection [22]. Like β1-integrin, syndecans were shown to play a role in the binding of 

gene vectors [23] [24]. Specifically, in HeLa cells gene vectors are captured by actin-rich 

filopodial extensions, while local clustering of filopodia-localized syndecans appear 

instrumental in their processing to the cell body, which is followed by cellular entry [24]. 

In control MDCK monolayers, syndecan-1 was mostly present at the basolateral 

membrane, i.e., below the tight junction (ZO-1) level, and in small apical and cytosolic 

domains (Figure 1C; left panel). However, after treatment of MDCK cells with 

PIP3/histone large clusters of syndecan-1 appeared at the apical membrane (Figure 1C; 

right panel).  These results demonstrate that the insertion of exogenous PIP3 into the 

apical surface of polarized MDCK cells induces the redistribution of receptors - 

previously implicated in host-lipoplex/polyplex interactions - from the basolateral to the 

apical surface. 

Formation and characterization of PEI/PIP3 polyplexes 

In addition to histones, other vectors such as cationic polymers (dendrimers and 

polyethylenimine (PEI)) have been used for PIP3 delivery to cells [15]. Interestingly, 

these vectors are also used for nucleic acid delivery, because of their ability to 

condense nucleic acids (DNA [12], RNA [25], and oligonucleotides [14]) into nanoscale 

complexes by electrostatic interaction. Here, we investigated whether PEI/PIP3 

polyplexes can be used to enhance the delivery of genetic cargo into polarized epithelial 

cells through the recruitment of basolateral receptors to the apical membrane, thereby 

facilitating the subsequent uptake of the gene vector. Fluorescently labeled PEI/PIP3 
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complexes were spontaneously formed through electrostatic interactions of the 

negatively charged phosphate groups in DNA and PIP3, with the positively charged 

amino nitrogen groups in PEI. The particle size and zeta potential of PEI/DNA/PIP3 

complexes was 253.2 ± 39.9 nm and 18.6 ± 0.5 mV, respectively (Table 1). Upon apical 

incubation of MDCK monolayers with the ternary PEI/DNA/PIP3 complexes, the 

PEI/DNA/PIP3 particles formed clusters of more than 20 µm in diameter 

(Supplementary Figure S1B). These large aggregates were not found when 

PEI/DNA/PIP3 complexes were incubated in cell culture medium in the absence of cells 

(Supplementary Figure S1A). This suggests that the formation of large aggregates is 

dependent on the interaction of the particles with the cells. A similar phenomenon has 

been described for P. aeruginosa, which formed large aggregates following interaction 

with the apical surface of epithelial cells [5].  

PEI/PIP3 polyplexes deliver PIP3 and recruit basolateral receptors to the apical 

plasma membrane of MDCK cells 

To determine whether, similar to PIP3/histone (Figure 1), PEI/PIP3 polyplexes can 

deliver PIP3 to the apical plasma membrane of polarized epithelial cells, PEI/PIP3 

polyplexes were applied to the apical surface of MDCK cell monolayers that stably 

expressed the PIP3 sensor GFP-PH-Akt. The PEI/PIP3 polyplexes were double-labeled 

with fluorescent PIP3-Bodipy-TMR and Cy5-pDNA, to visualize their localization. After 

one hour of incubation, a clear local apical accumulation of GFP-PH-Akt was detected 

adjacent to the PIP3-Bodipy-TMR (red) signal that colocalized with the Cy5-pDNA (blue) 

signal, indicating the recruitment  of GFP-PH-Akt at the site of PEI/PIP3 polyplex 

binding to the apical cell surface (Figure 2A, right panel). In untreated cells, GFP-PH-Akt 

localized exclusively at the basolateral surface (Figure 2A, left panel). Also the addition 

of PEI polyplexes, i.e., without PIP3, to the apical surface did not result in the apical 

accumulation of GFP-PH-Akt (Figure 2A, middle panel). In MDCK cell monolayers that 

were treated with PEI/PIP3 polyplex, on average 20% of the cells showed apical PH-Akt 

(PIP3) clusters and typically one cluster was observed per cell (Figure 2B). Furthermore, 

the addition of PEI/DNA/PIP3 complexes, but not PEI/DNA complexes, to the apical 

side stimulated the phosphorylation of Akt, which occurred in a PI3-Kinase-dependent 

manner (Figure 2C). The latter was shown by the fact that in the presence of the PI3-

Kinase inhibitor LY294002, Akt-phosphorylation was effectively inhibited (Figure 2C). 

Moreover, LY treatment of MDCK cell monolayers resulted in the redistribution of GFP-

PH-Akt from the basolateral membrane to the cytosol (Supplementary Figure S2A). 

Interestingly, subsequent incubation with PEI/DNA/PIP3 complexes still led to apical 

accumulation of GFP-PH-Akt at the site of polyplex binding (Supplementary Figure S2B). 

These data suggest that the transfer of PIP3 from the polyplex to the apical membrane 

leads to GFP-PH-Akt recruitment and that potentially additional PIP3, arising from the 

conversion of apical PIP2 into PIP3 due to PI3-Kinase activation, does not play a role in  
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Table 1. The particle size and zeta potential of PEI/DNA (N/P 10) and PEI/DNA/PIP3 (N/P 6.3). 

  Particle size (nm) Zeta potential (mV) 

PEI/DNA/PIP3 253.2 ± 39.9 18.6 ± 0.5 

PEI/DNA 92.4 ± 1.0 18.3 ± 1.9 

 

 

Figure 2. Apical incubation of MDCK cells with PEI/DNA/PIP3 polyplexes leads to PI3-Kinase 

activation. A, Polarized MDCK cells stably expressing GFP-PH-Akt (green) were treated with 

PEI/DNA/PIP3 or PEI/DNA complex, or without any treatment (control). Plasmid DNA was labeled 

by Cy5 (blue), PIP3 was labeled by BODIPY-TMR (red).  Scale bar is 5 μm. B, The presence of 

apical PIP3 (PH-Akt) clusters was quantified in MDCK cells treated with PEI/DNA/PIP3 or PEI/DNA 

complex, or without any treatment (control). Per condition 80-100 cells were analyzed from three 

independent experiments. Data are presented as mean ± SD. Two-tailed t-test was used to 

determine statistical difference between each treatment group and control. *p<0.05. C, MDCK cells 

were treated with PEI/DNA, and PEI/DNAPIP3 complexes. Cell lysates were analyzed for 

phosphorylated Akt and total Akt expression by Western blotting. Actin served as a loading control. 

The numbers below the lanes indicate the phospho-Akt/total Akt ratio. 
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Figure 3. Apical incubation of MDCK cells with PEI/PIP3 polyplexes induces recruitment of 

basolateral receptors. After apical addition of PEI/DNA/PIP3 or PEI/DNA complex, cells were 

fixed and immunostained for A, β1-integrin at 1 hr (green). Plasmid DNA in polyplex was labelled 

by Cy5 (Blue); B, syndecan-1 at 1 hr (green); C, transferrin receptor (TrfR) at 30 min. (green). F-

actin was stained with phalloidin-Alexa Fluor 546 (red). Cell nuclei and plasmid DNA were stained 

with Draq 5 (blue) in B and C: large round structures underneath apical plane, as indicated by 

staining for actin, represent nuclei. Irregular clusters above apical plane represent the complexes. 

Apical appearance of basolateral receptors, that colocalizes with polyplex, is indicated with 

arrowheads. Scale bar is 5 μm.  The presence of apical clusters of β1-integrin, syndecan-1, and 

TrfR was quantified in MDCK cells treated with PEI/DNA/PIP3 or PEI/DNA complex, or without any 

treatment (control). Per condition 80-100 cells were analyzed from at least two independent 
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experiments. Data are presented as mean ± SD. Two-tailed t-test was used to determine statistical 

difference between each treatment group and control. *p<0.05. The cartoon (D) illustrates 

basolateral receptor recruitment by PEI/DNA/PIP3 in MDCK cells.  

 

the observed effects. Together, these data indicate that PEI/PIP3 polyplexes 

successfully deliver PIP3 to the inner leaflet of the apical plasma membrane of polarized 

MDCK cells.  

The recruitment of basolateral receptors upon PIP3 delivery to the apical surface by 

PEI/PIP3 polyplexes was investigated next. In untreated cells β1-integrin is present at 

the basolateral plasma membrane (Figure 3A, upper row). Upon the addition of PEI 

polyplexes to the apical surface, a limited number of complexes bind to the apical 

surface, while β1-integrin remains at the basolateral domain (Figure 3A, middle row). In 

contrast, the addition of PEI/PIP3 polyplexes (DNA labeled with Cy5, blue) to the apical 

surface results in more extensive binding of complexes at the apical surface, which at 

least partially colocalize with β1-integrin (Figure 3A, bottom row). Similar observations 

were made for the syndecan-1 and transferrin receptor (TrfR). Specifically, syndecan-1 

and TrfR in untreated cells predominantly resided at the basolateral plasma membrane 

(upper rows in Figures 3B and C, respectively). The latter is consistent with the 300:1 

ratio of basolateral to apical transferrin receptors that was measured in polarized MDCK 

cells [26]. Addition of PEI polyplexes did not change the distribution of syndecan-1 and 

transferrin receptors (middle rows in Figures 3B and C, respectively). However, 

following treatment of MDCK cell monolayers with PEI/PIP3 polyplexes for one hour, the 

polyplexes were seen to partially colocalize with apical clusters of syndecan-1 (Figure 

3B, bottom row) and TrfR (Figure 3C, bottom row). The apical localization of receptor 

clusters in MDCK cell monolayers can be appreciated from their localization above the 

apical plane that is indicated by phalloidin-stained actin in the X-Z projection of the 

MDCK cell monolayer. MDCK cell monolayers that were treated with PEI/PIP3 

polyplexes showed on average 10-20 apical receptor clusters per 100 cells, whereas 

untreated monolayers and monolayers treated with PEI polyplexes showed < 5 

clusters/100 cells (graphs in Figures 3A-C). Altogether, the data demonstrate that 

PEI/PIP3 polyplexes locally deliver PIP3 to the apical plasma membrane which, in turn, 

mediates the recruitment of basolateral receptors to the site where the polyplexes reside.  

PEI/PIP3 polyplexes show enhanced internalization by MDCK cell monolayers 

compared to PEI polyplexes 

The binding and internalization of PEI and PEI/PIP3 polyplexes in MDCK cells was 

determined using fluorescently labeled polyplexes. Both types of polyplexes were 

fluorescently labeled through the complexation of Cy-3 DNA, while the apical membrane 

of  MDCK  monolayers  was  stained  by a  fluorescent  wheat germ agglutinin conjugate  
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Figure 4. Binding and uptake efficiency of PEI/PIP3 and PEI polyplexes by MDCK cells after 

4 hours and 72 hours incubation. A, MDCK cells were incubated with complexes for 4 and 72 h, 

after which the apical plasma membrane was stained with WGA-Alexa Fluor 633 conjugate (blue). 

Plasmid DNA was labeled by Cy3 (red). Pink (blue + red) color indicates binding of complexes at 

the apical plasma membrane. Red color indicates internalization of complexes. Scale bar 10 μm. B, 

The mean fluorescence intensity of the MDCK cells, representing the fraction of internalized Cy3-

labeled polyplexes, was quantified after 72 hours by FACS analysis. * indicates statistical 

significant difference in t-test (*p<0.05). 

 

(WGA-Alexa fluor 633), which selectively binds to N‑acetylglucosamine and N-

acetylneuraminic acid (sialic acid) residues, in order to discriminate between cell-bound 

and internalized complexes. After 4 hours of incubation of MDCK cell monolayers with 

PEI/PIP3 polyplexes an extensive association with the apical surface was detected, as 
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shown by the magenta color, resulting from colocalization of the Cy-3 (red) labeled 

particles and WGA (blue) (Figure 4A; 4h, lower panel). PEI polyplexes also localized at 

the apical surface, which is visible from the magenta color, although to a much lesser 

extent than the PIP3-containing polyplexes (Figure 4A; 4h, compare upper and lower 

panel). In addition, limited uptake of PEI polyplexes was present at t=4 h, as indicated 

by the red fluorescence that localized underneath the apical membrane (Figure 4A; 4hrs, 

upper panel). The fact that WGA only stained the apical membrane, and did not 

penetrate the monolayer to stain the basolateral membrane, indicates that the treatment 

with PEI and PEI/PIP3 polyplexes did not compromise monolayer integrity, i.e., create 

imperfections in the monolayer through which WGA could penetrate, and stain the 

basolateral surface. The non-toxic nature of the treatments was confirmed by MTT 

assay (Supplementary Figure S3A). After 72 h of incubation of MDCK cells with 

PEI/PIP3 polyplexes, cell areas were found that showed high internalization of PEI/PIP3 

polyplexes (in red) (Figure 4A; 72h, lower panel). Strikingly, after 72 h of incubation the 

internalization of PEI polyplexes was comparable to the level detected after 4 h of 

incubation (Figure 4A; upper panels), and significantly less than that of the PEI/PIP3 

polyplexes. This suggests that the uptake of PEI/DNA reaches its maximum after 4 h of 

incubation, while the uptake of PEI/DNA/PIP3 occurs more slowly, but is of higher 

capacity. Quantification of the cellular internalization of PEI and PEI/PIP3 polyplexes at 

t=72 h by FACS analysis revealed that the fluorescence intensity per cell was ~2-fold 

higher in cells incubated with PEI/DNA/PIP3 compared to cells incubated with PEI/DNA 

(Figure 4B). At this time point, the PEI/PIP3 polyplexes colocalized with markers of late 

endosomes (Rab9-dsRed; Figure 5A), and lysosomes (Lamp1-GFP; Figure 5B), 

indicating their uptake via endocytosis. This was confirmed by electron microscopic 

investigation (Supplementary Figure S4). Electron micrographs of MDCK cell 

monolayers incubated with PEI/PIP3 polyplexes showed the presence of clusters of 

polyplexes at the apical membrane, indicated by the presence of microvilli 

(Supplementary Figure S4A). The morphology of the polyplexes by TEM investigation 

presents as a toroidal ring (donut-like shape) and shows an internal lamellar-like or 

fingerprint structure [27-29]. Moreover, the shape of the aggregates at the apical surface 

as determined by TEM was similar as was shown from the fluorescent images (compare 

Figure S4A and Figure 4A). Furthermore, polyplexes were detected within endosomes 

(Supplementary Figure S4B, C, boxed areas), in lysosomal structures (Supplementary 

Figure S4D, boxed area), and free in the cytosol (Supplementary Figure S4D, white 

arrowheads). These data are consistent with the uptake of polyplexes via endocytosis 

and their processing toward lysosomes.  

PEI/PIP3 polyplexes show efficient endosomal escape  

The final step in the transfection process, i.e., the transfer of DNA into the nucleus, is 

dependent on the temporary absence of the  nuclear  membrane,  that  occurs   during  



PIP3-Containing Complexes 

 

59 

 

Figure 5. PEI/PIP3 polyplexes localize in late endosomes/lysosomes. A, MDCK cells that 

transiently express the fluorescent fusion protein Rab9-dsRed (late endosome), and B, Lamp1-

GFP (late endosome/lysosome) were treated with PEI/PIP3 polyplexes for 72 hours. Polyplexes 

were fluorescently labeled with Atto495-ODN (A) and Cy5-DNA (B) in order to determine 

colocalization. Scale bar is 5 μm. 

 

 

 

Figure 6. PEI/PIP3 polyplexes mediate efficient endosomal escape of oligonucleotides 

(ODNs). MDCK cells were incubated for 4 h with PEI/ODN/PIP3 complexes containing 0.1, 0.3, 

and 0.6 nmol TAMRA-labeled ODNs (red). The overlays of the fluorescent images with the phase 

contrast images shows the completeness of the MDCK monolayer for each condition. The number 

of fluorescent nuclei in cells treated with PEI/PIP3 containing 0.6 nmol ODN > PEI/PIP3 containing 

0.3 nmol  ODN >  PEI/PIP3 containing 0.1 nmol ODN (= 0). Scale bar is 10 µm. 
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Table 2. Particle size and zeta potential of PEI/PIP3 complexes with ODN. Different amounts of 

ODN (0.1 nmol, 0.3 nmol, 0.6 nmol) were complexed by PEI/PIP3, resulting in polyplexes with N/P 

ratios of 7.0, 5.2, and 3.8, respectively. 

  Particle Size (nm) Zeta potential (mV) 

PEI/ODN/PIP3 

(ODN 0.1 nmol;  N/P 7.0) 
133.5 ± 0.8 40.3 ± 0.4 

PEI/ODN/PIP3 

(ODN 0.3 nmol;  N/P 5.2) 
120.0 ± 0.7 37.5 ± 0.7 

PEI/ODN/PIP3 

(ODN 0.6 nmol; N/P 3.8) 
127.8 ± 0.8 18.7 ± 0.8 

 

mitosis [30].  Therefore it is not expected that the uptake of DNA-containing polyplexes 

in MDCK monolayers will result in gene expression, because polarized cell monolayers 

show negligible cell division. Indeed, the chromosomal DNA in MDCK monolayers 

showed essentially no mitotic figures, as was revealed by DAPI staining (data not 

shown). Notably, because of low cell proliferation in epithelium (e.g. lung) in vivo and/or 

the ‘hidden’ location of the proliferative cells (e.g. in stratum basale in skin epidermis, 

and in crypts in intestinal epithelium), non-viral delivery systems, including our PIP3-

containing polyplexes, are expected to be particularly useful for the delivery of nucleic 

acids that do not require cell division for their activity, such as antisense 

oligonucleotides (ODNs) and siRNA. Following their escape from endosomes, ODNs 

passively diffuse into the nucleus where they can bind to complementary mRNA and 

inhibit gene expression, while siRNA mediates gene silencing following its binding to the 

RNA-induced silencing complex (RISC) that is present within the cell’s cytoplasm. 

Consequently the activity of both ODNs and siRNA is not restricted by the absence of 

mitotic events. Therefore, while fluorescently labeled DNA was useful to label our 

nanoparticles in order to investigate cellular binding and uptake of the PEI/PIP3 

polyplexes, we used ODNs and siRNA  in  subsequent   experiments  to  show  the  

potential  of  our  delivery system  to  induce  a dissociation of genetic cargo from the 

polyplexes, fluorescently labeled ODNs were used, because they passively accumulate 

in the nucleus after their cytosolic release, allowing for easy detection [14].  PEI/PIP3 

polyplexes that contained 0.1 nmol ODN (N/P 7) showed significant uptake into MDCK 

monolayers, but no endosomal escape, as indicated by the punctate fluorescence 
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pattern consistent with the cytoplasmic distribution of endosomes/lysosomes, and the 

absence of fluorescent nuclei  (Figure 6, left; and Figure 5). However,  an increase in 

the amount of ODN in PEI/PIP3 polyplexes (resulting in a concomitant decrease in the 

N/P ratio), resulted in an efficient nuclear accumulation of ODNs, indicating their 

efficient endosomal escape (Figure 6, middle and right). For size and zeta potential of 

the different complexes, see Table 2. Polarized MDCK monolayers incubated for 4 hrs 

with PEI/ODN/PIP3 complexes containing 0.3 nmol ODN (N/P ratio 5.3) and 0.6 nmol 

ODN (N/P ratio 3.8) showed 24.61 ± 4.24% and 56.21 ± 0.91% ODN-positive nuclei, 

respectively.  

PEI/PIP3 polyplexes induce efficient RNA interference 

Finally, to demonstrate the effectiveness of PEI/PIP3 polyplexes to generate a 

physiological effect, its ability to induce RNA interference was investigated. To this end, 

polarized monolayers of MDCK cells stably transfected with GFP, were treated with 

PEI/PIP3 polyplexes containing 0.1, 0.2, and 0.3 nmol anti-GFP siRNA. Most efficient 

GFP knockdown was observed in cells treated with PEI/PIP3 polyplexes containing 0.3 

nmol siRNA (N/P 3.5). Notably, this N/P ratio is similar to the N/P ratio of PEI/ODN/PIP3 

complexes that showed most efficient endosomal escape. Furthermore, the polyplexes 

exhibited minimal cellular toxicity (Supplementary Figure S3B). For comparison, MDCK 

monolayers were treated with PEI/anti-GFP siRNA, and PEI/control siRNA/PIP3. In 

untreated GFP-MDCK monolayers (control) all cells expressed GFP, whereas in 

monolayers treated with PEI/anti-GFP siRNA/PIP3 ~30% of the cells showed essentially 

complete knockdown of GFP expression (Figure 7A).  

Notably, the fluorescence micrograph of the MDCK monolayer that was treated with 

PEI/PIP3 polyplexes showed a ‘patchy’ pattern of GFP knockdown, that resembles the 

pattern of binding/uptake of PEI/PIP3 polyplexes (cf. Figure 4A) and the pattern of their 

endosomal escape (cf. Figure 6, right). PEI/PIP3 polyplexes with control siRNA did not 

lead to a decrease in GFP expression (Figure 7A, B), which indicates that the observed 

knockdown is induced by an siRNA-specific effect. Moreover, transfection with PEI/anti-

GFP siRNA resulted in less than 5% of GFP-negative cells (Figure 7A, B), showing the 

superiority of the PIP3-containing polyplexes in inducing gene silencing.  

Conclusions 

Our results indicate that PEI/PIP3 polyplexes are able to insert PIP3 into the apical 

plasma membrane of polarized MDCK cells; induce apical-basal polarity reversal in 

these cells; and, promote their cellular internalization, in comparison to PEI polyplexes. 

Moreover, PEI/PIP3 polyplexes demonstrated efficient endosomal escape and 

effectiveness in inducing RNA interference.  
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Figure 7. PEI/anti-GFP siRNA/PIP3 complexes mediate efficient gene silencing in MDCK cell 

monolayers that stably express GFP. Monolayers of GFP-expressing MDCK cells were 

incubated with PEI/anti-GFP siRNA/PIP3, PEI/anti-GFP siRNA, and PEI/control siRNA/PIP3 

complexes for 96 h. A, GFP downregulation was quantified as the number of GFP-negative cells in 

the MDCK monolayers, using fluorescence microscopy. Results are presented as mean ± SD, two-

tailed test, *p<0.01. B, Representative images of MDCK-GFP (green) monolayers treated with 

different complexes are shown, Nuclei were stained with DAPI (blue). scale bar is 30 µm.  
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In conclusion, the PEI/PIP3 polyplex-triggered local apical-basal polarity reversal in 

epithelial cells, inspired by the pathogenic bacterium Pseudomonas aeruginosa, 

provides a promising opportunity for the entry of drug delivery systems into epithelium 

without the need for barrier disruption. The transient apical appearance of basolateral 

receptors solely at the site of polyplex binding likely assures receptor occupancy 

predominantly by the polyplex, contributing to the safety of the system.  

Materials and Methods  

Antibodies, Plasmids and Reagents  

Primary antibodies were obtained from the following sources: mouse ZO-1 antibody and 

rabbit anti-GFP antibody were purchased from Life technologies; mouse β-actin was 

obtained from Sigma; rabbit Syndecan-1 antibody and mouse Transferrin Receptor 

antibody were obtained from Invitrogen; rat anti-β1 integrin antibody (AIIB2) was 

obtained from the Developmental Studies Hybridoma Bank. Anti-mouse, anti-rabbit, and 

anti-rat Alexafluor®555 and Alexafluor®488 secondary antibodies were obtained from 

Life Technologies. Actin filaments were stained with phalloidin–Alexa Fluor 546 (Sigma). 

Nuclear staining reagent Draq5® was from Cell Signaling Technology and DAPI (4',6-

diamidino-2-phenylindole)  from Life Technologies. Alexa Fluor® 633-Wheat Germ 

Agglutinin was purchased from Life Technologies.  

Plasmid DNAs were obtained from the following sources: pEGFP-N1 was purchased 

from Clontech (USA); pRab9-dsRed, and pLAMP1-GFP were obtained from Addgene 

(Cambridge, MA, USA). Plasmid DNA encoding the pleckstrin homology (PH) domain of 

Akt was a gift from dr. Mostov (UCSF/USA). Plasmid DNAs were isolated from 

transformed E.coli using GenElute TM HP Plasmid Midiprep kits (Sigma Aldrich) 

following the manufacturer’s protocol. pDNAs were fluorescently labeled with Cy5 or 

Cy3 using Label IT® Tracker Intracellular Nucleic Acid Localization Kit (Mirus, MA, USA). 

Branched Polyethyleneimine (PEI; M.W. 25 kDa) was purchased from Sigma Aldrich. 

Long chain (Di-C16) synthetic phosphoinositides: PtdIns(3,4,5)P3, BODIPY®-TMR 

conjugated PtdIns(3,4,5)P3, and Histone H1 were from Echelon (Salt Lake City, UT). 

Atto 495-labeled and TAMRA-labeled fully phosphorothioated oligonucleotides (5'-

ACTACTACACTAGACTAC-3') were from Biomers.net GmbH (Ulm, Germany). Anti-

GFP siRNA (Sense CAAGCUGACCCUGAAGUUCdTdT and antisense 

GAACUUCAGGGUCAGCUUGdTdT）was obtained from Biolegio, and negative control 

siRNA was obtained from Invitrogen.  

MDCK cell culture 

MDCK cells were grown in Dulbecco’s modified Eagle’s medium (Gibco, Breda, The 

Netherlands) containing 10% fetal bovine serum, 2 mM L-glutamine (Gibco), 100 U/ml 
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penicillin (Invitrogen), and 100 mg/ml streptomycin (Invitrogen), at 37°C and 5% CO2.  

GFP-PH-Akt MDCK cells were generated by stable transfection of MDCK cells with a 

plasmid encoding the pleckstrin homology (PH) domain of Akt. For experiments MDCK 

cells were plated at 1 × 105 cells/well in 12-well Transwell filter plates from Costar 

(Corning Life Sciences, Acton, MA). The next day, the cell culture medium was 

refreshed. At day 3 after plating, cell resistance was measured with a Millicell-ERS 

device (Millipore, Billerica, MA) and experiments were performed only if TEER > 178 

Ω/cm2. 

Phosphoinositides delivery to MDCK cells by Histone H1 

Complexes of phosphoinositides (PtdIns(3,4,5)P3) and Histone H1 were made 

according to the manufacturer’s protocol. Briefly, 10 µL of a 300 µM phosphoinositide 

solution (PBS, pH 7.4) was added to 10 µL of 100 µM histone H1 (water), gently mixed 

by pipetting, and incubated for 10 minutes at room temperature. The resulting 

complexes were diluted into 100 μL medium and added to the apical side of the 

monolayer of MDCK cells and incubated for different time periods. 

Preparation of PEI/DNA and PEI/DNA/PIP3 polyplexes 

Branched PEI 25kDa is considered as one of the most potent synthetic gene carriers in 

vitro. Here it was used as the polycation in the formation of a ternary polyplex 

formulation. Phosphoinositide-containing PEI polyplexes were prepared as shown in 

Scheme 1. Briefly, 10 µL 300 µM phosphoinositides in PBS (pH 7.4) was mixed with 1 

μg of (pEGFP-N1) DNA in 0.1 mL serum-free medium by gentle pipetting. Then 

branched PEI (200 µg/mL) was added to the DNA/PIP3 mixture and rapidly mixed by 

pipetting, to obtain PEI/DNA/PIP3 complexes at an N/P ratio of 6.3, where N represents 

polymer amino groups and P comprises phosphate groups originating from the DNA 

and the phospholipids. The resulting mixture was incubated for 20 min at ambient 

temperature to yield the PEI/DNA/PIP3 ternary polyplex. PEI/DNA complexes were 

made by directly mixing PEI stock solution and DNA in serum-free medium at N/P ratio 

of 10, where N represents polymer amino groups and P represents DNA phosphate 

groups. The particle size and zeta potential were measured using a Malvern Zetasizer 

NS90 (Malvern Instruments, Malvern,UK). The N/P ratio of 10 was used for PEI/DNA 

complexes because at this ratio optimal transfection of subconfluent MDCK cells was 

obtained with minimal toxicity. For PEI/DNA/PIP3 complexes the same amount of PIP3 

was used as was shown to be effective in recruiting basolateral receptors when 

complexed with histon H1. The amount of DNA was kept constant between the two 

types of particles. PEI was added to completely complex all DNA, and yield similar 

transfection efficiency in subconfluent MDCK cells as PEI/DNA complexes. 
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Scheme 1. Formation of PEI/DNA/PIP3 ternary complexes. N/P= (nitrogen groups in PEI) / 

(phosphate  groups in DNA and PIP3). 

Western blot analysis  

Polarized MDCK cell monolayers were treated with PEI/DNA and PEI/DNA/PIP3 

polyplexes for 1 h with or without prior treatment with the PI3 kinase inhibitor LY294002 

(20 µM, 30 min). Cells on the filter were lysed in 150 μL ice-cold 2 × SDS-Laemlli buffer, 

heated for 5 min at 95 ºC, and subjected to SDS-PAGE and Western blotting following 

standard procedures. Primary antibodies used were rabbit anti-phospho-Akt Ser473 

(Cell Signaling, 1:1000), rabbit anti-Akt (Cell Signaling, 1:1000) and mouse anti-β-Actin 

(Sigma-Aldrich, 1:2000). Alexafluor® secondary antibodies were used. The signals were 

detected using the Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE) 

and analyzed with Image-J software. The experiment was repeated three times. 

Transfection of MDCK cell monolayers with polyplexes  

MDCK cell monolayers were rinsed twice with warm phosphate buffered saline (HBSS, 

pH 7.4). Subsequently, 0.4 ml of serum-free medium and 0.1 ml of PEI/DNA/PIP3 

ternary complexes or PEI/DNA complexes were added to the apical surface of the 

MDCK cells. The final DNA concentration was 1.0 μg/well. At different time-points the 

cells were fixed with 4% paraformaldehyde in PBS and processed for immunostaining, 

as described below. Alternatively, for quantification of the cellular uptake, the cells were 

supplied with 0.4 ml complete culture medium after transfection for 4 h. After 72 h of 

incubation the cells were rinsed twice with PBS. Subsequently cells were treated with 

trypsin/EDTA for 8 min, collected by centrifugation, suspended in 0.4 ml PBS and kept 
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on ice until analysis. The percentage of Cy5-positive cells was analyzed by flow 

cytometry using a FACS-Calibur Instrument (Becton-Dickinson). 

Immunofluorescence staining and image analysis  

After fixation, cells were rinsed with 10 mM glycine in 0.1% BSA in PBS, permeabilized 

with 0.1% Triton X-100 in PBS, incubated with primary antibody at 37  for 1 h, and  

incubated with fluorophore-conjugated secondary antibody. Filamentous actin was 

visualized by incubating samples with fluorophore-conjugated phalloidin. Cell nuclei 

were stained by the DNA probes Draq5® and DAPI. Alexa Fluor® 633-conjugated Wheat 

Germ Agglutinin (to stain the apical plasma membrane) was used according to the 

manufacturer’s protocol. The samples were investigated by confocal microscopy using a 

Leica SP2 AOBS Confocal microscope or a Leica SP8 Confocal microscope. Images 

were analyzed with Imaris software (Bitplane). 

Cell viability assay 

To evaluate whether PEI/DNA, PEI/DNA/PIP3, and PEI/siRNA/PIP3 induced cytotoxicity 

in MDCK cells, an MTT colorimetric assay was performed. Briefly, MDCK cells were 

seeded in 96-well plates at a density of 5000 cells/well. After 72 h, when the cells had 

formed a monolayer, the cells were incubated with the polyplexes in serum-free medium 

for 24 h, after which the complexes were aspirated and complete medium was added. 

After another 48 h, 20 μl MTT in 5 mg/mL phosphate buffered saline solution was added 

to each well. After 4 h of incubation at room temperature, the supernatant was aspirated 

and the formazan crystals were dissolved in 180 μL DMSO. For siRNA-containing 

polyplexes, the cells were incubated for 96 h with the different siRNA complexes, and 

the medium was refreshed every 24 h. Absorption was measured photometrically at 570 

nm with a background (serum-free medium plus MTT) correction using a Bio-Tek 

µQuant™ Microplate Spectrophotometer. Values of 4 measurements were normalized 

to 100% for the control group (cells exposed to serum-free medium without complexes). 

The cell viability was calculated by the formula: (Absorbance /Absorbance (control)) 

×100%. 

Transmission electron microscopy of transfected MDCK cells  

Polarized MDCK cells grown on transwells were incubated with PEI/DNA/PIP3 and 

PEI/DNA complexes for 4 h and 72 h. Cells were fixed for 1 hour on ice in 1.5% 

glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, containing 1% sucrose. After 

postfixation in 1% OsO4/1.5% K4Fe(CN)6, cells were dehydrated in graded alcohol 

series and embedded in Epon 812. After polymerization for 4 days at 45 °C, ultra-thin 

sections were cut and stained with 1% tannic acid and 1% uranylacetate. (All chemicals 

used for the processing of cells for investigation by transmission electron microscopy 

were from Sigma). The sections were examined using a Philips CM 100 electron 
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microscope (Eindhoven, The Netherlands) operating at 60 kV, and micrographs were 

taken. 

Endosomal escape of PEI and PEI/PIP3 polyplexes  

Polyplexes containing TAMRA-ODN were used to allow for direct quantification of the 

endosomal escape of the polyplexes, by evaluating the nuclear accumulation of ODNs. 

MDCK monolayers were grown on Lab-TekⅡchamber slides (Thermo Scientific) after 

which PEI/TAMRA-ODN/PIP3 or PEI/TAMRA-ODN polyplexes, containing 0.1, 0.3, and 

0.6 nmol ODN, were added to the apical side of the MDCK cell monolayer. After 4 h of 

incubation, the monolayers were rinsed with HBSS, and of each condition three 

randomly selected areas were imaged by confocal microscopy. The percentage of 

release was calculated as: TAMRA-ODN positive nuclei/ total cell nuclei.  

RNA interference with PEI/PIP3 polyplexes 

PEI/anti-GFP siRNA/PIP3 complexes were prepared following the same protocol as for 

PEI/DNA/PIP3 complexes. MDCK cells stably expressing GFP were grown as a 

polarized monolayer. Cells were incubated with PEI/siRNA and PEI/siRNA/PIP3 

complexes containing  0.3 nmol anti-GFP siRNA or  negative control siRNA for 96 hrs. 

GFP down-regulation in the cell monolayers was quantified as the percentage of GFP-

negative cells.  

Statistical analysis  

Data are expressed as mean ± standard deviation (SD) and were obtained from at least 

three two independent experiments. Statistical analysis was performed using the two-

tailed t-test. p < 0.05 was considered significant. 
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Supplementary Figure S1. Relative particle sizes of PEI/DNA/PIP3 polyplexes in the absence and 

presence of MDCK cells. A, The morphology of PIP3-containing polyplexes following incubation in 

the absence of MDCK cells for 4 h at 37°C. B, The morphology of PIP3-containing particles 

following incubation in the presence of MDCK cells for 4 h at 37°C. Particles are fluorescently 

labeled with Cy3- DNA (red); scale bar is 10 µm. 
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Supplementary Figure S2. Recruitment of GFP-PH-Akt to the apical side of MDCK cells by 

PEI/DNA/PIP3 complexes is independent of PI3-Kinase activity. In control MDCK cells GFP-

PH-Akt localizes at the basolateral membrane (Figure S2A, left panel). In the presence of 

LY294002 GFP-PH-Akt localizes in the cytosol (Figure S2A, right panel). Both in the absence and 

presence of LY294002, PEI/DNA/PIP3 complexes (double-labeled with PIP3-TMR (red) and Cy-5 

DNA (blue)) induce recruitment of GFP-PH-Akt to the apical side of MDCK cells (Figure S2B, white 

arrowheads). Scale bar is 5 µm. B, Akt protrusions per cell on apical cell surface were quantified 

from two independent experiment, and data are presented as mean ± SD. 
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Supplementary Figure S3.  Cell viability of MDCK cells after incubation with PEI and 

PEI/PIP3 complexes, as determined by MTT cytotoxicity test. A, MDCK cells grown in a 96-well 

plates were treated with PEI/DNA (N/P=10) and PEI/DNA/PIP3 (N/P=6.3) polyplexes. Because 

PEI/DNA/PIP3 contains a higher amount of PEI than PEI/DNA, the contribution of this higher 

amount of PEI to cellular cytotoxicity was investigated as well. To this end, cells were treated with 

PEI/DNA complexes containing the same amount of PEI as used in PEI/DNA/PIP3, i.e., PEI/DNA 

complexes with an N/P of 24.6. The cells were refreshed with medium every 24 hours. At 72 hours 

after the addition of the complexes, the mitochondrial metabolic activity was assessed by MTT 

assay. B, MDCK-GFP cell monolayers were treated with PEI/anti-GFP siRNA and PEI/anti-GFP 

siRNA/PIP3 complexes containing 0.3 nmol siRNA. The cells were refreshed with medium every 24 

hours. After a total of 96 hours, the MTT assay was performed. Values represent the mean ± SD of 

three independent experiments performed in triplicate. 
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Supplementary Figure S4. Ultrastructural investigation of the intracellular fate of PEI/PIP3 

polyplexes in MDCK cells by Transmission Electron Microscopy. MDCK cells were incubated 

with PEI/DNA/PIP3 complex for 4 h (A, B) or 72 h (C,D). Electron-dense fingerprint-like structures, 

representing PEI/DNA/PIP3 complex, were present A, at the apical cell surface, as exemplified by 

the presence of microvilli;  B, C, within endosomal structures; and D, in multilamellar structures 

(boxed area) and free in the cytosol (white arrowheads).  
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Abstract  

The intestinal barrier poses a major challenge to oral drug delivery due to the presence 

of morphological and physiological absorption barriers in the gastrointestinal tract, 

particularly for macromolecules (DNA, RNA, and proteins). The process of transcytosis, 

that is the transcellular vesicular transport of macromolecules across cells, may provide 

a gateway for orally administered macromolecules from the gut to the blood. Likewise, 

transcytosis is exploited by pathogens to invade the intestinal tissue. The GM1 

ganglioside on the apical membrane of polarized intestinal epithelial cells was reported 

as a receptor for the Cholera toxin B subunit (CTB), and mediates CTB transport from 

the apical to the basolateral membrane of intestinal epithelial cells via the process of 

transcytosis. 

In this study, a GM1-targeting peptide ‘G23’ was covalently conjugated to a model 

polycation (polyethylenimine, PEI) with or without a polyethylene glycol (PEG) spacer,  

and these conjugates were evaluated for their potential to carry genetic material across 

Caco-2 intestinal epithelial cell monolayers.  

The particle sizes of the different polyplexes, at a nitrogen/phosphate (N/P) ratio of 9.5, 

were < 100 nm. The surface charge of the PEG- and/or G23-modified polyplexes, i.e., 

12.4-20.9 mV, was lower than that of PEI polyplexes, i.e., 26.6 mV. While PEI 

polyplexes showed exclusive binding to GM3 ganglioside, G23-conjugated polyplexes 

showed major affinity to GM1. Moreover, conjugation of the G23 peptide to PEI 

polyplexes facilitated polyplex transport across Caco-2 cell monolayers, especially when 

the peptide was exposed via a PEG spacer. Possibly, the PEG spacer allows the G23 

peptide to be better exposed and/or adopt the proper conformation for interaction with 

the GM1 receptor. Interestingly, prior incubation with CTB, a natural ligand for GM1, 

enhanced the transcytosis of PEI-PEG-G23 polyplexes across Caco-2 cell monolayers. 

Conceivably, CTB enhances the internalization of PEI-PEG-G23 polyplexes and their 

sorting into a transcytotic pathway by inducing the clustering of GM1 receptors at the 

cell surface of the Caco-2 cells.   
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Introduction 

The intestinal epithelium is a single cell layer of enterocytes lining the gut lumen that 

constitutes a selectively permeable barrier for the external environment. The tight 

junctions between the neighboring enterocytes divide the plasma membrane (PM) into 

separate apical (AP) and basolateral (BL) domains, that each has a different 

composition of proteins and lipids. The apical PM faces the gut lumen, while the 

basolateral PM is in contact with the extracellular matrix [1]. Apical-basolateral polarity is 

believed to be the prerequisite for tissue function and directional transport [2]. 

Enterocytes transport dietary nutrients, electrolytes, and water from the lumen to the 

circulation, while preventing the transport of harmful substances, including foreign 

antigens, microorganisms, and their toxins. Small hydrophilic molecules or ions can 

passively diffuse paracellularly by the aid of tight junction permeability [3], while 

macromolecules can pass the epithelial barrier by active transport, e.g. via transport 

proteins or the process of transcytosis [4]. Transcytosis involves endocytosis at one PM 

domain followed by exocytosis at the opposite PM domain, requiring the endocytic 

cargo being sorted away from the degradative (lysosomal) pathway.  

Glycosphingolipids are highly enriched at the apical membrane domain of epithelial cells 

and play a role in cell recognition and signaling [5] [6]. In addition, glycosphingolipids 

are exploited by numerous toxins and viruses as receptors for cellular entry [7] [8]. The 

glycosphingolipid GM1 ganglioside has been particularly well investigated for its role as 

the cell surface receptor for cholera toxin B (CTB). CTB is well known for its capacity to 

evade the gastrointestinal tract via receptor-mediated transcytosis [9] [10]. In our 

previous work, a novel GM1-binding dodecapeptide, i.e., G23 peptide, was identified 

using a phage display technique, and was shown to mediate the transport of polymeric 

nanocarriers across the blood-brain barrier following intravenous administration [11]. 

Here, the capability of the G23 peptide to mediate nanocarrier transport across intestinal 

epithelial cells was examined, to investigate its potential use for the oral administration 

of therapeutics.  

The oral administration of therapeutics presents great potential for the treatment of 

diseases, because the gastrointestinal tract provides a large surface area for the uptake 

of therapeutics, while oral dosing is patient-friendly. Grafting of therapeutics and/or 

drug-loaded nanocarriers with the hydrophilic polymer polyethylene glycol (PEG) can be 

used to improve mucosal permeability, particle stability, and oral absorption, resulting in 

the enhanced bioavailability of the drug compared with the non-pegylated formulation 

[12][13]. To increase the binding of (PEGylated) nanocarriers to specific target receptors, 

(PEGylated) nanocarriers can be modified with ligands. The cationic polymer PEI has 

been successfully modified with PEG and  targeting  ligands, including transferrin [14],  
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Scheme 1. Reaction scheme for PEI-PEG, PEI-PEG-G23, and PEI-G23 polycation conjugates. 
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Figure 1. Characterization of PEI, PEI-PEG (PP), PEI-PEG-G23 (PPG) and PEI-G23 (PG) 

polyplexes. A, Plasmid DNA was complexed with the different polymers at N/P 1-6, and subjected 

to agarose gel electrophoresis. Free DNA that migrates into the gel is visualized with ethidium 

bromide. B, The particle size of the different polyplexes (N/P 9.5), LF2k lipoplex, and JetPEI 

polyplex. C, The zeta potential of the different polyplexes (N/P 9.5), LF2k lipoplex, and JetPEI 

polyplex. The data are presented as the mean ± SD of four replicates from two independent 

experiments. 

 

RGD peptide [15], epithelial growth factor (EGF) [16], folate [17], Tat-1[18], and various 

antibodies [19].  

Here, branched PEI is conjugated, with or without a PEG spacer, to the GM1-binding 

G23 peptide. The synthesis of the polymer conjugates PEI-PEG, PEI-PEG-G23 and 

PEI-G23 is described, together with the characterization of the complexes between the 

polymers and DNA. In addition, the interaction of the polymer/DNA complexes with 

gangliosides and Caco-2 intestinal epithelial cells is studied with a special focus on the 

transcytotic potential of the polyplexes.  

Results and Discussion 

Formation and characterization of PEI, PEI-PEG, PEI-PEG-G23 and PEI-G23 

polyplexes  

Branched PEI polymer was PEGylated and/or functionalized with the G23 peptide, as 

described in the Materials and Methods, and illustrated in Scheme 1. The DNA binding 

ability of the different polymers, PEI, PEI-PEG, PEI-PEG-G23, and PEI-G23 was 

determined using an agarose gel retardation assay. Polyplexes were formed with the 

different polymers at a PEI nitrogen to DNA phosphate (N/P) molar ratio ranging from 1 

to 6, and subsequently subjected to agarose gel electrophoresis. Figure 1A shows that 

no migration of free DNA into the gel occurred for polyplexes with an N/P ratio of ≥ 4, 

indicating complete complexation of the DNA by the polymers at this N/P ratio. PEI-PEG 

could bind DNA as efficiently as PEI (Figure 1A). Thus, the partial occupation of the free 

amine groups in the PEI polymer by PEG chains, i.e., 5 mol%, did not negatively 

influence its DNA binding capacity. Neither did conjugation of the G23 peptide to PEI or 

PEI-PEG affect DNA-binding properties. 

Polyplexes with an N/P ratio of 9.5 showed efficient uptake into Caco-2 cells (not shown) 

and were used for further experiments. The particle size and surface charge of the 

different polyplexes at an N/P ratio of 9.5 were measured, and compared to that of 

Lipo2K lipoplexes and JetPEI polyplexes. The mean particle size of the different 

polyplexes, including JetPEI polyplexes, varied from 60.2 to 90.9 nm, while the Lipo2K 

lipoplexes showed a significantly larger size of 478.1 ± 58.3 nm (Figure 1B).  PEI 
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polyplexes showed a surface charge of 26.6 ± 2.3 mV, whereas PEI-PEG polyplexes 

had a significantly lower zeta potential of 12.4 ± 0.7 mV (Figure 1C), demonstrating the 

shielding effect of PEG on the polyplex surface charge. G23 modification of the 

pegylated polyplexes induced a slight increase in surface charge, i.e., 16.5 ± 1.5 mV for 

PEI-PEG-G23/DNA compared to 12.4 ± 0.7 mV for PEI-PEG/DNA (Figure 1C), that 

could be explained by the positive charge of the G23 peptide at pH7.4 (calculated pI 

point of G23 is 10.41 (http://pepcalc.com)). Polyplexes prepared with PEI-G23 showed a 

lower surface charge (20.9 ± 0.6 mV) than PEI polyplexes (Figure 1C), which can be 

explained by the loss of (protonated) primary amino groups due to peptide binding.  

G23-conjugated PEI polyplexes efficiently transcytose across an in vitro intestinal 

epithelial barrier  

Transcytosis experiments on intestinal epithelial cell monolayers were performed using 

the in vitro model as indicated in Scheme 2. Shortly, polarized monolayers of Caco-2 

cells on Transwell filters with HEK293T cells present in the underlying basal well were 

incubated for 48h with fluorescently labeled PEI, PEI-PEG, PEI-PEG-G23 and PEI-G23 

polyplexes. Subsequently, the fluorescence intensity in HEK293T cells, representing 

transcytosed polyplexes, was quantified by FACS analysis. For comparison, Lipo2K 

lipoplexes and JetPEI polyplexes were used.  

Following incubation of Caco-2 cell monolayers with Cy5-labeled PEI polyplexes, 19.6 ± 

12.9% of underlying HEK293T cells was positive for Cy-5 fluorescence (Figure 2A and 

fluorescent images in Supplementary Figure S1), whereas PEI-PEG polyplexes 

accumulated in 6.5 ± 1.7% of HEK293T cells. Because HEK293T cells efficiently 

internalized the different polyplexes with equal efficiencies when polyplexes were 

incubated directly with HEK293T cells (Supplementary Figure S2A), the data reveal a 

reduction in the capacity of PEGylated polyplexes compared to non-PEGylated 

polyplexes to cross Caco-2 cells. Functionalization of polyplexes with the G23 peptide 

resulted in a significant enhancement in their capacity to cross Caco-2 cells compared 

to non-functionalized polyplexes. Specifically, 55.2 ± 21.3% Cy5-positive HEK293T cells 

were detected following incubation of Caco-2 cell monolayers with PEI-PEG-G23 

polyplexes compared to 6.5 ± 1.7% following incubation with PEI-PEG polyplexes. 

Likewise, following incubation of Caco-2 cell monolayers with PEI-G23 polyplexes, 31.0 

± 6.1% of Cy5-positive HEK293T cells were detected compared to 19.6 ± 12.9% 

following incubation with PEI polyplexes (Figure 2A). Thus, functionalization of 

PEGylated PEI with the G23 peptide resulted in an 8.5-fold increase in the polyplex 

capacity to cross Caco-2 cells, while functionalization of PEI with G23 peptide resulted 

in a more moderate increase of 1.6-fold. The capacity of Lipo2K lipoplexes and JetPEI 

polyplexes to pass the Caco-2 cell monolayer was low, resulting in 4.6 ± 3.1% and 13.0 

± 9.5% of Cy-5 positive HEK293T cells, respectively (Figure 2A).  
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Scheme 2. Illustration of the experimental set-up for quantification of polyplex transcytosis. Caco-2 

intestinal epithelial cell monolayers were grown on Transwell filter inserts; HEK293T cells were 

cultured in the basal chambers. 

 

Figure 2. Transcytotic potential and cytotoxicity of PEI, PEI-PEG (PP), PEI-PEG-G23 (PPG), 

and PEI-G23 (PG) polyplexes. A, Uptake of the different polyplexes, LF2k lipoplex, and JetPEI 

polyplex in HEK293T cells following their transcytosis across Caco-2 cell monolayers (t=48h). The 

data of three independent experiments are presented as the mean ± SD, *p<0.05. B, MTT assay 

was performed to measure the cytotoxicity of the different polyplexes at an N/P ratio of 9.5 and 40 

on Caco-2 cells and HEK 293T cells (t=48h). The data are presented as the mean ± SD of eight 

replicates from two independent experiments. 
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Figure 3. Interaction of PEI, PEI-PEG (PP), PEI-PEG-G23 (PPG), and PEI-G23 (PG) polyplexes 

with gangliosides (dot blot analysis). Different gangliosides were blotted on PVDF membranes 

and incubated with A, PEI/Cy5-DNA, B, PP/Cy5-DNA, C, PPG/Cy5-DNA and D, PG/Cy5-DNA in 1% 

BSA solution for 2h at R.T. The fluorescence signal of the polyplexes was detected with an 

Odyssey Infrared Imaging System.  

Adhesion of nanoparticles as well as viruses to filter pores has been reported and may 

affect transport studies [21, 22]. To rule out the possibility that the retrieval of polyplex 

fluorescence in HEK293T cells was influenced by adhesion of polyplexes to the 

Transwell filter pores, the passage of the different polyplexes across cell-free filters was 

verified. PEI, PEI-PEG, PEI-PEG-G23, and PEI-G23 polyplexes were added directly to 

HEK293T cell cultures, or to empty Transwell filters with HEK293T cells cultured 

underneath in the basal chamber (see Supplementary Figure S2A). With all polyplexes 

a similar small decrease in polyplex uptake in HEK293T cells was observed when 

polyplexes first had to pass the filter, indicating minimal adhesion of polyplexes to the 
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filter pores. However, Lipo2K lipoplexes were significantly obstructed by the filter, as 

evidenced by the presence of 20.2 ± 2.8% Cy-5 positive HEK293T cells in the condition 

with filter, compared to 58.8 ± 2.2% Cy-5 positive HEK293T cells in the condition 

without filter. Possibly, the large particle size of Lipo2K lipoplexes compared to 

polyplexes (478.1 ± 58.3 nm compared to < 100 nm), and/or the negative zeta potential 

of Lipo2K lipoplexes compared to the positive zeta potential of polyplexes may have 

caused the difference in adhesion to the filter pores between polyplexes and lipoplexes. 

However, irrespective of the fact that polyplexes could efficiently pass the filter, their 

gene delivery potential was clearly disturbed after filter passage. Specifically, HEK 293T 

cells that were incubated with PEI, PEI-PEG-G23, and PEI-G23 polyplexes showed high 

GFP expression, ranging from 42.4% to 69.0%, whereas in the condition where the 

polyplexes first had to pass a filter, GFP expression in HEK 293T cells was negligible 

(Supplementary Figure S2B). A similar effect was observed for Lipo2K and JetPEI 

complexes, while PEI-PEG polyplexes showed negligible transfection of HEK293T cells 

irrespective of the presence or absence of a filter. Because of this technical problem, i.e., 

the loss of transfection activity of polyplexes after filter passage, the transfection 

efficiency in HEK293T cells could not be measured following the transport of polyplexes 

across the Caco-2 cell monolayers.  

Summarizing, the transcytosis of PEI polyplexes most likely occurred through 

adsorptive-mediated transcytosis, because of the positive zeta potential of the 

polyplexes imposed by the presence of amines in PEI. Likewise, the covalent linkage of 

primary amine groups to the surface of IgG has been shown to promote IgG transport 

across polarized endothelium via adsorptive-mediated transcytosis [23]. The reduced 

zeta potential of PEGylated polyplexes compared to non-PEGylated polyplexes may 

explain for the reduced transcytotic capacity of the former. Functionalization of 

PEGylated polyplexes with G23 peptide (PEI-PEG-G23) resulted in an 8.5-fold increase 

in their transcytotic capacity compared to non-functionalized pegylated polyplexes (PEI-

PEG), while functionalization of non-pegylated polyplexes (PEI-G23) induced a more 

moderate 1.6-fold increase in transcytosis compared to non-functionalized non-

pegylated polyplexes (PEI).   

Finally, the cytotoxicity of the polyplexes was evaluated by an MTT assay. The cell 

viability of Caco-2 and HEK293T cells was more than 90% following treatment with 

polyplexes at an N/P ratio of 9.5, i.e., as was used in the experiments (Figure 2B). In 

addition, cell viability was higher than 80% when the cells were incubated with 

polyplexes with an excessive cationic charge (N/P 40) (Figure 2B).   Altogether   the 

results indicate that G23-modified polyplexes are promising non-toxic vectors for 

shuttling genetic cargo across the intestinal epithelial barrier. 

G23-conjugated polyplexes show preferential binding to GM1 ganglioside, 

whereas PEI polyplexes preferentially bind to GM3 
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In previous work the G23 peptide was selected, by phage display, for its binding to GM1 

ganglioside [11]. Therefore, the affinity between the different polyplexes and GM1 was 

verified. To this end, the polyplexes were incubated with the major gangliosides (GM1, 

GM2, GM3, GD1a, GD1b, GD3, and GT1b) that were spotted on a dot blot. Figure 3A 

shows that PEI polyplexes showed strong binding to GM3 ganglioside, while with PEI-

PEG polyplexes this binding to GM3 was strongly diminished and the polyplexes did not 

show preferential binding to any of the gangliosides (Figure 3B). For PEI-PEG-G23 and 

PEI-G23 a preferential binding to GM1 was observed (Figure 3 C and D). The 

GM1/GM3 binding ratio of PEI, PEI-PEG, PEI-G23, and PEI-PEG-G23 was 0.1, 0.97, 

2.0 and 2.3, respectively. This clearly reveals the shift from exclusive binding to GM3 by 

PEI polyplexes to a preferential binding to GM1 for the G23-functionalized polyplexes. 

Notably, next to their affinity for GM1, PEI-PEG-G23 and PEI-G23 polyplexes showed 

binding to other gangliosides. However, this binding to the other gangliosides varied 

between different dot blots, whereas binding to GM1 was in all cases the most 

prominent. Interestingly, the binding selectivity of CTB has been reported to be GM1> 

GM2 > GD1a > GM3 > GT1b > GD1b > asGM1 (by surface plasmon resonance) and 

GM1 > GD1b > GM2 > GM3 > GT1b (by radiolabeled immunoassay) [24], and FITC-

labeled CTB was shown to bind with glycosylated surface proteins [25], indicating a 

similar non-exclusive binding of CTB to GM1 under specific conditions. When CTB was 

incubated with gangliosides on a dot blot, a strong binding to GM1 was detected (data 

not shown). 

Taking into consideration the enhanced level of transcytosis of PEI-PEG-G23 and PEI-

G23 polyplexes compared to PEI polyplexes, together with the exclusive binding to GM3 

by PEI polyplex and the preferential, but non-exclusive, binding to GM1 of G23-coated 

polyplexes, the data may suggest that transcytosis following (non-exclusive) binding to 

GM1 is more efficient than transcytosis following binding to GM3. The binding of 

polyplexes to ganglioside-enriched rafts may induce their uptake into a transcellular 

transport pathway, in which moderate receptor binding may facilitate polyplex 

dissociation from the ganglioside receptors, thus enabling effective export from the cells. 

Similarly, reducing the affinity of anti-transferrin receptor (TfR) antibodies to the 

transferrin receptor was shown to enhance the transcytosis of the antibodies [26]. 

Recently, it was reported that a reduced ligand-receptor affinity at low pH (pH 5.5) is a 

requirement for effective transcytosis [27], suggesting that during transcytosis a drop in 

pH occurs. It would be interesting to further characterize the interaction (e.g. binding 

strength) between the polyplexes and the different gangliosides, at different pHs. 

Transcytosis of PEI-PEG-G23 polyplexes across Caco-2 cell monolayers is 

enhanced by CTB 
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Figure 4: GM1 expression in polarized Caco-2 cell monolayers. Cell surface expression of 

GM1 was visualized by immunostaining against ganglioside GM1 (green) in live polarized Caco2 

cell monolayers (left panels). Total cellular (cell surface + intracellular) expression of GM1 was 

visualized by immunostaining in Caco-2 cell monolayers following fixation and permeabilization 

(right panels). Additional immunostaining for the tight junction protein ZO-1 (red) was performed to 

distinguish apical from basal GM1 expression. Scale bar is 10 μm.  

 

Next, the interaction between the polyplexes and GM1 was studied in a physiological 

environment, i.e., in Caco-2 cell monolayers. First, the presence of GM1 at the cell 

surface of Caco-2 cell monolayers was determined by immunohistochemistry on live 

cells. At the apical surface, i.e., apical from the tight junction marker ZO-1 (red), a small 

number of small GM1 (green) clusters was detected (Figure 4, upper left panel, white 

arrow heads), while a more diffuse punctate distribution was present at the basolateral 

membrane (Figure 4, middle left panel). Similar low staining at the apical surface of 

Caco-2 cells was observed following incubation with CTB-555 (data not shown), which 

is in accordance with previous studies that showed that GM1 was rarely detected by 

fluorescently labeled CTB in polarized Caco2 cells [28-30]. The major fraction of GM1 in 

Caco-2 cell monolayers was present intracellularly (Figure 4, compare cell surface 
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staining in live cells (left panels) with total cellular staining in permeabilized cells (right 

panels).  

Because PEI-PEG-G23 polyplexes showed most efficient transcytosis and the most 

obvious shift in binding from GM3 to GM1 when compared with PEI-G23 polyplexes, 

further experiments were performed with PEI-PEG-G23 polyplexes. To verify whether 

GM1 gangliosides served as cell surface receptors for PEI-PEG-G23 polyplexes, 

competition experiments with CTB, a natural ligand for GM1, were carried out. Caco-2 

cell monolayers were incubated at 10  with a high concentration of CTB-555 (5 µg/mL) 

to saturate the GM1 at the cell surface, prior to incubation with PEI-PEG-G23/Cy5-DNA 

complexes at 10  for 1h. As shown in Figure 5, PEI-PEG-G23/Cy5-DNA complexes 

(blue) showed colocalization with CTB (red) at the apical surface of Caco-2 cells (Figure 

5B), and a 4.7-fold increase in the association of polyplexes to Caco-2 cell monolayers 

was noted in the presence of CTB (Figure 5B). This indicates that CTB does not 

compete for cellular receptor binding of PEI-PEG-G23 polyplexes.  Assuming complete 

binding of cell surface GM1 by CTB, the data reveal that PEI-PEG-G23 polyplexes may 

bind the GM1 receptor at a site different from that of CTB and/or (partly) bind to other 

receptors than GM1 and/or may bind to CTB directly. 

Co-incubation of Caco-2 cell monolayers with CTB-FITC (green) and PEI-PEG-

G23/Cy5-DNA (blue) at 37  for 4h, showed intracellular colocalization of both 

fluorescence signals in Caco-2 cells (Figure 5C, xz, arrow), suggesting a joined uptake 

of CTB and PEI-PEG-G23 polyplexes or convergence of their transport pathways.  

Notably, polyplexes were hardly detected within the Caco-2 cells. They were mostly 

present at the apical membrane of the Caco-2 cells and in the underlying HEK293T 

cells, which may indicate that the transcellular transport in Caco-2 cells is a relatively 

fast process. Both CTB and PEI-PEG-G23 polyplexes were detected in the underlying 

HEK293T cells following their co-incubation with Caco-2 cell monolayers for 48h (Figure 

5E), indicating their successful transcytosis. In the presence of CTB, the transcytosis 

efficiency of PEI-PEG-G23/DNA  was  enhanced 1.7-fold  (Figure 5D).  Apparently, the 

presence of CTB facilitates the binding and transcellular transport of PEI-PEG-G23 

polyplexes across Caco-2 cell monolayers. CTB is a pentameric structure that can 

simultaneously bind five GM1 molecules, and is known to induce clustering of GM1 

gangliosides in a cellular context. This receptor clustering facilitates the cellular entry of 

CTB and possibly the retrograde and transcytotic trafficking of CTB [31]. We speculate 

that the CTB-induced GM1 clustering facilitates the binding of PEI-PEG-G23 polyplexes. 

In addition, the clustering of GM1 may provide the signal for transcytosis. It would be of 

interest to see if PEI-PEG-G23 polyplexes themselves similarly induce clustering of 

GM1, and if CTB induces a more efficient clustering of GM1 than the PEI-PEG-G23 

polyplexes. Along the same line, it is relevant to investigate if an enhanced density of  
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Figure 5. CTB enhances binding of PEI-PEG-G23 (PPG) polyplexes to Caco-2 cell 

monolayers and improves polyplex’ transcytosis. A, Caco-2 cell monolayers were incubated 

with and without CTB-555 (5 µg/mL, red) for 1h at 10 , followed by removal of unbound CTB. 

Subsequently, PEI-PEG-G23/Cy5-DNA complexes (blue) were added to the apical side of the cells 

and incubated for 1h at 10 . The cells were fixed, and actin and nuclei were stained with 

Phalloidin-Atto 488 (green) and DAPI (grey), respectively. Colocalization (magenta) of CTB and 

polyplex was observed at the apical membrane of Caco-2 cells, by fluorescence microscopy. Scale 

bar is 5 µm.  B, The fluorescence intensity of PEI-PEG-G23 polyplexes at the apical membrane of 

Caco-2 cell monolayers was quantified from microscopy images using Image J. The fluorescence 

intensity in Caco-2 cells incubated with polyplexes without CTB was set as 1. Results are 

presented as mean ± SD from two independent experiments. student’s t-test, *p<0.05. C, Caco-2 
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cell monolayers were co-incubated with CTB-FITC (green) and PEI-PEG-G23/Cy5-DNA (blue) for 

4h at 37°C. The cells were fixed, and actin and nuclei were stained with phalloidin–

Tetramethylrhodamine B-isothiocyanate (red) and DAPI (grey), respectively. Colocalization (cyan) 

of CTB and polyplex was observed intracellularly (indicated with arrows), i.e., below the apical 

membrane, by fluorescence microscopy. Scale bar is 5 µm. D, The transcytosis efficiency of PEI-

PEG-G23/Cy5-DNA complexes across Caco-2 cell monolayers was determined in the absence and 

presence of CTB, by FACS analysis. The transcytosis efficiency in the absence of CTB was set as 

100%. Results are presented as mean ± SD from three independent experiments. student’s t-test, 

*p < 0.05. E, PEI-PEG-G23/Cy5-DNA (blue) and CTB-FITC (green) were detected in HEK293T 

cells, following their transcytosis across Caco-2 cell monolayers. Colocalization (cyan) of CTB and 

polyplex was indicated by an arrow. Actin and nuclei were stained with phalloidin–

Tetramethylrhodamine B isothiocyanate (red) and DAPI (grey), respectively. Scale bar is 10 µm. 

 

G23 peptides on the surface of polyplexes stimulates GM1-clustering in cells and 

improves polyplex’ transcytosis.  

Conclusions 

In this study, the GM1 ganglioside-targeting peptide ‘G23’ was covalently conjugated to 

the polycation PEI with or without PEG linker, in order to generate vectors for the 

shuttling of genetic cargo across the intestinal epithelial barrier. The PEI-PEG-G23 and 

PEI-G23 conjugates were able to efficiently complex plasmid DNA and transfect 

HEK293T cells. Moreover, they indeed showed effective transport across Caco-2 cell 

monolayers that was considerably higher than with plain PEI polyplexes. 

Dot blot analysis revealed the interaction of G23-conjugated polyplexes with the GM1 

ganglioside. However, CTB, a natural ligand for GM1, did not prevent the binding of 

G23-conjugated polyplexes to Caco-2 cell monolayers. In contrast, the binding and 

transcytosis of PEI-PEG-G23 polyplexes in Caco-2 cell monolayers was significantly 

enhanced in the presence of CTB. It is speculated that receptor clustering plays a role in 

the uptake and/or transcytosis of polyplexes, which warrants further investigation. 

Overall, our findings show the potential of GM1-targeted nanocarriers to cross the 

intestinal epithelium and reach the systemic circulation after oral administration.  

Materials and Methods 

Materials 

Branched polyethyleneimine (PEI; M.W. 25 KDa), N-Succinimidyl 3-(2-

pyridyldithio)propionate (SPDP), Cholera Toxin Subunit B-FITC conjugate, phalloidin–

Tetramethylrhodamine B isothiocyanate, and nuclear staining reagent DAPI (4',6-

diamidino-2-phenylindole) were purchased from Sigma Aldrich. Commercial transfection 

reagents Lipofectamine 2000 and JetPEI were obtained from Life Technologies and 
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Polyplus-transfectionTM, respectively. PEG linker N-hydroxysuccinimide-PEG-maleimide 

(NHS-PEG-MAL; M.W. 2KDa, ) was  from Jenkem Technology (Beijing, China). Peptide 

G23 with N-terminal cysteine (HLNILSTLWKYRC-NH2) was obtained from JPT Peptide 

Technologies GmbH (Berlin, Germany). Cholera Toxin Subunit B-Alexa Fluor® 555 

conjugate was from Life Technologies. Gangliosides (GM1, GM2, GM2, GD1a, GD1b, 

GD3, and GT1b) were purchased from Alexis (Enzo). Rabbit GM1 antibody was from 

Abcam Inc; anti-rabbit Alexafluor®488 secondary antibody was obtained from Life 

Technologies. pEGFP-N1 was purchased from Clontech (USA). Plasmid DNA was 

isolated from transformed E-coli using a GenElute TM HP Plasmid Midiprep kit (Sigma 

Aldrich), following the manufacturer’s protocol. pDNAs were fluorescently labeled with 

Cy5 or Cy3 using Label IT® Tracker Intracellular Nucleic Acid Localization Kit (Mirus, 

MA, USA).  

Cell culture  

Caco-2 cells and HEK293T cells were grown in Dulbecco’s modified Eagle’s medium 

(Gibco) containing 10% fetal bovine serum, 2 mM L-glutamine (Gibco), 100 U/ml 

penicillin (Invitrogen), and 100 mg/ml streptomycin (Invitrogen). Cells were maintained 

at 37 °C under an atmosphere of 5% CO2.  

Synthesis of PEGylated and G23-functionalized PEI polymers 

The branched PEI polymer can be easily conjugated with different (macro) molecules 

because of the presence of a large amount of primary amino groups. The synthesis 

schemes of the different conjugates shown in Scheme 1. Branched  PEI (25 KDa) was 

covalently coupled with the targeting moiety, i.e., the G23 peptide, via a short chain 

(SPDP) or long-chain hetero-bifunctional linker (NHS-PEG-MAL, 2 KDa), which resulted 

in the formation of PEI-G23(PG) or PEI-PEG-G23 (PPG), respectively. The polymeric 

conjugates PEI-PEG (PP) and PEI-PEG-G23 were prepared in subsequent steps 

(Scheme 1A and B). First, 3 μL NHS-PEG-maleimide (50 μg/μL stock solution in DMSO) 

was dropwise added into 21 μL PEI solution (10 μg/μL stock solution in water) and 

mixed with 1mL 50 mM Hepes buffer (pH7.3). The reaction solution was stirred for 2h at 

room temperature (Scheme 1A). Subsequently, the solution, that now contained PEI-

PEG-maleimide, was incubated overnight at 4°C with 1 mg G23 peptide with a C-

terminal cysteine residue (Scheme 1B). The reaction molar ratio of amino groups in PEI 

/ PEG linker / G23 peptide was 20/1/5. In order to remove unreacted PEG and free G23 

peptide, PEI-PEG or PEI-PEG-G23 was purified with an Amicon® ultra-4 centrifugal filter 

unit (Millipore, M.W. cut-off 10KDa) and washed 3 times with MilliQ water. The 

concentration of free amines in the conjugates was determined by Copper assay.  

Direct coupling of G23 peptide to PEI was performed as described previously [20]. 

Briefly, 13.2 mg PEI solution (in 1mL 50 mM Hepes buffer, pH7.3) was activated with 40 

μL SPDP (100 mM DMSO stock solution) and stirred for 2 h at room temperature 
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(Scheme 1C). The molar ratio of amino groups (PEI) to SPDP was 20:1. 3-(2-

pyridyldithio)-propionate-modified PEI (PEI-PDP) was purified using a PD-10 column, 

and the product was monitored by the absorption of the 2-thiopyridone (ε = 8080/Mcm) 

at the wavelength of 343 nm which was released from the eluted fractions with the 

addition of dithiothreitol (DTT). 111.6 μL purified PEI-PDP (2.72 mM) solution was 

added into excess (2 equiv.) G23 peptide solution (1 mg/mL, 50 mM Hepes buffer, pH 

7.3), mixed well and allowed to react for 12 h at room temperature (Scheme 1D). The 

conjugate PEI-G23 was acquired by ultracentrifugation using an Amicon® ultra-4 

centrifugal filter unit, the conjugation efficiency was calculated from the concentration of 

2-thiopyridone after reaction with DTT. The concentration of amino groups in the 

conjugate PEI-G23 was determined by Copper assay.  

Formation and characterization of polyplexes 

Complexes of PEI, PEI-PEG, PEI-PEG-G23, and PEI-G23 with DNA, forming so-called 

polyplexes, were prepared in serum-free medium or HBSS buffer . Briefly, polymer (0.2 

μg/μL stock solution) was added to DNA (50 μg/mL stock solution) at different N/P ratios, 

i.e., the molar ratio of polymer nitrogen to DNA phosphate groups, mixed by mild 

pipetting, and incubated for 20 min at room temperature. The DNA binding efficiency of 

the different polymers was determined by agarose gel retardation assay. For 

transcytosis experiments, polyplexes with an N/P ratio of 9.5 were used, and compared 

to Lipo2K lipoplexes and JetPEI polyplexes, that were prepared according to the 

manufacturers’ instructions. The particle size and surface charge of the complexes were 

measured using a Malvern Zetasizer NS90 (Malvern Instruments, Malvern, UK). 

 Transcytosis of polyplexes across polarized Caco-2 cell monolayers  

For transcytosis experiments, Caco-2 epithelial cells were plated at 1 ×105 cells/well in 

12-well Transwell filter plates from Costar (pore size of 3.0 μm, Corning). The cell 

culture medium was refreshed every day. At day after plating, the transepithelial 

electrical  resistance (TEER) was measured with a Millicell-ERS device (Millipore, 

Billerica, MA), and cultures with TEER > 250 Ω.cm2 were used for experiments. One 

day prior to the transcytosis measurements, HEK293T cells were plated at 1 × 105 

cells/well in the basal chambers under the transwells. 

At the day of the experiment, Caco-2 cell monolayers were washed once with pre-

warmed HBSS buffer, after which 400 μL serum-free medium was added. Subsequently, 

100 μL  polyplex solution, at the N/P ratio of 9.5 and containing 1μg of plasmid DNA (0.5 

μg Cy5-labeled DNA and 0.5 μg non-labeled DNA) was added per transwell. After 4h of 

incubation at 37 °C/5% CO2, 400 μL serum-containing medium was added per transwell. 

The complete apical medium was refreshed after 20 h. After another 24 h, the Caco-2 

cells were collected from the transwell filters and the HEK293T cells were collected from 

the basal chambers by trypsinization, and analyzed by FACS (FACS-Calibur, Becton-
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Dickinson). Alternatively, cells were processed for immunostaining and investigated by 

fluorescence microscopy.   

Immunofluorescence staining and image analysis 

Caco-2 intestinal epithelial cells were seeded on Transwells with 3 μm pore size 

membrane filters, and grown for 6 days as described above. To detect cell surface-

exposed ganglioside GM1, live cells were incubated at 10°C with 1% BSA (PBS) for 10 

min, followed by incubation with anti-GM1 antibody and fluorescent secondary antibody 

(in 1% BSA in PBS) for 40 and 20 min., respectively. After fixation using 4% 

paraformaldehyde, samples were investigated by fluorescence microscopy, or 

immunostained following standard procedures.  Briefly, cells were rinsed with 10 mM 

glycine in 0.1% BSA in PBS, permeabilized with 0.1% Triton X-100 in PBS, incubated 

with primary antibody at 37  for 1 hour, and incubated with fluorophore-conjugated 

specific secondary antibody. Filamentous actin was visualized by incubating samples 

with fluorophore-conjugated phalloidin. Cell nuclei were stained with DAPI. The samples 

were investigated by confocal microscopy using a Leica SP8 Confocal microscope. 

Images were analyzed with Imaris software (Bitplane). 

Cell viability assay 

To evaluate whether G23-modified PEI conjugates induced cytotoxicity, an MTT 

colorimetric assay was performed. Briefly, intestinal epithelial Caco-2 cells and 

HEK293T cells were seeded in 96-well plates at a density of 1× 104 cells/well, and 

grown for 6 days and 2 days, respectively. Cells were treated with polyplexes composed 

of the different polymers and 0.25 µg DNA (N/P ratio of 9.5 and 40) in serum-free 

medium. After 4 hours, cells were refreshed with serum-containing medium. After 48 h 

20 μl MTT in 5 mg/mL phosphate buffered saline solution was added to each well. After 

4 h of incubation at room temperature, the supernatant was aspirated and the formazan 

crystals were dissolved in 180 μL DMSO. Absorption was measured photometrically at 

570 nm with a background correction using a Bio-Tek µQuant™ Microplate 

Spectrophotometer. Values of 4 measurements were normalized to 100% for the control 

group (exposure to serum-free medium without polyplexes). The cell viability was 

calculated by the formula: A(polyplex) /A(control) ×100%. 

Dot blot assay for determination of polyplex affinity for gangliosides 

The affinity of polyplexes to gangliosides was determined using a dot blot assay.  2 μL 

10 nM of pure gangliosides (GM1, GM2, GM3, GD1a, GD1b, GD3, GT1b) were dot-blotted 

on a PVDF membrane activated by Methanol. After air-drying of the membrane, the 

membrane was incubated with the different Cy5-labeledpolyplexes, (N/P ratio 9.5, 

containing 4 μg Cy5-labeled DNA, in 3 mL 1% BSA (HBSS)) , at 4  overnight. After 3 
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times washing with 0.1% Tween 20 (HBSS) buffer, the signal of binding nanoparticles 

was detected by Odyssey Infrared Imaging System (LI-COR Biosciences). 

Statistical analysis 

The results were expressed as mean values ± standard deviations (S.D.). The student t-

test was used as a statistical significance test. The results were considered statistically 

significant if p < 0.05.  
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Figure S1. Uptake of PEI, PEI-PEG (PP), PEI-PEG-G23 (PPG), and PEI-G23 (PG) polyplexes, 

LF2K lipoplex, and JetPEI polyplex in HEK293T cells, following transcytosis across Caco-2 

cell monolayers. Uptake of the different Cy3-labeled (red) polyplexes, LF2k lipoplex, and JetPEI 

polyplex in HEK293T cells following their incubation with Caco-2 cell monolayers for 48 h, was 

visualized by fluorescence microscopy. Nuclei were stained with DAPI (Blue). Scale bar is 15 µm.  
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Figure S2: Uptake of PEI, PEI-PEG (PP), PEI-PEG-G23 (PPG), and PEI-G23 (PG) polyplexes, 

and GFP expression efficiency in HEK293T cells. A, Uptake of the different Cy5-labeled 

polyplexes, LF2k lipoplex, and JetPEI polyplex in HEK293T cells following their direct application to 

the HEK cells, or their addition to an empty filter (without Caco-2 cells) was determined after 48 h 

of incubation, by FACS analysis. B, GFP expression in HEK 293T cells was determined after 48 h 

of incubation, by FACS analysis. Data are presented as the mean ± SD (n = 2).  
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Abstract 

Over the past few decades, great efforts have been made to enhance the therapeutic 

efficiency of non-viral gene vectors, including cationic lipids and polymers. Generally, 

the endocytic pathway is the main cellular uptake route for gene vectors, and their gene 

delivery efficiency depends on their subsequent escape from endosomes.  

In this study, hybrid nanoparticles are prepared by a one-step nanoprecipitation method. 

The hybrid system consists of the newly synthesized pH-sensitive polymer poly (2-

(Diisopropylamino)-ethyl-methacrylate)-block-poly(ε-caprolactone)-poly(ethylene glycol) 

(PDPA-b-PCL-b-PEG) and the cationic lipid DOTAP, that together form small and 

uniform nanoparticles with a positive surface charge for DNA adsorption.  

PDPA-b-PCL-b-PEG/DOTAP hybrid nanoparticles show excellent DNA loading 

efficiency, small particle size, biocompatible surface characteristics, resistance against 

DNase, efficient endosomal release, and efficient transfection of HEK293T cells. Their 

two-step mechanism of endosomal escape depends on low-pH-induced particle 

dissociation followed by cationic lipid-mediated destabilization of the endosomal 

membrane. 

The opportunities that are offered by the combined use of pH-sensitive polymers and 

cationic lipids, including particle stability and low-pH-triggered endosomal escape 

mediated by plain cationic lipids, may guide the design of the next generation of non-

viral vectors for gene and drug delivery.  
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Introduction 

Gene therapy is a promising approach for the treatment of human genetic diseases by 

the delivery of nucleic acids to target tissues [1]. However, nucleic acids, which are 

large and negatively charged macromolecules, show limited uptake by cells and low 

biological stability. Non-viral gene delivery vectors have received considerable attention 

due to their large capacity for gene loading and high safety compared to viral vectors 

[2][3]. However, non-viral vectors have a low transfection efficiency, in part due to their 

inefficiency of endosomal escape and consequent lysosomal degradation of the genetic 

cargo.  

A variety of strategies have been exploited to overcome the endosomal barrier, 

including the use of pore-forming peptides [4], photochemical disruption of the 

endosomal membrane [5], and the use of agents with pH-buffering properties [6]. In the 

latter category, many non-viral vectors constructed with pH-responsive materials 

(polymers [7] and lipids [8]) have been  investigated to improve nucleic acid release by 

the aid of pH-gradients that exist between cellular compartments (cytoplasm (pH 7.4), 

endosomes (pH 5.5-6.5), and lysosomes (pH 4.5). An example of a pH-buffering 

polymer that works via the ‘proton sponge effect’ (H+ influx > Cl- influx >  water influx > 

endosome rupture) is the cationic polymer poly(ethylene imine) (PEI) [9]. This polymer 

induces osmotic rupture of endosomes prior to fusion with lysosomes, resulting in the 

escape of the vectors from the degradative lysosomal pathway. Even though the “proton 

sponge” hypothesis has not been fully proven, many studies reveal that polymers with 

buffering properties yield high transfection efficiency [10,11]. Direct evidence for the 

proton sponge effect, obtained by real-time cell imaging, showed that PEI polyplexes 

induce a burst release of genetic cargo that is dissimilar from the gradual “leakage-like” 

release observed in lipoplex-mediated gene delivery [12]. Contrary to pH-responsive 

polymers, pH-responsive lipids do not mediate endosomal escape via osmotic rupture of 

the endosome, but via destabilization of the endosomal membrane by interacting with 

anionic endosomal lipids, which leads to the formation of  (hydrophilic) pores [13].   

Recently, poly(ethylene glycol)-block-poly(2-(diisopropylaminoethyl-methacrylate) (PEG-

b-PDPA) micelles were reported to dissociate in early endosomes via protonation of the 

PDPA segment [14]. The PDPA segment contains diisopropyl-substituted tertiary 

amines (pKa=6.4), that reversibly change their ionization and hydrophobicity at varying 

pH values. At physiological pH (7.4) the tertiary amine groups are deprotonated and the 

polymer is hydrophobic. Below pH 6.4, the tertiary amine groups are protonated and the 

polymer becomes hydrophilic [15]. Nanoparticles composed of block copolymers that 

contain PDPA segments become protonated in an acidic environment (like endosomes), 

resulting in particle dissociation and contents release [16,17]. Following their 

endocytosis by cells, PEG-b-PDPA nanoparticles loaded with siRNA were shown to 

induce endosomal swelling (indicative for the proton sponge effect), but no endosomal 
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rupture [14]. Inclusion of the pore-forming Amphotericin B in PDMA-b-PDPA/siRNA 

complexes resulted in effective gene knockdown [18].  In addition, cationic lipids have 

been combined with polymeric nanoparticles, forming so-called polymer-lipid hybrid 

nanoparticles, in order to facilitate endosomal escape and enhance their gene delivery 

efficiency [19-22].  

Generally, lipid-based nanocarriers show high safety especially if the lipids are from 

natural sources. However, they often suffer from colloidal instability, and (consequently) 

large size, which hampers their use in clinical trials. Possible advantages of the use of 

polymeric nanoparticles include a good control of their size and the ease of polymer 

synthesis. However, it is still a challenge to improve the delivery efficiency with 

polymeric nanoparticles without  inducing cytotoxicity. By combining the advantages and 

mitigating the limitations of polymeric nanoparticles and liposomes individually, polymer-

lipid hybrid nanoparticles have emerged as a promising drug/gene delivery system [19-

21, 23]. 

In this study a new pH-sensitive, biodegradable and biocompatible  copolymer poly (2-

(diisopropylamino)-ethyl-methacrylate)-block-poly (ε-caprolactone)- block- poly(ethylene 

glycol)  (PDPA-b-PCL-b-PEG) is synthesized, and combined with the cationic lipid 

DOTAP to form a polymer-lipid hybrid nanoparticle system for gene delivery. The 

structure, as illustrated in Scheme 1, consists of a PDPA-b-PCL hydrophobic core and a 

PEG hydrophilic shell, with DOTAP at the interface of the core and the shell, for DNA 

binding via electrostatic interaction. DNA delivery systems based on copolymers of 

PDPA and PEG linked via a readily biodegradable polyester (PCL) are expected to be 

advantageous for in vivo applications due to their biodegradability [24,25]. 

Here, the particle size, DNA loading efficiency, protection of DNA against enzymatic 

degradation, transfection efficiency, and mechanism of endosomal escape of PDPA-b-

PCL-b-PEG/DOTAP hybrid nanoparticles is investigated.   

Results and Discussion 

Synthesis of  PCL-b-PEG and PDPA-b-PCL-b-PEG block copolymers and their 

characterization by 1H-NMR and GPC. 

The triblock copolymer PDPA-b-PCL-b-PEG was synthesized via a combination of ring-

opening polymerization and ATRP method [18], as illustrated in Scheme 2. In 1H-NMR 

spectra of PDPA-b-PCL-b-PEG dissolved in CDCl3 (Supplementary Figure S1), the 

characteristic chemical shifts corresponding to PDPA (3.82 ppm (8, –OCH2CH2–), 2.98 

ppm (9, –(CH–N)2–), 2.62 ppm (10, –CH2CH2N–), 1.7–2.1 ppm (6, –CH2– of the polymer 

backbone), resonances at 1 ppm (11, –CH(CH3)2–; 7, “methacrylic” CH3)),  PCL ((4, –

CO–CH2–CH2–CH2–CH2–CH2–O–), 1.62 (3,–CO–CH2–CH2–CH2–CH2–CH2–O–), 2.29 

(2, –O–CO–CH2–CH2–), 4.06 (5, –CH2–O–CO–) and PEG (3.64 (1, -CH2–CH2–O–) ppm)  



                                                     pH Sensitive Polymer-Lipid Nanoparticles 

101 

 

Scheme 1. Self-assembly (A) and mechanism of endosomal escape (B) of polymer-lipid hybrid 

nanoparticles composed of PDPA-b-PCL-b-PEG/DOTAP/DNA. Inset in (A) shows cryo-TEM 

micrograph of a PDPA-b-PCL-b-PEG/DOTAP/DNA complex. 
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Scheme 2. Reaction scheme for PDPA-b-PCL-b-PEG synthesis. 

 

Table 1. Molecular weight of block copolymers 

 

Number-average 

molecular weight a 
PDI b 

PCL-b-PEG PCL8.5K-b-PEG2K 1.14 

PDPA-b-PCL-b-PEG PDPA13K-b-PCL1.5K-b-PEG2K 1.29 

a 1H NMR spectroscopy was utilized to characterize the number-average molecular weight of  the PEG-b-PCL  

and PEG-b-PCL-b-PDPA copolymer. 

b GPC was employed to characterize the molecular weight distribution (PDI). 

 

were assigned in accordance with previous reports [26-28]. The lengths of PDPA-b-

PCL-b-PEG and PCL-b-PEG were calculated from the  integral  values  of  their 

characteristic peaks. Furthermore, the polydispersity indices (Mw/Mn) of the copolymers 

were determined by GPC and are summarized in Table 1.  

The diblock copolymer PCL-b-PEG, i.e., without PDPA segments, showed a PDI value 

comparable to that of PDPA-b-PCL-b-PEG, and was used as a (non-pH-sensitive) 

control polymer for further investigations.  
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PDPA-b-PCL-b-PEG nanoparticles show efficient DNA loading by the pH-switch 

method, but are transfection-inactive due to a lack of endosomal escape. 

Upon suspension of PDPA-b-PCL-b-PEG stock solution (in acetic buffer (pH 5.5)) into 

aqueous solution at neutral pH 7.4, i.e., the pH switch method, nanoparticles with  a 

small size (43.4 nm) and close-to-neutral surface charge (-4.5 mV) were formed (Table 

2). Complexation of PDPA-b-PCL-b-PEG nanoparticles with DNA as described in the 

Experimental Section, resulted in particles with a particle size of 238.1 nm, and a 

surface charge of -28.4 mV (Table 2). The increase in size and decrease in surface 

charge compared to the nanoparticles without DNA, suggest successful loading of 

PDPA-b-PCL-b-PEG nanoparticles with DNA. The DNA loading efficiency was verified 

by agarose gel retardation assay. Figure 1a shows that all DNA was complexed by 

PDPA-b-PCL-b-PEG, since there is essentially no migration of free DNA into the gel 

(Figure 1A, right lane).  

When HEK293T cells were incubated for 4 h with fluorescent PDPA-b-PCL-b-PEG/Cy-3 

DNA complexes, significant uptake of the complexes was detected (Figure 1C, upper 

left panel). The complexes predominantly showed colocalization with Lysotracker, 

indicating their presence within late endosomes/lysosomes (Figure 1B, upper panels). 

Because of the presence of the nanoparticles in acidic organelles, as indicated by their 

colocalization with Lysotracker, and assuming that PDPA would become protonated at 

low pH, endosomal escape mediated by the proton sponge effect (H+ influx → Cl- influx 

→ water influx → endosome rupture) was expected. To measure the endosomal escape 

of PDPA-b-PCL-b-PEG nanoparticles, the particles were complexed with fluorescently 

labeled oligonucleotides (Atto495-ODNs), and the nuclear accumulation of ODNs was 

examined. After 4h of incubation of HEK293T cells with fluorescent PDPA-b-PCL-b-

PEG/Atto495-ODN complexes, a punctate staining pattern was observed, consistent 

with the cytoplasmic distribution of endosomes, while no fluorescent nuclei were 

detected (Figure 1B, lower panels), indicating the absence of endosomal escape. 

Consistently, incubation of HEK293T cells with PDPA-b-PCL-b-PEG/pEGFP-N1 

complexes did not result in transfection (GFP expression) of the cells (data not shown). 

To investigate the possibility that the absence of endosomal escape by PDPA-b-PCL-b-

PEG is caused by a limited pH-buffering capacity, the pH-buffering capacity of PDPA-b-

PCL-b-PEG was measured, and compared with that of the cationic polymer branched 

PEI (bPEI). PEI is well known for its high pH-buffering capacity [29]. Moreover, 

complexes of PEI with DNA have been shown to dissociate and escape from 

endosomes via the proton sponge effect [30]. Following acid base titration of PDPA-b-

PCL-b-PEG, the buffering capacity (β) of PDPA-b-PCL-b-PEG from pH 5.0 to pH 7.4 

was calculated from the titration curve (Figure 1C) according to the formula β=dn(OH-

)/dpH [10]. The buffering capacity of PDPA-b-PCL-b-PEG was 0.58×10-6, while bPEI 

showed a larger buffering capacity of 1×10-6  (Figure 1C).  
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Table 2. Particle size and zeta potential of (hybrid) nanoparticles with and without pDNA 

Particle Size (nm) Zeta Potential (mV) 

-pDNA +pDNA -pDNA +pDNA 

PDPA-b-PCL-b-PEG 

            /DOTAPa 
130.2 ± 21.5 171.0 ± 8.7 21.9 ± 4.3 -16.4 ± 9.6 

PCL-b-PEG/DOTAPa 77.1 ± 2.6 148.5 ± 9.1 38.9 ± 2.8 -3.7 ± 0.2 

DOTAPa 124.1 ± 3.5 153.4 ± 10.1 45.8 ± 8.1 -23.7 ± 6.9 

PDPA-b-PCL-b-PEGb 43.4 ± 4.0 238.1 ± 3.2 -4.5 ± 2.6 -28.4 ± 1.3 

a Nanoparticles were prepared by one-step nanoprecipitation method. The weight ratio of DOTAP to DNA is 6. 

b Nanoparticles were prepared by pH-switch method . The weight ratio of PDPA-b-PCL-b-PEG to DNA is 20. 
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Figure 1. Characterization of PDPA-b-PCL-b-PEG nanoparticles prepared by pH-switch 

method. (A) DNA loading efficiency of PDPA-b-PCL-b-PEG was determined by agarose gel 

retardation assay. (B) HEK293T cells were incubated with Cy3-DNA or FITC-ODN loaded PDPA-b-

PCL-b-PEG nanoparticles for 4 hours and stained with lysotracker. Scale bar is 20 µm. (C) Titration 

curves of PDPA-b-PCL-b-PEG in 0.1 M NaCl solution with NaOH (0.1 M), and branched PEI 

(25KDa) as a reference. 

 

In conclusion, despite their cellular uptake and processing into acidic organelles, PDPA-

b-PCL-b-PEG/DNA nanoparticles were unable to transfect cells, which is possibly due 

to their low buffering capacity and (consequent) inefficient endosomal escape.  

 Formation of Polymer-Lipid Hybrid Nanoparticles by one-step nanoprecipitation  

Our finding that PDPA-b-PCL-b-PEG/nucleic acid complexes are unable to escape from 

endosomes agrees with a previous study showing that pH-sensitive micelles formed by 

PDPA-b-PEG remained confined to late endosomal structures irrespective of the 

coinciding drop in pH, suggesting that protonation of the tertiary amines in PDPA 

segments is not sufficient for endosomal membrane disruption [14].   

In order to enhance the endosomal escape, the cationic lipid DOTAP was introduced in 

the nanoformulation, forming polymer-lipid hybrid nanoparticles. The polymer-lipid 

hybrid nanoparticles, composed of the pH-sensitive triblock copolymer PDPA-b-PCL-b-

PEG and DOTAP, were prepared via a one-step nanoprecipitation method as illustrated 

in Scheme 1. As a control, hybrid nanoparticles composed of the non-pH-sensitive 

diblock copolymer PCL-b-PEG and DOTAP, as well as DOTAP nanoparticles, were 

similarly prepared. First, the size and zeta potential of the nanoparticles were measured. 

As shown in Supplementary Table S1, the surface charge of PDPA-b-PCL-b-

PEG/DOTAP particles increased from near-neutral (0.118 mV) to positive (24.9 mV) at 

an increase in the amount of DOTAP (constant amount of polymer; decrease in 

polymer/lipid weight ratio from 10:1 to 2:1) while the size remained similar (~ 110-130 

nm). Nanoparticles with a polymer/lipid weight ratio of 2 showed optimal transfection 

efficiency in HEK293T cells (data not shown), and were used in further experiments. 

The particle size and zeta potential of PDPA-b-PCL-b-PEG/DOTAP hybrid nanoparticles 

was compared with that of PCL-b-PEG/DOTAP and DOTAP nanoparticles at the same 

polymer/lipid weight ratio of 2. Table 2 shows that the particle size of  PDPA-b-PCL-b-

PEG/DOTAP, i.e., 130.20 ± 21.54 nm, was larger than that of PCL-b-PEG/DOTAP 

(77.08 ± 2.55 nm) and similar to DOTAP nanoparticles (124.10 ± 3.54 nm). The surface 

charge of all three formulations was positive, which promotes interaction with negatively 

charged pDNA by electrostatic force. DOTAP nanoparticles (45.75 ± 8.13 mV) had a 

higher surface charge than PDPA-b-PCL-b-PEG/DOTAP (21.90 ± 4.28 mV) and PCL-b-
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PEG/DOTAP (38.85 ± 2.76 mV), which may be explained by the absence of PEG at the 

surface of the particles.  

Efficient loading of PDPA-b-PCL-b-PEG/DOTAP hybrid nanoparticles with DNA 

The ability of the different nanoparticles to complex DNA was investigated next. PDPA-

b-PCL-b-PEG/DOTAP,  PCL-b-PEG/DOTAP, and DOTAP nanoparticles were prepared 

at different DOTAP/DNA weight ratios and subjected to ultracentrifugation to assess the 

fraction of unbound DNA in the supernatant. At a DOTAP/DNA weight ratio of 6, both 

hybrid nanoparticles showed complete binding of the DNA, whereas the DOTAP 

nanoparticles showed ~72% DNA binding (Figure 2). 

The particle size of the different nanoparticles increased upon complexation with DNA. 

At the DOTAP/DNA weight ratio of 6, the particle size of the formulations was ~150-170 

nm, while the zeta potential reversed from a positive to a negative value (Table 2). 

The presumed structure of PDPA-b-PCL-b-PEG/DOTAP hybrid nanoparticles consists 

of a hydrophobic polymer core (PDPA-b-PCL), a lipid shell (DOTAP), and a hydrophilic 

“aureole” (PEG), to which DNA can be adsorbed, as presented in Scheme 1 A.  

PDPA-b-PCL-b-PEG/DOTAP hybrid nanoparticles show serum stability and 

protect DNA from enzymatic digestion 

To examine whether the hybrid nanoparticles protect DNA from enzymatic degradation, 

the stability of DNA-loaded nanoparticles was measured in the presence of DNase and 

serum. A gel electrophoresis retardation assay was used to detect the conformation of 

the DNA following treatment of the nanoparticles with DNase and serum, and their 

subsequent dissociation by SDS. Figure 3 shows that free DNA showed two bands 

(lane 1), representing open circular and supercoiled DNA. Similarly, the DNA that was  

dissociated from untreated nanoparticles showed two bands (lanes 2-4). Upon 

incubation in the presence of DNase, free DNA was completely degraded, as was 

apparent from the absence of DNA bands under these conditions (Figure 3, lane 5). On 

the contrary, after incubation of the DNA-loaded nanoparticles with DNase, the majority 

of the DNA could be retrieved from PDPA-b-PCL-b-PEG/DOTAP/DNA and PCL-

PEG/DOTAP/DNA nanoparticles (lanes 6 and 7, respectively), indicating efficient 

protection of the DNA within these nanoparticles. Less DNA could be  retrieved from 

DOTAP/DNA particles, reflecting a less efficient DNA protection by DOTAP alone 

compared to the two hybrid nanoparticles. Similar effects were observed following 

incubation of the nanoparticles with serum (Figure 3, lanes 10-12). Altogether, the data 

indicate that the hybrid nanoparticles PDPA-b-PCL-b-PEG/DOTAP and PCL-b-

PEG/DOTAP have the capacity to protect the DNA from nuclease degradation more 

efficiently than DOTAP nanoparticles. 
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Figure 2. Loading efficiency of (hybrid) nanoparticles with DNA. PDPA-b-PCL-b-PEG/DOTAP, 

PCL-b-PEG/DOTAP, and DOTAP nanoparticles were incubated with DNA at a DOTAP/DNA weight 

ratio of 6. After centrifugation of the particle solution, the amount of free DNA was measured in the 

supernatant.  

 

Figure 3. DNA protection against enzymatic digestion by (hybrid) nanoparticles. PDPA-b-

PCL-b-PEG/DOTAP/DNA, PCL-b-PEG/DOTAP/DNA, and DOTAP/DNA complexes were prepared. 

DNA was released from the complexes by SDS following: no treatment (lanes 2-4); treatment with 

DNase (lanes 6-8); and treatment with serum (lanes 10-12), and subjected to agarose gel 

electrophoresis. Free DNA, DNA plus DNase, and DNA plus serum is shown in lanes 1, 5, and 9, 

respectively.  
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PDPA-b-PCL-b-PEG/DOTAP hybrid nanoparticles show pH-dependent, fast, and 

efficient DNA release  

The PDPA polymeric core in PMPC-b-PDPA was reported to rapidly reverse from 

hydrophobic to hydrophilic within milliseconds at a pH jump from 12 to 2  [31]. Likewise, 

due to the presence of the PDPA segment, the PDPA-b-PCL-b-PEG copolymer is 

expected to change its properties in response to a change in pH: at pH 7.4, both PDPA 

and PCL are hydrophobic, whereas PEG is hydrophilic, which will lead to the self-

assembly of PDPA-b-PCL-b-PEG in buffer into solid micelles with a hydrophobic 

(PDPA-b-PCL) core and a hydrophilic (PEG) shell. At pH 5.5, i.e., a pH below the PDPA 

pKa of 6.4 and reflecting the pH in endosomes, the PDPA block will become protonated, 

which will turn the nanoparticle core hydrophilic, and lead to the dissociation of the 

nanoparticles. Indeed, when the environmental pH decreased from pH 7.4 to pH 5.5, the 

initially milky nanoparticle solution became more transparent, which specifies the 

dissociation of the micelles (Figure 4 A). However, the solution did not become 

completely clear. This may be explained by the use of the physiologically relevant, but 

relatively small drop in pH (1.9 units) compared to the pH-jump from 12 to 2 (10 units). 

Hence, it may take more time before the particles will completely dissociate.  

The surface charge of PDPA-b-PCL-b-PEG/DOTAP increased (from 17.85 ± 1.91 mV to 

33.30 ± 0.14 mV) with decreasing pH (Figure 4B), which indicates that the tertiary amine 

groups of PDPA were protonated. For PCL-b-PEG/DOTAP and DOTAP particles, the 

surface charge remained constant upon a decrease in pH (Figure 4B).  

The release of DNA from the different nanoparticles at physiological and acidic pH was 

investigated next. DNA-loaded nanoparticles were incubated at pH 7.4 and pH 5.5, 

which represent the extracellular and endosomal pH, respectively; DNA release was 

measured over a time period of 24 hrs. Figure 4C shows that at acidic pH the DNA 

release efficiency from PDPA-b-PCL-b-PEG/DOTAP/DNA particles sharply rises from 0% 

to 53.73 ± 4.5% within 5 min. and increases up to a maximum of 63.89 ± 16.9% after 1 

h, while at physiological pH no release is observed.  In sharp contrast, at acidic pH only 

2-20% of DNA was released from PCL-b-PEG/DOTAP/DNA and DOTAP/DNA particles 

(Figure 4C).  Notably, ~25% of free DNA was detected at t=0 in DOTAP/DNA particles, 

which most likely represents the fraction of unbound DNA that is present in the 

DOTAP/DNA formulation (see Figure 2).  

In accordance with the data on DNA release, the zeta potential of PDPA-b-PCL-b-

PEG/DOTAP/DNA particles displayed a significant shift from negative (-24.6 mV)  at pH 

7.4, indicating  the presence of  DNA on  the particles, to  positive  (24.4 mV)  at  pH 5.5,  



                                                     pH Sensitive Polymer-Lipid Nanoparticles 

109 

 

Figure 4. Effect of pH on (hybrid) nanoparticle characteristics. (A) Translucency of PDPA-b-

PCL-b-PEG/DOTAP  nanoparticles  at different pHs. (1=pH 7.4; 2=pH 6.2; 3=pH 5.5; 4=blank 

(PBS)). (B) Zeta potential of (hybrid) nanoparticles at pH 7.4, pH 6.5, and pH 5.5. (C) DNA release 

efficiency of PDPA-b-PCL-b-PEG/DOTAP/DNA, PCL-b-PEG/DOTAP/DNA , and DOTAP/DNA 

complexes  at various time points at pH 7.4 and pH 5.5. (D) zeta potential of PDPA-b-PCL-b-

PEG/DOTAP/DNA, PCL-b-PEG/DOTAP/DNA, and DOTAP/DNA complexes at pH7.4 and pH5.5 (E) 

Cryo-TEM micrographs of PDPA-b-PCL-b-PEG/DOTAP/DNA at neutral pH 7.4 and acidic pH 2. 

Scale bar is 100 nm. 

 

indicating the release of the DNA together with the protonation of the diisopropyl-

substituted tertiary amines from PDPA segments (Figure 4D). For PCL-b- 

PEG/DOTAP/DNA and DOTAP/DNA nanoparticles only marginal changes in zeta 

potential were detected (Figure 4D), which most likely reflect the release of minor 
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amounts of DNA and/or partial DNA decondensation (see Figure 4C). Overall, the data 

indicate that the presence of the PDPA segment in the PDPA-b-PCL-b-PEG polymer 

greatly facilitates DNA dissociation from nanoparticles at acidic pH. The morphology of 

PDPA-b-PCL-b-PEG/DOTAP/DNA nanoparticles, that was investigated with cryo-TEM, 

revealed micellar structures as well as spherical nanoparticles surrounded by an 

electron-dense layer (Figure 4E, left panel). The electron-dense layer most likely 

represents condensed DNA adsorbed onto the surface of the nanoparticle. This is in 

accordance with the adsorption of DNA onto unilamellar liposomes [32-33]. Following 

incubation of PDPA-b-PCL-b-PEG/DOTAP/DNA nanoparticles at acidic pH, a low 

number of vesicular structures was detectable (Figure 4E, right panel), which may 

explain for the incomplete transparency of the solution upon the drop in pH (Figure 4A). 

Possibly, DOTAP vesicles were formed upon dissociation of the hybrid nanoparticles. 

High transfection efficiency of HEK293T cells with PDPA-b-PCL-b-PEG/DOTAP 

hybrid nanoparticles 

To evaluate the transfection efficiencies with the different nanoparticles, HEK293T cells 

were treated with PDPA-b-PCL-b-PEG/DOTAP/DNA, PCL-b-PEG/DOTAP/DNA, and 

DOTAP/DNA complexes at a DOTAP-DNA weight ratio of 6.  The transfection efficiency 

with  PDPA-b-PCL-b-PEG/DOTAP/DNA was 42.56 ± 1.77%, which was significantly 

higher than with the non-pH-sensitive PCL-b-PEG/DOTAP/DNA (13.79 ± 2.39%) and   

DOTAP/DNA (18.19 ± 5.29%) (Figure 5A). The differences in transfection efficiency 

could not be explained by differences in the cellular uptake of the nanoparticles. 

Specifically, when HEK293T cells were incubated with the three formulations that were 

fluorescently labeled by the use of Cy5-labeled DNA, more than 96% of Cy5-positive 

cells were detected for all formulations (Figure 5B), indicating efficient and similar 

cellular internalization of PDPA-b-PCL-b-PEG/DOTAP/DNA, PCL-b-PEG/DOTAP/DNA, 

and DOTAP/DNA complexes by HEK293T cells. In order to visualize the intracellular 

distribution of  the nanoparticles, the nanoparticles were fluorescently labeled with Cy3-

labeled DNA and their colocalization with late endosomes/lysosomes (marked by 

Lysotracker) was determined. The extent of nanoparticle entrapment in late 

endosomes/lysosomes is represented by the average thresholded Manders coefficient 

(tM) of colocalization between nanoparticles (red) and  Lysotracker (green). After 3h of 

incubation of cells with nanoparticles,  for PDPA-b-PCL-b-PEG/DOTAP/Cy3-DNA (red) 

complexes a low tM (0.42 ± 0.02) was measured, suggesting their localization in non-

acidic endosomes and/or their effective escape from the degradation pathway into the 

cytosol (Figure 5C, upper panels). In contrast, non-pH sensitive nanoparticles PCL-b-

PEG/DOTAP/Cy3-DNA (tM=0.65 ± 0.13) and DOTAP/Cy3-DNA  (tM=0.61 ± 0.10) 

showed a significantly higher tM compared to the pH-sensitive PDPA-b-PCL-b-

PEG/DOTAP/Cy-3 DNA, indicating their presence in late endosomal and lysosomal 

compartments (Figure 5C, middle and lower panels). Since  the cellular  uptake  of    the  
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Figure 5. Interaction of (hybrid) nanoparticles with HEK 293T cells. Transfection efficiency (a) 

and cellular uptake efficiency (b) of PDPA-b-PCL-b-PEG/DOTAP/DNA, PCL-b-PEG/DOTAP/DNA, 

and DOTAP/DNA complexes in HEK293T cells. (c) Cellular distribution of the different complexes 

(red) after 3h incubation with HEK293T cells. Late endosomes/lysosomes were stained with 

Lysotracker (green). Scale bar is  10 µm. Manders coefficient (tM) indicates level of colocalization 

between complexes and lysotracker. 

 

three different nanoparticles was similar, and the level of colocalization of PDPA-b-PCL-

b-PEG/DOTAP/DNA with late endosomes/lysosomes was significantly lower than that of 

PCL-b-PEG/DOTAP/DNA and DOTAP/DNA nanoparticles, it was investigated next if 
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differences in the endosomal escape of the nanoparticles could explain for the observed 

differences in transfection efficiency. 

Effective low-pH-dependent endosomal escape of PDPA-b-PCL-b-PEG/DOTAP 

hybrid nanoparticles 

The release of DNA from endosomes into the cytosol is known to be a key rate-limiting 

factor for effective gene delivery by non-viral vectors. To investigate the kinetics and 

mechanisms of endosomal escape of nanoparticles, fluorescently labeled 

oligonucleotides (ODNs), i.e., short DNA sequences, can be used to visualize the 

intracellular release of genetic cargo. Because of their passive accumulation in the cell 

nucleus [12] fluorescent ODNs are an easy tool to follow the dissociation and endosomal 

escape of DNA-loaded nanoparticles: the number of ODN-positive nuclei relative to the 

total cell number reflects the endosomal escape and thus is a measure for delivery 

efficiency. To this end, the three different nanoparticles were complexed with Atto495-

ODN, and incubated with HEK293T cells for 4h, 24h, and 48h. As shown in Figure 6A, 

PDPA-b-PCL-b-PEG/DOTAP showed a significantly higher ODN release efficiency 

(47.23%) compared to PCL-b-PEG/DOTAP (0%) at t=4h. The percentage of Atto495-

positive nuclei in cells treated with PDPA-b-PCL-b-PEG/DOTAP/Atto495-ODN slightly 

increased with time, and was 57.07% after 48 h. However, there was no obvious ODN 

release from the non-pH-sensitive PCL-b-PEG/DOTAP/Atto495-ODN even after 48 h of 

incubation, which indicates that the inclusion of the pH-sensitive PDPA polymer 

facilitates the endosomal escape of the nanoparticles.  

Notably, the endosomal release of DOTAP/Atto495-ODN nanoparticles was very fast 

and already occurred within the first 30 min. of incubation with HEK293T cells, whereas 

for PDPA-b-PCL-b-PEG/DOTAP/Atto495-ODN it took ~3h before the first Atto495-

positive nuclei were visible (data not shown). After 4 h of incubation of HEK293T cells 

with DOTAP/Atto495-ODN, 57.07% of the cells showed Atto495-positive nuclei, while 

after 48 h essentially all cell nuclei (91.09%) were fluorescent (Figure 6A).  

To further verify whether the protonation of PDPA-b-PCL-b-PEG induces ODN release, 

Bafilomycin A1 was used as an inhibitor of the vacuolar type H+-ATPase proton pump to 

block the acidification of endosomes/lysosomes [34].  The lack of acidification would 

prevent alteration of the PDPA core, i.e., no protonation and thus no hydrophobic to 

hydrophilic switch, which would prevent the dissociation of the PDPA-b-PCL-b-

PEG/DOTAP/Atto495-ODN complex. Pretreatment of HEK293T cells with Bafilomycin 

A1 resulted in the complete absence of Atto495-positive nuclei in cells incubated with 

PDPA-b-PCL-b-PEG/DOTAP/Atto495-ODN complexes (Figure 6B, lower left panel). 

However, Bafilomycin A1 did not affect the endosomal escape of DOTAP/Atto495-ODN (Figure 

6B, lower right panel, indicating a pH-independent endosomal escape mediated by 

DOTAP, as was previously shown by others [35]. 
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Figure 6. Endosomal escape of (hybrid) nanoparticles. (A) HEK293T cells were treated with 

PDPA-b-PCL-b-PEG/DOTAP, PCL-b-PEG/DOTAP, and DOTAP nanoparticles complexed with 

Atto495-ODN for 4, 24, and 48 h. The efficiency of endosomal escape was determined by the 

number of nuclei that were positive for Atto495-ODN divided by the total number of nuclei. (B) HEK 

293T cells were preincubated with or without Bafilomycin A1  for 30 min, followed by incubation for 

4 h with different nanoparticle/ODN complexes. Live cells were imaged by fluorescence microscopy. 

Atto495-positive nuclei are marked by white dotted lines. Scale bar is 10 µm. 
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Live cell imaging of the endosomal escape of PDPA-b-PCL-b-PEG/DOTAP hybrid 

nanoparticles reveals a two-step mechanism 

To obtain insight in the mechanism of endosomal escape, live cell imaging was used to 

visualize the real-time endosomal release of PDPA-b-PCL-b-PEG/DOTAP hybrid 

nanoparticles.  PDPA-b-PCL-b-PEG/DOTAP nanoparticles, fluorescently labeled with 

Rhodamine-PE (red) and loaded with Atto495-ODN (green) were incubated with 

HEK293T cells and image acquisition was started after 2 h and 40 min., i.e., close to the 

onset of endosomal escape. As shown in Movie S1 and the still images in Figure 7A, 

dual-labeled PDPA-b-PCL-b-PEG/DOTAP/ODN nanoparticles were efficiently 

internalized by HEK293T cells, and visible as yellow, round structures at the start of 

image acquisition (t=00:00). Limited Atto495 fluorescence signal was present within 

some nuclei and many cells were still devoid of Atto495-positive nuclei. This shows that 

the endosomal escape of PDPA-b-PCL-b-PEG/DOTAP/Atto495-ODN started 

approximately after a 3h incubation with cells. Over time, the nanoparticles remained 

predominantly confined to endosomal structures (insets in Figure 7A), while their 

Atto495 intensity gradually increased (quantified in Figure 7B). At t=80 min., i.e., after 

approximately 4 h incubation with cells, the endosomal structures that contain 

nanoparticles showed a strong accumulation in the juxtanuclear region around the 

microtubule-organizing center (MTOC) (Movie S1, Figure 7A) . 

In our previous work, an increase in particle fluorescence was observed for PEI 

polyplexes loaded with Atto495-labeled ODNs that were incubated with HeLa cells, and 

was shown to reflect the dequenching of Atto495-ODN fluorescence, induced by 

polyplex dissociation [12]. The polyplex dissociation was directly followed by a burst 

release of ODNs into the cytosol, followed by fast accumulation of the ODNs in the 

nucleus, providing evidence for the proton sponge effect [12]. Under the same 

conditions lipoplexes showed a slow decrease in fluorescence over time that coincided 

with a slow increase in nuclear fluorescence. Furthermore, the onset of endosomal 

escape of polyplexes occurred after prolonged incubation with cells, i.e., after 30-60 

min., while the endosomal escape of lipoplexes was almost instant, i.e., within 5 minutes 

after their addition to the cells, which could be explained by the low-pH-dependent 

endosomal escape mediated by polyplexes that required endosomal acidification [12]. 

Summarizing, in previous work, polyplexes were shown to induce a low-pH-dependent 

burst release of genetic cargo into the cytosol after prolonged incubation with cells, 

whereas lipoplexes induced a gradual release of their cargo that occurred shortly after 

the start of incubation. 

Although PDPA-b-PCL-b-PEG/DOTAP/ODN nanoparticles showed an increase in their 

Atto495-ODN intensity (similar to polyplexes), no ensuing burst release of ODN into the 
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cytosol nor a fast accumulation of ODN in the nucleus was observed (Movie S1, Figure 

7A). Instead, a gradual nuclear accumulation of Atto495-ODN (similar to lipoplexes) was  

 

Figure 7. PDPA-b-PCL-b-PEG/DOTAP/ODN nanoparticles show a two-step mechanism of 

endosomal escape. (A) HEK293T cells were treated with PDPA-b-PCL-b-PEG/DOTAP/ODN 

complexes for 2h 40 min, and subsequently monitored by live cell fluorescence confocal 

microscopy. Nanoparticles were fluorescently labeled with Rh-PE (red) and loaded with  Atto495-

ODN. Representative images from Movie S1 are shown together with  the signals from the 

individual fluorescence channels for the boxed area. (B)  Quantification of Atto495-signal (a.u.) of 

intracellular PDPA-b-PCL-b-PEG /DOTAP/ODN nanoparticles, and the nucleus in time. (C) Particle 

size of PDPA-b-PCL-b-PEG /DOTAP/DNA complexes upon their resuspension in acidic pH5.5 

buffer, analyzed by nanoparticle tracking analysis (NTA) after 5 and 30 min. of incubation. 

 

detected (Movie S1, Figure 7A and B). The pattern of the fluorescence increase in the 

nucleus was similar to the pattern of the fluorescence increase in the nanoparticles 

(Figure 7B). These data indicate that the endosomal escape of PDPA-b-PCL-b-

PEG/DOTAP hybrid nanoparticles is not mediated through the proton sponge effect, i.e., 

does not give a burst release of ODN, but is mediated by a low-pH-induced particle 

dissociation that is directly followed by a cationic lipid-mediated destabilization of the 

endosomal membrane, resulting in a gradual release of the genetic cargo from the 

endosome (Scheme 1B). While inclusion of the PDPA segment in the triblock copolymer 

was expected to induce a rapid dissociation of the complexes, our data indicate that the 

hybrid nanoparticles show slow pH-dependent dissociation. Their slow dissociation at 
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the (endosomal) pH 5.5 was confirmed by particle size measurement using NanoSight. 

After 5 min. incubation of PDPA-b-PCL-b-PEG/DOTAP/DNA complexes at pH5.5, major 

peaks were detected around 43, 62, 148, and 283 nm (Figure 7C), which was similar to 

the peaks measured at pH7.4 (Supplementary Figure S2), indicating that the particles 

did not dissociate. After prolonging the incubation of the particles at pH5.5 to 30 min., 

the intensity of the peaks, reflecting the concentration of the particles, significantly 

decreased (Figure 7C), designating the dissociation of the particles.  

Conclusions 

In the present work, a newly-synthesized pH-sensitive, and biodegradable copolymer 

PDPA-b-PCL-b-PEG was prepared as a vector for gene delivery. Although this polymer 

could efficiently encapsulate nucleic acids (DNA/ODN) via the pH-switch method, the 

complexes were transfection-inactive, due to their inability to escape from endosomes 

(Figure 1). This finding agrees with a previous study that showed that protonation of the 

tertiary amines of PDPA segments is not sufficient for endosomal membrane disruption 

[14].  

In order to enhance the gene delivery potency, the cationic lipid DOTAP was included in 

the formulation, forming so-called polymer/lipid hybrid nanoparticles. The PDPA-b-PCL-

b-PEG /DOTAP hybrid nanoparticles were easily prepared via a one-step 

nanoprecipitation method, and showed a small size (70～130 nm) and narrow size 

distribution (PDI ～0.1). These small and uniform hybrid nanoparticles could effectively 

encapsulate DNA, and obtain high gene expression in HEK293T cells, when compared 

to non-pH-sensitive hybrid nanoparticles (PCL-b-PEG/DOTAP/DNA) and lipoplexes 

(DOTAP/DNA). 

Insight in the mechanism of endosomal escape of PDPA-b-PCL-b-PEG/DOTAP hybrid 

nanoparticles was obtained using live cell imaging. The following mechanism of 

endosomal escape for PDPA-b-PCL-b-PEG/DOTAP hybrid nanoparticles is proposed: 

due to a drop in pH, as occurs during endosomal maturation, the PDPA segments in 

PDPA-b-PCL-b-PEG/DOTAP/DNA nanoparticles become protonated and hydrophilic. 

This leads to swelling/dissociation of the particles, freeing the genetic cargo as well as 

the cationic lipid from the nanoparticles. Now, the cationic lipid can interact with and 

destabilize the endosomal membrane. Through temporary ‘pores’, created by the 

interaction of cationic lipids with anionic lipids in the endosomal membrane[36-37], the 

genetic cargo is released into the cytosol (Scheme 1B). In short, the proton sponge 

function of the PDPA segment in PDPA-b-PCL-b-PEG induces dissociation of PDPA-b-

PCL-b-PEG/DOTAP nanoparticles, while the membrane-disturbing activity of the 

cationic lipid DOTAP is responsible for the ensuing endosomal escape of the genetic 

cargo. Importantly, the action of the cationic lipid is postponed until the moment of a 

drop in pH, at which the hybrid nanoparticles dissociate, revealing a two-step 
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mechanism of endosomal escape. Particle dissociation is a prerequisite to free the 

cationic lipids from the complex and allow them to exert their membrane-destabilizing 

effect. In this way, a low-pH-induced activity of the DOTAP cationic lipid is generated by 

combining the cationic lipid with a pH-sensitive polymer, forming polymer-lipid hybrid 

nanoparticles.  

The PDPA-b-PCL-b-PEG/DOTAP hybrid nanoparticles may prove to be similarly useful 

as lipid nanoparticles (LNPs) that contain ionizable cationic lipids, and that have already 

shown great promise in the clinic [38]. Like LNPs, PDPA-b-PCL-b-PEG/DOTAP hybrid 

nanoparticles present a solid core, and show high stability. Both systems show a low-

pH-induced release of their cargo. In addition, the polymer/lipid hybrid nanoparticles 

may present some advantages over LNPs, as discussed below. While PEG lipids are 

needed to enhance the stability of lipid-based systems, they inevitably lead to what is 

called the ‘PEG dilemma’, that is, they compromise gene delivery efficiency, because 

the presence of PEG prevents the close association of the nanoparticles with the 

endosomal membrane, which prevents their endosomal escape [39,40]. This problem 

can be solved by the use of e.g. exchangeable and/or biodegradable PEG, but this may 

compromise the stability of the system [41]. The pH-sensitive PDPA polymers on the 

other hand, induce particle swelling/dissociation upon a drop in pH, because of their 

hydrophobic-to-hydrophilic switch. After that, particle constituents are freed in the 

endosome, and cationic lipids can exert their membrane-destabilizing action. Thus, 

hybrid nanoparticles can be PEGylated without disturbing their drug release properties.  

Furthermore, polymer-lipid hybrid nanoparticles combine the merits of polymer 

nanoparticles and liposomes. Hybrid nanoparticles with tunable size and surface charge 

can be prepared in a simple process. The use of polymers will also facilitate the fine-

tuning of the system, because of their easy synthesis compared to lipids. By varying 

block copolymer composition and molecular weight, the pKa of the system can be 

adjusted to physiologically relevant pH transitions, to fit the environmental pH at which 

particle dissociation/cargo release is desired. 

Our study provides important leads to further improve the design and synthesis of drug 

delivery nanoparticles of which the cargo release can be tightly controlled by subtle 

changes in pH. 

Materials and Methods 

Materials 

1,2-dioleoyl-3-trimethylammonium-propane chloride salt (DOTAP) was purchased from 

Avanti Polar Lipids. All other chemicals, unless mentioned otherwise, were purchased 

from Sigma Aldrich and were used without further purification. α-Methoxy-poly(ethylene 

glycol)44-ω-hydroxide (MeO-PEG44-OH, Mn = 2000 g/mol) was dried by co-evaporation 
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with anhydrous toluene using a rotary evaporator. ε-Caprolactone (ε-CL, 99%, Alfa 

Aesar) was stirred over CaH2 for 24 h at room temperature, and then it was distilled at 

reduced pressure under nitrogen.  

 LysoTracker® Green DND-26 and DAPI (4',6-diamidino-2-phenylindole)  were obtained 

from Life Technologies. Plasmid pEGFP-N1 was purchased from Clontech  (USA); 

plasmid DNA was isolated from transformed E. coli using GenElute TM HP Plasmid 

Midiprep kit (Sigma Aldrich) following the manufacturer’s protocol. pDNAs were 

fluorescently labeled with Cy5 or Cy3 using Label IT® Tracker Intracellular Nucleic Acid 

Localization Kit (Mirus, MA, USA). Atto495-labeled oligonucleotides (5'-

ACTACTACACTAGACTAC-3') were purchased from Biomers (Germany). 

Synthesis of poly(ethylene glycol)-block-poly(ε-caprolactone) (PEG-b-PCL) 

 The synthesis of PEG-b-PCL was described previously [42]. In brief, dry MeO-PEG44-

OH (1 molar equivalent) was added to a Schlenk flask as a solution in dry toluene. ε-CL 

was then added and the resulting solution was equilibrated at 30  for 10 min. 

Methanesulfonic acid (1:1 molar ratio with MeO-PEG44-OH) was then added and the 

reaction mixture was stirred at 30°C for 2.5 h. After cooling to room temperature, the 

mixture was treated with diisopropylethylamine in order to neutralize the catalyst.  The  

salt  was  removed  by filtration, and  the  product  was  precipitated  in  excess  cold  

hexane. The crude product was dissolved in THF and precipitated in excess cold 

hexane again twice. 

Synthesis of PEG-b-PCL-Br macroinitiator  

PEG-b-PCL-Br macroinitiator was prepared according to the literature [43]. The 

prepared PEG-b-PCL (1 g) was dissolved in 10 mL of anhydrous toluene in a 50-mL 

round-bottom flask. Triethylamine (175 µL, 5 equiv) was added, and the solution was 

cooled to 0 °C. 2-Bromoisobutyryl bromide (155 µL, 5 equiv) in 5 mL of THF was added 

dropwise to the solution. The reaction was then carried out under an argon atmosphere 

with stirring for 24 h at room temperature. Afterward, the mixture was concentrated and 

filtered to remove the insoluble ammonium salt. The copolymer (PEG-b-PCL-Br) was 

precipitated in cold hexane twice.  

Synthesis of poly(ethylene glycol)-block-poly(ε-caprolactone)-block-poly(2-(Diis-

opropyla-mino)-ethyl-methacrylate) (PEG-b-PCL-b-PDPA) 

PEG-b-PCL-b-PDPA was synthesized according to the method of Yu et al. [18]. 

Macroinitiator PEG-b-PCL-Br (400 mg, 0.1 mmol), DPA (1.8 mL), PMDETA (21 µL) and 

CuBr (14.4 mg) were charged into a Schlenk tube. 3 mL 2-propanol and 2 mL DMF 

were added as the solvents. The reactant mixture was degassed by bubbling with argon 

for 30 min. The polymerization was carried out at 50 °C for 8 hrs. The reaction mixture 
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was diluted with THF and passed through a neutral alumina column and precipitated out 

in cold methanol.  

Formation of PDPA-b-PCL-b-PEG/DNA complexes by pH switch method  

Complexes of PDPA-b-PCL-b-PEG and DNA were formed according to the following 

principle (the pH switch method): at low pH, PDPA-b-PCL-b-PEG is positively charged 

and hydrophilic, because of protonation of the PDPA tertiary amine groups, and 

spontaneously interacts with negatively charged DNA through electrostatic interaction. 

Upon suspension of the polymer/DNA mixture (pH 5.5) into aqueous buffer  (pH 7.4), 

i.e., pH switch, PDPA becomes hydrophobic due to its deprotonation, turning PDPA-b-

PCL-b-PEG into an amphiphilic structure, and causing DNA entrapment into the 

hydrophobic PDPA core.  

Specifically, one microgram of DNA was added into 10 µL PDPA-b-PCL-b-PEG polymer 

stock solution (2 mg/mL, 0.2 M acetic buffer at pH 5.5), and incubated for 20 min at 

room temperature.  Then the mixture was directly suspended into 1 mL serum-free 

medium (pH 7.4) to form PDPA-b-PCL-b-PEG/DNA complexes, and allowed to incubate 

for another 20 min. The DNA loading efficiency of PDPA-b-PCL-b-PEG was determined 

by agarose gel retardation assay, and particle size and zeta potential of PDPA-b-PCL-b-

PEG/DNA were measured with  a  Zetasizer Nano ZS (Malvern Instruments, UK). 

Atto495-labeled oligonucleotides (0.1 nmol) were complexed with PDPA-b-PCL-b-PEG 

using the same method. 

 pH-buffering capacity of PDPA-b-PCL-b-PEG 

The pH-buffering capacity of the PDPA-b-PCL-b-PEG  copolymer was determined by 

acid-base titration method, and compared with that of branched poly(ethylene imine) 

(bPEI), a polymer that is well-known for its high buffering capacity. In brief, copolymer 

PDPA-b-PCL-b-PEG was dissolved in chloroform/methanol (2:1) solution at a 

concentration of 2 mg/mL and organic solvent was evaporated under vacuum resulting 

in a copolymer film.  Then the copolymer film was rehydrated with 1 M HCl solution to 

form a stock copolymer suspension (2 mg/mL). The copolymer suspension was diluted 

in 0.1 M NaCl (dH2O) to 0.2 mg/mL, and the pH was measured following the repeated 

addition of 5 µL 0.1 M NaOH.  bPEI (0.2 mg/mL, 0.1M NaCl) was similarly titrated for 

comparison. The buffering capacity (β) was calculated according to the formula: β= 

dn(OH-)/dpH. 

Hybrid nanoparticle preparation.  

There are two methods to prepare polymer-lipid nanoparticles: a two-step and a one-

step method. The two-step method is based on fusion of separately prepared polymeric 

nanoparticles and liposomes. In the one-step method, polymers are dissolved in a 

water-miscible organic solvent, and then this organic phase is evenly dispersed in the 
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lipid-containing aqueous phase by external force (like sonication or mechanical stirring). 

Upon removal of organic solvent, nanoparticles with a hydrophobic polymeric core and a 

lipid shell self-assemble [44]. Unlike previous methods to prepare lipid-polymer hybrid 

nanoparticles, here we used a one-step method to obtain nanoparticles with a small 

average size, and a positive surface charge for DNA absorption. 5 mg PDPA-b-PCL-b-

PEG or PCL-b-PEG was dissolved in 0.5 mL THF, and mixed with 2.5 mg DOTAP at a 

polymer-to-lipid weight ratio of 2. To make DOTAP nanoparticles, 2.5 mg DOTAP was 

dissolved into 0.5 mL THF. The polymer/lipid mixture was added dropwise into 20 mL 

PBS buffer (pH 7.3) under sonication. Then the organic phase, which contained the 

polymers and lipids, was immediately dispersed into a water phase. After evaporation of 

organic solvent overnight, nanoparticles were collected using an Amicon® Ultra-4 

centrifugal filter (M.W. cut off 10 KDa), washed three times with PBS buffer, and 

sterilized by 0.45 µm filtration. Particle size and surface charge were measured with a 

Zetasizer Nano ZS (Malvern Instruments, UK). 

DNA loading into hybrid nanoparticles  

Hybrid nanoparticles (PDPA-b-PCL-b-PEG/DOTAP, PCL-b-PEG/DOTAP) which 

contained 6 µg DOTAP, or DOTAP alone, were diluted into 100 µL serum-free medium 

or water. Then 1 µg DNA was added into the nanoparticles suspension by gentle 

pipetting, and allowed to incubate for 20 min at room temperature to form DNA-loaded 

nanoparticles (Scheme 1a). Particle size and surface charge were measured with a 

Zetasizer Nano ZS or a Nanosight LM10 (Malvern Instruments, UK). Agarose gel 

retardation assay was used to measure the DNA binding ability of the different 

nanoparticles according to a previously published protocol [45]. In addition, the DNA 

loading efficiency was quantified as follows: 5 µg of DNA was complexed with PDPA-b-

PCL-b-PEG/DOTAP, PCL-b-PEG/DOTAP, or DOTAP  at a weight ratio (DOTAP/DNA) 

of 6 in 200 µL water, and further incubated for 20 min at room temperature. The same 

amount of free DNA (5 µg) was suspended in 200 µL water (concentration 25 ng/µL) as 

control. The DNA/hybrid nanoparticle solution was centrifuged at 2 × 104 (×g) for  30 

min, and 100 µL suspension was collected to measure the DNA concentration by 

NanoDrop™ (Thermo Scientific, USA).  

DNase and serum stability of hybrid nanoparticles 

To test whether hybrid nanoparticles protect DNA from enzymatic degradation, an 

aliquot of 20 μl of nanoparticles was complexed with 1 µg of  DNA in MilliQ water at a 

DOTAP/DNA weight ratio of  6,  and allowed to stand for 20 min at room temperature. 

Two units of DNase I (2 μl, Roche), or 2 μl  FCS, or  2 μL HBSS buffer (as control) were 

added to the samples and incubated for 30 min at 37 °C. After incubation, the samples 

were immediately treated with 2 μl of EDTA (500 mM) at room temperature for 15 min to 

inactivate the enzyme. Then 2 μl of 10% SDS was added per sample, and the samples 
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were further incubated for 10 min at room temperature to allow SDS  to dissociate the 

complexes completely. A qualitative analysis of DNA degradation was performed by gel 

electrophoresis (1% agarose gel containing 0.5 μg/ml ethidium bromide). 

Cryogenic transmission electron microscopy (cryo-TEM) of hybrid nanoparticles 

After plunge freezing of the different nanoparticles complexed with and without DNA, 3 

μl droplets of the samples were applied to a glow-discharge R2/2 quantifoil copper grid 

(Quantifoil Micro Tools, Jena, Germany) mounted in an environmentally controlled 

chamber at 100% humidity, blotted, and frozen in vitreous ice by plunging into liquid 

ethane using the Vitrobot (FEI, Eindhoven, The Netherlands). Grids were transferred to 

a Gatan model 914 cryoholder (Gatan, Pleasanton, CA) under liquid nitrogen and 

inserted into a Jeol 2100 transmission electron microscope (Jeol, Tokyo, Japan) 

operating at 200 kV. The vitreous state of the preparation was confirmed by electron 

diffraction. Low-dose images, with exposures between 20 and 30 electrons per Å2 and 

under-focus values of 5 μm were recorded with a 4096 × 4096 pixel CCD camera 

(Gatan) at 40[thin space (1/6-em)]000× magnification. 

pH sensitivity of hybrid nanoparticles 

To investigate the effect of pH on the characteristics of the hybrid nanoparticles, their 

particle size, and zeta potential was determined at pH 7.4 and pH 5.5, representing 

extracellular and late endosomal/lysosomal pH, respectively. The different nanoparticles 

were suspended in PBS buffer (pH 7.4) or acetic acid buffer (pH 5.5) at 1 mg/mL, and 

measured with a Zetasizer Nano ZS (Malvern Instruments, UK).  For the nanoparticles 

loaded with DNA, the samples were incubated in 1 mL PBS buffer (pH 7.4) or acetic 

acid buffer (pH 5.5) at 37  at varying time points. The particle size, zeta potential, and 

DNA release were measured. The DNA release efficiency was determined as described 

under ‘DNA loading into hybrid nanoparticles’, taking a free DNA solution as 100%.  

Cell culture  

HEK293T cells were grown in Dulbecco’s modified Eagle’s medium (Gibco) containing 

10% fetal bovine serum, 2 mM L-glutamine (Gibco), 100 U/ml penicillin (Invitrogen), and 

100 mg/ml streptomycin (Invitrogen), at 37 °C and 5% CO2.   

Transfection efficiency of hybrid nanoparticles in HEK293T cells 

 The transfection efficiency of the hybrid nanoparticles was investigated in HEK293T 

cells, which were seeded into 12-well plates at a density of 1 × 105 cells/well 24 h prior 

to transfection. The different complexes (PDPA-b-PCL-b-PEG/DOTAP/DNA, PCL-b-

PEG/DOTAP/DNA, DOTAP/DNA), were prepared  at a DOTAP/DNA weight ratio of 6 in 

0.5 mL serum-free medium as described above. After 20 min. incubation at room 

temperature, the complexes were added to the cells and incubated at 37 °C. The final 

DNA concentration was 1.0 µg/well. The same gene transfection procedure was 
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performed for HEK293T cells incubated with PDPA-b-PCL-b-PEG/DNA (or ODN) 

complexes prepared by pH switch method as described previously.  

 For cellular uptake experiments, Cy5-labeled DNA was used to track the internalization 

of the nanoparticles. The cells were supplied with 0.4 mL culture medium following 4 

hours of incubation. To quantify cellular uptake and gene expression, HEK293T cells 

were collected by trypsinization after 48 h and analyzed by FACS (Calibur™, Becton-

Dickinson). To investigate the intracellular distribution of nanoparticles, HEK293T cells 

were incubated with Cy3-labeled DNA-loaded nanoparticles. After 3 h of incubation,  live 

cells were stained with LysoTracker® Green DND-26 (Life Technologies), and 

immediately observed by a Leica SP8 Confocal microscope. Images were analyzed with 

Image J. In addition, Atto495-labeled oligonucleotides were used to study the DNA 

release in time. The DNA release efficiency was calculated by the ratio of cells with 

Atto495- positive nuclei to the total number of cells.  

Live Cell Imaging   

One day prior to live cell imaging, the cells were plated on 2-chamber Lab-TekⅡ slides 

at a density of 1.0×105 cells per well. The slides with 70-80% cell confluency were 

placed 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. PDPA-b-

PCL-b-PEG/DOTAP nanoparticles were fluorescently labeled by mixing with low amount 

of Rhodamine-PE (Rh-PE) at a weight ratio DOTAP/Rh-PE of 10, and loaded with Atto 

495-labeled ODNs. After ~2.7 h addition of the nanoparticles to the HEK293T cells, i.e. 

just prior to the onset of endosomal escape, image acquisition was started with Invivo 

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

Imaris software (Bitplane AG, Switzerland) and Image J.  
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Supplementary Information 

Supplementary Table S1. Particle size and zeta potential of PDPA-b-PCL-b-PEG/DOTAP 

nanoparticles at different polymer to  lipid weight ratios.  

Patricle Size (nm) PDI Zeta Potential (mV) 

PDPA-b-PCL-b-PEG 110.3 0.126 0.118 

PDPA-b-PCL-b-PEG 

/DOTAP (wt/wt 10:1) 
113.5 0.126 12.0 

PDPA-b-PCL-b-PEG 

/DOTAP (wt/wt 4:1) 
133.9 0.197 19.7 

PDPA-b-PCL-b-PEG 

/DOTAP (wt/wt 2:1) 
116.2 0.149 24.9 
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Supplementary Figure S1. NMR and GPC spectrum of PDPA-b-PCL-b-PEG triblock copolymer. 
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Supplementary Figure S2. Particle size of PDPA-b-PCL-b-PEG/DOTAP/DNA complexes in 

neutral pH7.4 buffer, analyzed by nanoparticle tracking analysis (NTA) after 5 and 30 min. of 

incubation. 

Movie S1. Live cell imaging of endosomal escape of PDPA-b-PCL-b-PEG/DOTAP/ODN 

complexes in HEK293T cells. HEK293T cells were treated with PDPA-b-PCL-b-PEG/DOTAP/ODN 

complexes for 2h 40 min, and subsequently monitored by live cell fluorescence confocal 

microscopy. Nanoparticles were fluorescently labeled with Rh-PE (red) and loaded with  Atto495-

ODN (green). 
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Abstract 

Non-viral gene delivery to the brain is challenged by the generally low-level and short-

term transfection of (postmitotic) brain cell types (neurons, astrocytes, microglia). In 

addition, the blood-brain barrier constitutes a major hurdle to the non-invasive entry of 

therapeutic genes from the blood into the brain. In this study, brain-targeted pH-

sensitive polymer-lipid hybrid nanoparticles were developed for CNS gene therapy. The 

hybrid nanoparticles consisted of the pH-sensitive copolymer PDPA-b-PCL-b-PEG and 

the cationic lipid DOTAP, and were functionalized with a GM1 ganglioside-targeting 

peptide (G23) in order to facilitate their transcytosis across the blood-brain barrier (BBB). 

The GM1-targeted hybrid nanoparticles efficiently encapsulated DNA, yielding 

nanoparticles with a small size (130-140 nm), that exhibited high transfection efficiency 

and low cytotoxicity in HEK293T cells. Furthermore, primary cortical neurons and 

astrocytes were capable of internalizing the nanoparticles, resulting in effective gene 

expression. In an in vitro BBB model, the GM1-targeted nanoparticles showed 

enhanced uptake by the brain endothelial cells compared to non-targeted nanoparticles, 

and were transported in an apical-to-basal direction. In ex vivo brain slices the GM1-

targeted nanoparticles were shown to be internalized by neurons, astrocytes, and 

microglia, while transfection occurred in neurons and astrocytes, but not microglia. 

Neurons preferentially internalized GM1-targeted nanoparticles, whereas astrocytes 

internalized targeted and non-targeted nanoparticles with equal efficiencies.  
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Introduction 

The blood-brain-barrier (BBB) constitutes an effective hurdle that precludes the entry of 

systemically circulating substances from the blood vessel across the vascular 

endothelial cell layer into the brain. This feature particularly frustrates the application of 

drugs in the effective treatment of numerous diseases involving the central nervous 

system. Given the rapid and vast worldwide expansion of an increasingly ageing 

population, major efforts to treat neurological diseases are therefore focused on 

devising sophisticated, programmable carrier systems for drug delivery into the brain. 

Previous work in this field has, among others, relied on the application of viral vectors. 

Although popular in use because of the relative high efficiency of delivery, serious 

potential hazards such as an immunological response and/or tumorigenic mutations, but 

also limitations in loading capacity and large scale production, have precluded a 

pronounced break-through of viral systems for drug and gene delivery into the brain. 

Accordingly, in spite of a lower delivery efficiency, non-viral particles, i.e., liposome- and 

polymer-based carriers, are still considered attractive alternatives, and much effort has 

been and still is invested in improving delivery efficiency and their targeting to the 

desired tissues and cells, including the brain. So far, such studies have revealed that 

specific surface coatings (e.g., TPGS or polysorbate) of the nanoparticles as well as 

their size (around 150 nm) are relevant parameters that may improve their transfer into 

the brain [1] [2]. In addition, specific targeting via cell-specific receptors may further 

effectuate the crossing of the particles across the endothelial barrier and/or improve the 

delivery of their contents into the desired target cell in the brain, i.e., neurons, astrocytes 

or oligodendrocytes. In this regard, brain targeting has been directed, for example, 

towards cell surface receptors for insulin  [3], transferrin [4] and leptin [5].        

Evidently, once the nanoparticles have reached and have become internalized by the 

target cells, subsequent intracellular release of the delivered cargo, which should 

preferably occur in a programmable manner, represents the ultimate step in terms of 

success of such an approach.  

In previous work, we have shown that nanoparticles, functionalized with a covalently 

attached GM1 ganglioside-targeting peptide, G23, on their surface, are effectively 

translocated across endothelial cells, presumably by a transcytotic mechanism. The 

specificity of this event was demonstrated both in vitro in a BBB cell model and in vivo 

[6], revealing access of the targeted nanoparticles into the brain parenchyma [7]. 

Although the latter study clearly revealed the transcytotic capacity of the G23-coated 

nanoparticles for in vivo delivery into the brain, no insight was obtained with regard to 

the nature of the brain cells, potentially involved in nanoparticle internalization. 

Furthermore, in those studies, chemically stabilized nanoparticles were employed, 

convenient for clarifying the principle of particle processing in the overall process of 
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transcytosis and cellular internalization, but less so for accomplishing effective release 

of contents into the target cell. Taking this goal into account, we more recently 

developed pH-sensitive hybrid polymer/cationic lipid nanoparticles, PDPA-b-PCL-b-

PEG/DOTAP, which display stealth properties, thus avoiding rapid clearance of the 

particles by the reticuloendothelial system, and are stable at neutral pH. However, 

release of their contents occurs when the particles meet a mild acidic pH environment, 

i.e., upon arrival in endocytic compartments. To evaluate the properties of these hybrid 

nanoparticles for their potential as programmable delivery device in brain delivery, we 

conjugated the targeting peptide G23 to the surface of the hybrid particles, using various 

maleimide-functionalized pH sensitive polymer- and lipid-based peptide anchors, which 

were formulated into the PDPA-b-PCL-b-PEG/DOTAP hybrid nanoparticles. To 

appreciate their potential in vivo delivery capacity, the various GM1-targeted devices 

thus obtained were evaluated using a BBB in vitro model to determine the transcytotic 

efficiency of the newly constructed carriers, and ex vivo brain slices to identify cellular 

targets. Interestingly, our data indicate specific G23-mediated targeting of the 

nanoparticles to neurons, followed by effective delivery of cargo. 

Results and Discussion 

Characterization of block copolymers 

The copolymers P(DPA-co-AMA) and PDPA-b-PCL-b-PEG were obtained via the ATRP 

method. Subsequently, P(DPA-co-AMA) was further modified with a heterobifunctional 

PEG linker (NHS-PEG-maleimide) and the dodecapeptide G23 (Scheme 1). 

Supplementary Figure S1 shows the 1H NMR spectra of P(DPA-co-AMA) and P(DPA-

co-AMA)-g-PEG-maleimide, respectively. The characteristic chemical shifts assigned to 

PDPA (1.00, 2.62, 2.99, 3.83 ppm), and PAMA (1.00, 2.99, 1.81, 3.83, ppm) were  

observed in accordance with previous studies [9]. Furthermore, a new chemical shift (-

CH2CH2O-, 3.58 ppm) of P(DPA-co-AMA)-g-PEG-maleimide indicated that the PEG 

linker was successfully linked with P(DPA-co-AMA). In addition, the lengths of the 

P(DPA-co-AMA) polymer and the P(DPA-co-AMA)-g-PEG block copolymer were 

calculated from the integral values of their characteristic peaks (Table 1). 

Table 1. Molecular weight of block copolymers 

Number-averagea 

PDPA-b-PCL-b-PEG PDPA61-b-PCL13-b-PEG44 

P(DPA-co-AMA) P(DPA61-co-AMA2) 

P(DPA-co-AMA)-g-PEG P(DPA61-co-AMA2)-g-PEG44 

a 1H NMR spectroscopy was utilized to characterize the number-average molecular weight. 
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Scheme 1. A, Synthesis scheme of PDPA-b-PCL-b-PEG. B, Synthesis scheme of P(DPA-co-

AMA)-g-PEG-G23.  
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Efficient DNA binding with GM1-targeted pH-sensitive polymer-lipid hybrid 

nanoparticles  

A polymer-lipid hybrid nanoparticle system was prepared via one-step nanoprecipitation. 

The system consisted of the newly synthesized pH-sensitive polymer poly (2-

(Diisopropylamino)-ethyl-methacrylate)-block-poly(ε-caprolactone)-block-poly(ethylene 

glycol) (PDPA-b-PCL-b-PEG) and the cationic lipid DOTAP. To modify the nanoparticles 

with G23 peptide, maleimide-functionalized polymer (P(DPA-co-AMA)-g-PEG-maleimide) 

or lipid (DSPE-PEG-maleimide) was firstly conjugated with thiolated G23 peptide, after 

which  the G23-coupled polymers or lipids were added into the polymer-lipid (PDPA-b-

PCL-b-PEG/DOTAP) mixture. Hybrid nanoparticles with maleimide-functionalized 

polymers and lipids without G23-peptide were used as controls (Scheme 2).   

First, the DNA binding potential of the different hybrid nanoparticles was investigated by 

agarose gel retardation assay. PDPA-b-PCL-b-PEG/P(DPA-co-AMA)-g-PEG/DOTAP 

(PPD) nanoparticles and PPD functionalized with G23 peptide (PPD-G23) complexed all 

DNA at a DOTAP/DNA weight ratio of 10, while PDPA-b-PCL-b-PEG/DSPE-

PEG/DOTAP (PDD) nanoparticles and PDD functionalized with G23 (PDD-G23) 

complexed all DNA at a DOTAP/DNA ratio of 6 (Figure 1). Apparently, the (protonated) 

primary amines in PAMA, that is present in PPD and PPD-G23, did not aid DNA binding.  

High transfection activity and low cytotoxicity of GM1-targeted pH-sensitive 

polymer-lipid hybrid nanoparticles in HEK293T cells  

The transfection efficiency with hybrid nanoparticles at a DOTAP/DNA ratio of 8, 10 and 

12 was tested in HEK293T cells. Figure 2A shows that PDD nanoparticles more 

efficiently transfected HEK293T cells than PPD nanoparticles. At the DOTAP/DNA ratio 

of 10, the transfection efficiency with PPD and PDD was 13.6 ± 3.3% and 37.2 ± 17.6%, 

respectively. Furthermore, the G23 peptide-modified hybrid nanoparticles more 

efficiently transfected HEK293T cells than the corresponding unmodified nanoparticles. 

As shown in Figure 2A, the number of GFP-positive HEK293T cells was 32.0 ± 16.6% 

with PPD-G23/DNA and 53.1 ± 18.5% with PDD-G23/DNA complexes (DOTAP/DNA 

ratio 10). This shows that the presence of the GM1-targeting peptide G23 on the hybrid 

nanoparticles enhances their transfection efficiency, possibly by stimulating their uptake 

by the HEK293T cells. 

The cytotoxicity of the hybrid nanoparticles in HEK293T cells was measured by MTT 

assay. HEK293T cells that were incubated with non-targeted PPD/DNA nanoparticles in 

the DOTAP/DNA weight ratio range from 2-14, showed a cell viability varying between 

67-74%, while the cell viability with PDD/DNA varied between 66-79%. Interestingly, the 

conjugation of the G23 peptide to the hybrid nanoparticles lowered their cytotoxicity. 

Specifically, following incubation of HEK293T cells with  PPD-G23/DNA and PDD-

G23/DNA, the cell viability was over 88% and 91%, respectively. 
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Scheme 2. Scheme of G23 targeting or non-targeting pH sensitive polymer/lipid nanoparticles for 

gene delivery.   

 

 

Figure 1. DNA binding ability of G23-conjugated and non-conjugated pH-sensitive polymer-

lipid hybrid nanoparticles. Plasmid DNA (0.5 g) was complexed with PPD (A), PPD-G23 (B) , 

PDD (C), PDD-G23 (D) nanoparticles at a DOTAP/DNA weight ratio of 2, 4, 6, 8, 10, 12, 14 and 16, 

followed by electrophoresis on an agarose gel (1% w/v) stained with ethidium bromide, in order to 

visualize migration of uncomplexed/free DNA.  
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Hybrid nanoparticles at a DOTAP/DNA weight ratio of 10 were used for further 

experiments, because of their efficient DNA binding and transfection efficiency, together 

with their low cytotoxicity. The average size of the hybrid nanoparticles both with and 

without G23 peptide, was around ~140 nm (PDI~0.2), which did not significantly change 

after complexation with DNA (Table 2). The zeta potential of the PPD nanoparticles was 

higher than that of PDD nanoparticles, both with and without modification with G23 

peptide, which can be explained by the presence of primary amine groups in PAMA. 

After incubation of the nanoparticles with DNA, a small decrease in zeta potential was 

observed compared to the nanoparticles without DNA, which corroborates complex 

formation between the nanoparticles and the negatively charged DNA (Table 2). 

Table 2 Particle characteristics of PPD， PPD-G23， PDD and PDD-G23 complexed with or 

without DNA at a DOTAP/DNA weight ratio 10.   

 

Particle Size (nm) Zeta Potential (mV) 

-pDNA +pDNA -pDNA +pDNA 

PPD 145.8 ± 3.2 170.8 ± 3.7 62.0 ± 0.38 37.3 ± 1.4 

PPD-G23 121.4 ± 18.9 140.0 ± 0.7 49.8 ± 0.7 31.9 ± 0.5 

PDD 137.3 ± 0.6 146.1 ± 0.8 39.5 ± 1.1 28.1 ± 1.6 

PDD-G23 137.9 ± 9.8 137.5 ± 0.1 41.4 ± 0.4 32.7 ± 1.1 

 

PDD and PDD-G23 hybrid nanoparticles show apical to basal transport without 

release of their genetic cargo in an in vitro BBB model  

In previous work, we showed that G23-modified polybutadiene-b-polyethylene glycol 

nanocarriers crossed an in vitro BBB model, as well as the BBB of mice in vivo [6][7]. 

Therefore, the capacity of the PPD, PPD-G23, PDD, and PDD-G23 complexes with 

DNA, to cross an in vitro BBB model was investigated next. An in vitro BBB model 

consisting of human cerebromicrovascular endothelial cell (hCMEC/D3) monolayers 

grown on transwell filters and HEK293T (acceptor) cells grown in the basal chamber, 

was used (Scheme 3A). PPD, PPD-G23, PDD, and PDD-G23 complexes with Cy5-DNA 

were added to the apical side of the hCMEC/D3 monolayers followed by a 48h-

incubation. Then, the hCMEC/D3 cells as well as the HEK293T cells were collected to 

measure the amount of Cy5-labeled nanoparticles within the cells. As shown in Figure 

3A, hCMEC/D3 cells efficiently internalized the different nanoparticles, showing over 87% 

of Cy-5 positive cells following incubation with either PPD, PPD-G23, PDD, and PDD-

G23 complexes with DNA. Next to the number of Cy-5 positive cells, the mean 

fluorescence intensity was measured, which represents the amount of internalized 

nanoparticles. As illustrated in  Figure 3B,  PPD-G23 was   internalized  more  efficiently  
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Figure 2. Transfection efficiency with and cytotoxicity of G23-conjugated and non-

conjugated pH-sensitive polymer-lipid hybrid nanoparticles in HEK293T cells.  A, 

Transfection efficiency with PPD/DNA, PPD-G23/DNA, PDD/DNA, and PDD-G23/DNA complexes 

(DOTAP/DNA ratio of 8, 10, and 12) in HEK293T cells. Data are presented as the mean ± SD of 

three independent experiments. B, Cytotoxicity of the nanoparticle-DNA complexes in HEK293T 

cells after 48 h of incubation at 37°C, as measured by MTT assay. Data are presented as the mean 

± SD of eight replicates from two independent experiments.  

 

 

Scheme 3. Cell culture models used in this study. A, In vitro BBB model, composed of 

hCMEC/D3 cell monolayer on transwell filter, with HEK293T cells in basal chamber; B, blank filter 

with HEK293T cells in basal chamber; C, HEK293T cells in (basal) chamber. 
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than the nanoparticles without modification (PPD) (two-tailed t-test, *p=0.03<0.05), 

indicating that functionalization of the PPD nanoparticles with the G23 peptide 

enhanced their uptake by hCMEC/D3 cells. On the opposite, the mean fluorescence 

intensity of hCMEC/D3 cells that were incubated with PDD-G23 was similar to that of 

cells treated with PDD (two-tailed t-test, p=0.39). However, less than 2% of Cy5-positive 

HEK293T cells were detected following the 48h incubation of nanoparticles with 

hCMEC/D3 cells (Figure 3C), suggesting a limited transport of the nanoparticles across 

the filter-grown hCMEC/D3 cell monolayers. But, when cells were removed from the 

filters by osmotic lysis, nanoparticles were detected on the filter (Figure 3D). This 

suggests that the nanoparticles had passed the cell monolayer and were subsequently 

captured by the filter. To verify if the filters that support the hCMEC/D3 cell monolayers 

form themselves a barrier for nanoparticle transport, the nanoparticles were added onto 

blank filters, i.e., filters without hCMEC/D3 cell monolayers, that were placed on basal 

chambers seeded with HEK293T cells (Scheme 3B). In addition, nanoparticles were 

added directly to HEK293T cells (Scheme 3C). In the absence of a filter, 98.2 ± 0.6% of 

HEK293T cells showed uptake of PPD-G23/DNA complexes, whereas in the presence 

of a filter only 0.3 ± 0.2% of HEK 293T cells showed nanoparticle uptake (Figure S2A). 

Similar results were obtained with PDD-G23/DNA complexes (Figure S2A). Observation 

of the filters by fluorescence microscopy confirmed the presence of the nanoparticles on 

the filters and within the filter pores (Figure S2B). Because of the obstruction of 

nanoparticle transport by the filters, the extent of nanoparticle transport across filter-

grown hCMEC/D3 cells could not be quantified. Similar technical problems were noted 

for other nanoparticles in in vitro BBB models [8-10].  

To try to obtain insight in the transcytotic potential of the (G23-modified) polymer-lipid 

hybrid nanoparticles, the intracellular localization of unmodified and modified 

nanoparticles in hCMEC/D3 cells was investigated to verify for nanoparticle transport 

from the apical side to the basal side of the cell monolayer. PDD/Cy5-DNA as well as 

PDD-G23/Cy5-DNA complexes were both found at the basolateral membrane (Figure 

4A), indicating their apical to basal transport within hCMEC/D3 cells. A tight junction 

staining (ZO-1) was used to distinguish between the apical and basolateral domains; a 

distance of  ≥ 2.1 µm below ZO-1 was considered basal (see Figure 4B). The 

fluorescence intensity of the nanoparticles that localized in the basal area was 

quantified. PDD-G23/Cy5-DNA complexes were more often detected at the basal side 

of hCMEC/D3 monolayers than the PDD/Cy5-DNA complexes (Figure 4C). Considering 

the equal internalization of PDD and PDD-G23 complexes by hCMEC/D3 cells (Figure 

3B), this may indicate that the G23 peptide promotes the transport of the nanoparticles 

toward the basal side.  

In previous work, the endosomal escape of PDPA-b-PCL-b-PEG/DOTAP hybrid 

nanoparticles  was  shown  to rely  on  endosomal   acidification,  as   occurring   during  
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Figure 3. Transcytosis of nanoparticle/DNA complexes across hCMEC/D3 cell monolayers. 

Uptake efficiency of nanoparticle/Cy5-DNA complexes in hCMEC/D3 cells following 48 h of 

incubation at 37°C, expressed as (A) percentage of Cy5-positive hCMEC/D3 cells, and (B) mean 

fluorescence intensity in hCMEC/D3 cells. C, The uptake efficiency of nanoparticle/DNA complexes 

in HEK293T cells, that were seeded in the basal chambers below the filters with hCMEC/D3 cell 

monolayers. The data in the graphs represent the mean ± SD of three independent experiments. 

*p<0.05 (t-test). D, After 18h of incubation with nanoparticle/Cy5-DNA (red) complexes, the 

hCMEC/D3 cell monolayer was removed from the filter by osmotic shock, and filters were analyzed 

for the presence of complexes. A representative image of a filter with PDD-G23/Cy5-DNA 

complexes is shown. Scale bar is 10μm.   

 

endosomal maturation (C. Wang et al. submitted). Since the transcytotic transport 

pathway has been suggested to involve slightly acidic, non-degradative LAMP-1-

positive compartments [11], the colocalization of PDD and PDD-G23 nanoparticles with 

LAMP-1 was measured in hCMEC/D3 cells. Both nanoparticles showed significant 

accumulation in LAMP-1-positive compartments, i.e., 52.3 ± 11.2% and 57.3 ± 7.0%, 

respectively. In addition, the endosomal escape of the genetic cargo from PDD and 

PDD-G23 nanoparticles was investigated. For this purpose, the nanoparticles were 

complexed with fluorescently-labeled oligonucleotides (ODNs). Fluorescently-labeled 

ODNs are an easy tool to assess the endosomal escape that is induced by 

nanoparticles, because ODNs passively accumulate in the nucleus following their 

release into the cytosol, allowing for easy detection. When PDD/ODN and PDD-

G23/ODNs complexes  were incubated  with hCMEC/D3 cell monolayers,  ODN-positive  
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Figure 4. Intracellular localization of PDD/DNA and PDD-G23/DNA complexes. A, hCMEC/D3 

monolayers were incubated with PDD/Cy5-DNA and PDD-G23/Cy5-DNA (Red) for 48h, then 

hCMEC/D3 monolayers were fixed, and stained with Phallodin-Tritc (Green). Both types of particles 

were found at the basal side of the hCMEC/D3 cells (indicated with white arrows). Scale bar is 5 

µm. B, Polarized hCMEC/D3 monolayers were stained with ZO-1 (red), Nucleus (Blue), Actin 

(Green). Scale bar is 5 µm. The cartoon indicated the architecture of hCMEC/D3 monolayer 

vertically. C, The amount of nanoparticle/DNA complexes at the basal side of the hCMEC/D3 cells 

was determined by measuring the Cy-5 fluorescence intensity (a.u.) at the basal side of the 

hCMEC/D3 cells. The intensity measured in hCMEC/D3 cells treated with PDD/DNA was set at 1.0, 

and the data are presented as the mean ± SD from two independent experiments. Per condition 20 

cells were analysed. *p<0.05. D, PDD and PDD-G23 were complexed with fluorescent Atto495 

labeled oligonucleotides (Atto495-ODN, green) and added to the apical side of hCMEC/D3 

monolayers for 48h. In hCMEC/D3 cells no ODN release was detected, as indicated by the 

absence of ODN-positive nuclei. Scale bar is 10 μm. 
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nuclei were not detected (Figure 4C), meaning that the nanoparticles were unable to 

induce the endosomal escape of genetic cargo. Possibly, the endosomal compartment 

is of too limited acidity to induce the dissociation of the nanoparticles, that is necessary 

for inducing the endosomal escape of the genetic cargo. 

PDD and PDD-G23 hybrid nanoparticles show transfection of primary cortical 

neurons and astrocytes 

Because neurons are enriched in gangliosides, including GM1 ganglioside [12], it was 

anticipated that GM1-targeted nanoparticles would show high uptake into neurons. As 

shown in Figure 5A, primary cortical neurons that were incubated with PDD-G23/Cy5-

DNA complexes showed significant uptake of the nanoparticles, as indicated by 

colocalization of the nanoparticles with neuron-specific class III beta-tubulin (Tuj1). 

However, there was no significant difference in internalization between GM1-targeted 

and non-targeted nanoparticles. Also PDD/Cy5-DNA complexes were efficiently 

internalized by neurons (Figure 5A). Therefore, non-specific binding mediated by a 

positive surface charge of the nanoparticles may have played a major role in the 

endocytosis of the nanoparticles, which is in accordance with previous investigations 

showing that in general cationic particles display high association with negatively 

charged cell surfaces [13].  

To examine the transfection efficiency in primary cortical neurons, the polymer-lipid 

hybrid nanoparticles were complexed with plasmid DNA encoding green fluorescent 

protein (pEGFP-N1), and primary cortical neurons were exposed to the DNA complexes 

for 5 days. As shown in Figure 5B, multiple GFP-positive neuronal processes were 

detected, indicating the successful transfection of neurons by PDD and PDD-G23 

nanoparticles.  

In addition, the transfection efficiency in primary astrocytes was investigated. Astrocytes 

were incubated with PDD and PDD-G23 nanoparticles for 48 hrs, and GFP expression 

was analyzed by FACS analysis. A transfection efficiency of 8.0 ± 2.0% was achieved 

with PDD-G23 nanoparticles, which was 4-fold higher than the transfection efficiency 

with PDD nanoparticles, i.e., 2.5 ± 0.6% (Figure 5C). Expression of the astrocyte marker 

glial fibrillary acidic protein (GFAP) was identified by immunostaining in the GFP-

expressing cells (Figure 5D), confirming their astrocytic nature. 

GM1-targeted pH-sensitive hybrid nanoparticles yield high cellular uptake and 

transfection efficiency in ex vivo brain slices 

Notably, in case of transcytosis across the BBB, the hybrid nanoparticles would reach 

the brain parenchyma, that consists of mixtures of neurons and glial cells, including 

astrocytes. Intact brain slices preserve the three-dimensional architecture and local 

environment of neurons and glia, and represent an in  vivo-mimetic  ex  vivo  model  that  
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Figure 5. Cellular uptake and transfection efficiency with PDD/DNA and PDD-G23/DNA 

complexes in primary neurons and astrocytes. A, Primary cortical neurons were incubated with 

PDD/Cy5-DNA and PDD-G23/Cy5-DNA complexes for 24h, fixed, and immunostained for the 

neuronal cell marker Tuj1. Cellular uptake of nanoparticles was visualized with fluorescence 

microscopy. Blue indicates DAPI-stained nuclei, red shows the neuronal marker Tuj1, and green 

displays Cy5-labeled nanoparticle/DNA complexes. Scale bar is 10 µm. B, GFP expression in 

primary cortical neurons following incubation with PDD/pEGFP-N1 and PDD-G23/pEGFP-N1 

complexes for 5 days. Blue indicates DAPI-stained nuclei, red shows neuronal marker Tuj1, and 

green displays GFP. Scale bar is 50 µm. C, Transfection efficiency of primary astrocytes incubated 

for 2 days with PDD/pEGFP-N1 and PDD-G23/pEGFP-N1 complexes, as quantified by FACS 

analysis.*p<0.05. D, GFP expression in primary astrocytes following incubation PDD-G23/pEGFP-

N1 complexes for 2 days. Blue indicates DAPI-stained nuclei, red shows astrocytes marker GFAP, 

and green displays GFP. Scale bar is 20 µm. 

 

can be used to investigate nanoparticle-mediated gene delivery to the CNS [14]. Here, 

PDD/DNA and PDD-G23/DNA complexes were added onto brain slices to evaluate the 

uptake and transfection efficiency in the different brain cell types. 

Firstly, fluorescently-tagged Cholera toxin B (CTB-555), a known ligand for GM1, was 

used to determine the cell surface distribution of GM1 ganglioside, i.e. the presumed 

receptor for PDD-G23/DNA complexes. As shown in Figure 6A (upper panel), CTB 

showed excessive binding to neurons. Essentially all neuronal cell processes and cell 

bodies that were stained with β-ⅢTubulin (blue) showed colocalization with CTB-555 

(red). A previous study showed that GM1 was detected on neuronal cells of adult mouse 

cerebellum [15], which is in accord with our finding. In addition, CTB-555 was detected 

on the processes of astrocytes (GFAP, green) (Figure 6A, lower panel), demonstrating 

the presence of GM1 at astrocyte processes.  

Next, fluorescently-labeled PDD-G23/Cy5-DNA and PDD/Cy5-DNA were incubated with 

brain slices for 24h to determine the uptake of the particles by neurons and astrocytes. 

Both PDD and PDD-G23 nanoparticles efficiently accumulated in astrocytes, as 

revealed by more than 90% of colocalization between the nanoparticles and GFAP 

(Figure 6B lower panels and Figure 6D). However, G23-functionalized particles showed 

significantly higher uptake in neurons than non-functionalized particles (Figure 6B, 

upper panels).  PDD-G23/Cy5-DNA showed 60.4 ± 9.9% colocalization with the 

neuronal marker Tuj1, while PPD/Cy5-DNA complexes showed 36.7 ± 14.1% 

colocalization (Figure 6C). After incubation of the brain slices with PDD/DNA and PDD-

G23/DNA complexes for 5 days, GFP expression was assessed. With the hybrid 

nanoparticles 100-200 GFP-positive cells were detected per slice. For comparison, 10-

60 cells in hippocampal slice cultures could be transfected by means of gene gun-

mediated DNA delivery[16],  i.e., a transfection method that is generally quite harsh on 

cells and induces considerable cell death  [17]. The slices treated with PDD-G23/DNA 
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showed the highest number of GFP-positive cells, compared to brain slices treated with 

PDD/DNA complexes. Both neurons and astrocytes, that were identified by their 

different morphologies, were transfected with PDD-G23 hybrid nanoparticles (Figure 7). 

Most of GFP-positive cells exhibited the structure of astrocytes (Figure 7, upper panel). 

Next to transfection of astrocytes, transfection was detected in neurons. As neurons are 

considered to be post-mitotic, and non-viral vectors generally poorly transfect non-

dividing cells, this result is promising for the further development of non-viral gene 

delivery to the CNS. 
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Figure 6. GM1 expression and nanoparticle internalization in cerebellar brain slices.  A, GM1 

expression by neurons and astrocytes in cerebellar brain slices was visualized by staining with 

CTB-555 (red). Neurons were stained for Tuj1 (blue), astrocytes were stained for GFAP (green). 

Slices were examined by fluorescence microscopy. Scale bar 10 μm. B, After incubation with PDD-

G23/Cy5-DNA complexes (blue), the brain slices were fixed and immunostained with cell markers 

for neurons (Tuj1; red) and astrocytes (GFAP; red) to monitor the nanoparticle uptake in the 

respective cell types. Nuclei were stained with DAPI. Scale bar is 20 μm. (Boxed area, scale bar is 

5 μm) C and D represent the degree of colocalization between Cy5-labeled nanoparticle/DNA 

complexes and the different cell markers was analyzed by fluorescence micoscopy. The data in the 

graph are presented as the mean ± SD from two independent experiments. Per condition 150-200 

cells were analysed. t-test, *p<0.05.  

 

Taken together, PDD and PDD-G23 hybrid nanoparticles efficiently transfect neurons 

and astrocytes, while exhibiting low cytotoxicity. Their transcytotic capacity needs to be 

further investigated, in a (filter-free) BBB model system and/or in an in vivo setting, to 

confirm  if the G23 peptide stimulates the transport of PDD nanoparticles across the 

blood-brain barrier.  

 

 

 

Figure 7. GFP expression in neurons and astrocytes in cerebellar brain slices following 

incubation with PDD-G23/DNA complexes. Brain slices were incubated with PDD-G23/pEGFP-

N1 for 5 days, followed by fixation and microscopic investigation. Nuclei were stained with DAPI. 

GFP-expressing neurons and astrocytes were identified on the basis of morphology. Scale bar is 

30 µm. 
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Conclusions 

CNS gene therapy is a huge challenge for systemically administered non-viral vectors 

because of their limited transport across the BBB and the low transfection efficiency in 

brain cells.  In this study, a non-viral vector system for CNS gene therapy is presented, 

which is formed by the pH-sensitive polymer PDPA-b-PCL-b-PEG and the cationic lipid 

DOTAP, and functionalized with a GM1 ganglioside-targeting peptide. The G23-

conjugated nanoparticles successfully formed complexes with DNA, with a small size 

and positive zeta potential. These complexes were effectively internalized by primary 

neurons and astrocytes, resulting in their efficient transfection. In addition, it was 

observed that neurons and astrocytes in brain slices were more easily transfected and 

showed a higher resistance to cytotoxicity than the primary cell cultures, suggesting that 

brain slices provide a good model for the evaluation of  nanoparticle-based CNS therapy. 

In in vitro brain endothelial cell monolayers, the complexes showed apical-to-basal 

transport, and (most likely) transcytosis. However, due to methodological/technical 

limitations, the extent of transcytosis across the in vitro BBB could not be quantified. For 

this purpose, another (filter-free) in vitro BBB model and/or in vivo studies are desired, 

to demonstrate the potential of the G23-conjugated DNA nanoparticles for gene delivery 

to the CNS following systemic administration in vivo. Altogether, GM1-targeted pH-

sensitive polymer/lipid hybrid nanoparticles seem to offer a great opportunity for CNS 

gene therapy.  

Materials and Methods 

Materials 

1,2-dioleoyl-3-trimethylammonium-propane chloride salt (DOTAP), 1,2-distearoyl-sn-

glycero-3-phosp-hoethanolamine-N-[maleimide(polyethyleneglycol) (DSPE-PEG2000-mal) 

were purchased from Avanti Polar Lipids. All other chemicals, unless mentioned 

otherwise, were purchased from Sigma Aldrich and were used without further 

purification. α-Methoxy-poly(ethylene glycol)44-ω-hydroxide (MeO-PEG44-OH, Mn = 

2000 g/mol) was dried by co-evaporation with anhydrous toluene using a rotary 

evaporator. ε-Caprolactone (ε -CL, 99%, Alfa Aesar) was stirred over CaH2 for 24 h at 

room temperature, and then it was distilled at reduced pressure under nitrogen. Peptide 

G23 with N-terminal cysteine (HLNILSTLWKYRC-NH2) was obtained from JPT Peptide 

Technologies GmbH (Berlin, Germany). DAPI (4', 6-diamidino-2-phenylindole), and 

Mouse anti-Tuj1 antibody were purchased from Sigma-Aldrich; Rabbit anti-GFAP 

antibody was purchased from Dako; Secondary anti-mouse and anti-rabbit antibodies 

labeled with Alexafluor®488, Alexafluor®594 and Cy®5 were obtained from Life 

Technologies. LysoTracker® Red DND-99  was obtained from Life Technologies. Alexa 

Fluor® 555 Conjugated Cholera Toxin Subunit B (CTB-555) was purchased from 

ThermoFisher Scientific. Plasmid pEGFP-N1 was purchased from Clontech (USA); and 
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was isolated from E. Coli using Endo-Free Plasmid Maxi Kit (Qiagen) following the 

manufacturer’s protocol. pDNAs were fluorescently labeled with Cy®5 using Label IT® 

Tracker Intracellular Nucleic Acid Localization Kit (Mirus, MA, USA). 

Synthesis and characterization of PDPA-b-PCL-b-PEG and P(DPA-co-AMA)-g-

PEG-maleimide 

The block copolymer poly (2-(Diisopropylamino)-ethyl-methacrylate)-block-poly(ε-

caprolactone)-block-poly(ethylene glycol) (PDPA-b-PCL-b-PEG) was synthesized 

according to the method of Yu et al [18]. In brief, macroinitiator PEG-b-PCL-Br (400 mg, 

0.1 mmol), diisopropylaminoethyl methacrylate (DPA, 1.8 mL), PMDETA (N,N,N',N,N 

pentamethyldiethylenetriamine) (21 µL) and CuBr (14.4 mg) were charged into a 

Schlenk tube to form PDPA-b-PCL-b-PEG. Three milliliters of 2-propanol and two 

milliliters of DMF were added as the solvents. The reactant mixture was degassed by 

using argon for 30 min. The polymerization was carried out at 50°C for 8 hrs. The 

reaction mixture was diluted with THF, passed through a neutral alumina column, and 

precipitated out in cold methanol (Scheme 1A).  

To synthesize the block copolymer P(DPA-co-AMA), diisopropylaminoethyl 

methacrylate (DPA, 1.71 g, 8 mmol), AMA (100 mg, 0.6 mmol), PMDETA (21 μL, 0.1 

mmol), and Methyl α-bromoisobutyrate (0.5 g, 0.1 mmol) were charged into a Schlenk 

tube. Then a mixture of 2-propanol (2 mL) and DMF (2 mL) was added to dissolve the 

monomer and initiator. The solution was purged with argon for 30 min. CuBr (14.4 mg, 

0.1 mmol) was added into the reaction tube under argon atmosphere. The 

polymerization was carried out at 40  for 12 h. After polymerization, the reaction 

mixture was diluted with 10 mL THF, and passed through an Al2O3 column to remove 

the catalyst. The THF solvent was removed using a rotovap. The residue was dialyzed 

in distilled water and lyophilized to obtain a white powder.  

P(DPA-co-AMA)-g-PEG-maleimide was synthesized by conjugating the primary amine 

group (-NH2) of P(DPA-co-AMA), to the N-hydroxysuccinimide (NHS) group of the 

heterobifunctional PEG linker NHS-PEG-maleimide (2000 g/mol, Jenkem Tech.). Ten 

milligrams of P(DPA-co-AMA), (10 mg/mL, THF) was added to NHS-PEG-maleimide at 

a NH2/NHS molar ratio of 3, and was stirred for 4 h at room temperature (Scheme 1B). 

Purified copolymers PDPA-b-PCL-b-PEG, P(DPA-co-AMA), and P(DPA-co-AMA)-g-

PEG-maleimide were characterized by 1H 500 MHz NMR.  

Conjugation of G23 peptide to P(DPA-co-AMA)-g-PEG-maleimide and DSPE-PEG-

maleimide 

P(DPA-co-AMA)-g-PEG-maleimide in THF was incubated with thiolated G23 peptide (10 

mg/ml, in DMSO) at a maleimide/thiol ratio of 1:2, allowing for conjugation of the 

maleimide group of the polymer with the thiol group of the cysteine-containing peptide. 
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The reaction was allowed to continue overnight at room temperature (Scheme 1B). The 

resulting P(DPA-co-AMA)-g-PEG-G23 was mixed with PDPA-b-PCL-b-PEG and 

DOTAP to form hybrid nanoparticles, as described below. 

To conjugate DSPE-PEG-mal with G23 peptide, the two were mixed at a molar ratio of 

1:3 in 125 μL of DMSO and rotated at room temperature overnight to yield DSPE-PEG-

G23. The resulting DSPE-PEG-G23 was mixed with PDPA-b-PCL-b-PEG and DOTAP 

to form hybrid nanoparticles, as described below. 

Cell culture  

Human embryonic kidney 293T (HEK293T) cells were grown in Dulbecco’s Modified 

Eagle’s Medium (DMEM; Invitrogen, Breda, the Netherlands) supplemented with 10% 

Fetal calf serum (FCS; BODINCO B.V., Alkmaar, the Netherlands), 1% 

penicillin/streptomycin, and 1% L-Glutamine at 37 °C under a humidified atmosphere 

with 5% CO2 , and were passaged twice a week at a 1:10 dilution. 

Human cerebromicrovascular endothelial cells, hCMEC/D3 (obtained from Dr. P. O. 

Couraud, Institut Cochin, Paris, France), were maintained in 25 cm2 flasks precoated 

with 150 μg/mL rat tail collagen type I (Trevigen, Gaithersburg, MD 20877) in EBM-2 

basal medium (Lonza Group, Basel, Switzerland), supplemented with  1 ng/mL bFGF 

(Peprotech), 10 mM HEPES (Gibco), 1% chemically defined lipid concentrate (Gibco), 

5μg/mL ascorbic acid (Sigma- Aldrich), 0.5 μg/mL hydrocortisone (Sigma-Aldrich), 5% 

FBS, and 1% penicillin/streptomycin.  

Primary cortical neurons were prepared from embryonic brains (embryonic day 14) of 

C57BL/6J mice. The cortices were carefully dissected, meninges were removed, and 

the neurons were separated by trituration. A single cell preparation was obtained by 

filtration though a gauge mesh filter (pore size 40 µm). Cells were plated on poly-D-

lysine-precoated 8-well Lab-Tek II chambers (Nunc™, Thermo Scientific) at a density 3 

x 105 per well. Neurobasal medium supplemented with 2% (v/v) B27 supplement, 0.5 

mM glutamine, and 1% (v/v) penicillin/streptomycin was used as a culture medium. After 

48 h, cultures were treated with 10 M cytosine-d-arabinofuranoside hydrochloride for 

another 48 h to inhibit non-neuronal cell growth. After that the medium was completely 

refreshed. The neurons were used for experiments 7 d after preparation. All procedures 

for animal experiments were performed by licensed investigators in accordance with the 

Law on Animal Experiments of the Netherlands. 

Astrocyte cell cultures were generated from 1-2 day old Wistar rats (Harlan, the 

Netherlands) as previously described [19]. Briefly, forebrains were isolated and cells 

were dissociated and cultured on poly-l-lysine (5 µg/mL, sigma-aldrich, St. Louis, Mo)-

coated T75 flasks. After 10-12 days, OPCs and astrocytes were removed by shaking 

the flasks at 240 rpm for 48 h at 37  on an orbital shaker [20]. The remaining astrocyte 
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monolayer was trypsinized and further cultured in T162 flasks in DMEM (Invitrogen, 

Breda, the Netherlands) containing 10% fetal calf serum (FCS; BODINCO B.V., Alkmaar, 

the Netherlands) and 1% penicillin/streptomycin (Life Technologies). For experiments, 

astrocytes were seeded on 12-wells plates prior to use.    

Organotypic cerebellar slice culture 

Cerebellum was dissected from newborn Wistar rats (P1-3, Harlan Laboratories, Horst, 

the Netherlands) and cut into 300 µm sagittal sections using Mcilwain tissue chopper. 

The slices were separated and plated on a Millicell®-CM culture insert (Merck Millipore) 

at 4-6 slices per insert. Inserts were placed in 6-well plates and grown in 50% Minimum 

Essential Medium (MEM) with 25% Heat-inactivated horse serum, and 25% Earle’s 

balanced salt solution (EBSS), supplemented with 1% Penicillin/streptomycin, 1% 

GlutamaxTM, 1.4% glucose and 0.5% Fungizone. Slices were cultured over 60 days in 

vitro and medium was refreshed every 2 days. All procedures for animal experiments 

were performed by licensed investigators in accordance with the Law on Animal 

Experiments of the Netherlands. 

Preparation and Characterization of G23-conjugated and non-conjugated pH-

sensitive nanoparticles 

G23-conjugated PDPA-b-PCL-b-PEG/P(DPA-co-AMA)-g-PEG-G23/DOTAP (PPD-G23), 

and non-conjugated PDPA-b-PCL-b-PEG/P(DPA-co-AMA)-g-PEG-maleimide/DOTAP 

(PPD) nanoparticles, were prepared following the protocol as described below (Scheme 

3). Briefly, PDPA-b-PCL-b-PEG was mixed with P(DPA-co-AMA)-g-PEG-G23 or P(DPA-

co-AMA)-g-PEG-maleimide at a weight ratio of 9, and dissolved in 1 mL THF at a total 

concentration of 5 mg/mL. Afterward 2.5 mg DOTAP was added into the polymer 

mixture. The polymer/lipid solution was added dropwise into 9 mL Milli-Q water under 

sonication to form polymer/lipid hybrid nanoparticles. After evaporation of organic 

solvent overnight, the nanoparticle suspension was purified by three-times 

centrifugation (Amicon® Ultra-4 centrifugal filter, M.W. cut off 10 kDa) to remove 

unreacted residues. Then the nanoparticle solution was sterilized using a membrane 

filter of 0.45 μm. The particle size and zeta potential were measured with a Zetasizer 

Nano ZS (Malvern Instruments, UK). 

For the preparation of G23-conjugated PDPA-b-PCL-b-PEG/DOTAP/DSPE-PEG-G23 

(PDD-G23) and non-conjugated PDPA-b-PCL-b-PEG/DOTAP/DSPE-PEG-maeleimide 

(PDD) nanoparticles, 5 mg PDPA-b-PCL-b-PEG was dissolved in 1mL THF, and mixed 

with 2.5 mg DOTAP and 0.28 mg DSPE-PEG-G23 or DSPE-PEG-mal dissolved in 125 

μL DMSO. The polymer/lipid solution was treated as described above to form 

nanoparticles. 

Preparation and characterization of nanoparticle-DNA complexes  
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Nanoparticles (PPD , PPD-G23, PDD, and PDD-G23) were diluted in water, and mixed 

with 0.5 µg DNA at DOTAP/DNA weight ratios from 2 till 16, followed by incubation for 

20 min at room temperature. Particle size and zeta potential of nanoparticle-DNA 

complexes (5 µg DNA/mL) were measured with a Zetasizer Nano ZS (Malvern 

Instruments, UK). DNA loading efficiency was verified by agarose gel retardation assay. 

In brief, complexes were loaded onto an 1% (w/v) agarose gel containing 0.3 µg/mL 

ethidium bromide (EtBr). A voltage of 90 V was applied over the gel immersed in TAE 

buffer [40 mmol/L Tris-HCl, 1% (v/v) acetic acid, 1 mmol/L EDTA] for 30 min. The 

migration of uncomplexed (free) DNA was visualized under UV-light using GeneFlash 

(Syngene Bio Imaging). 

In vitro transfection of HEK293T cells, primary astrocytes, and primary neurons 

HEK293T cells, or primary astrocytes were seeded into 12-well plates at a density of 

1×105 cells, or 5×105 cells per well, respectively. After 24 hrs, the medium was aspirated 

and 0.5 mL of serum-free medium was added per well. Nanoparticle-DNA complexes 

containing 1 µg DNA were prepared in serum-free medium following the protocol 

described above, and were added to the cells for 4 h at 37 °C. Subsequently, 0.5 mL 

complete medium was added to each well and cells were incubated for another 20 hrs. 

At t=24h, the medium was replaced with 1 mL complete medium. After 48h transfection, 

GFP expression efficiency in HEK293T cells or astrocytes was measured by flow 

cytometry (Calibur, BD Biosicence), and the data were analyzed using Winlist 8.0 

software (Verity Software House). Transfection of primary neurons was performed 

following a similar protocol as for HEK293T cells and primary astrocytes, with the main 

difference that cells were incubated with nanoparticle-DNA complexes for 5 days, after 

which the cells were fixed with 4% PFA on ice, followed by immunostaining, and 

microscopic analysis. 

In vitro blood-brain-barrier (BBB) transcytosis assay 

hCMEC/D3 cells were seeded onto 12-well Transwell filters (Corning Life Sciences; 

pore size 0.4 μm) precoated with rat tail collagen type-1 at a density of 5 x 104 cells/cm2. 

Medium was changed every other day and TEER values were measured using an 

EVOM2 voltohm-meter with an Endohm™ chamber (World Precision Instruments). After 

6 days, when TEER reached a stable value, the filters with the hCMEC/D3 cell 

monolayers were placed in 12-well plates containing HEK293T cells (seeded at a 

density of 1 x 105 per well one day before). The next day, G23-conjugated or non-

conjugated nanoparticles containing 1 µg Cy5-labaled DNA were added to the apical 

side of the hCMEC/D3 monolayer and the medium was refreshed after 24 h. After 

another 24 h, hCMEC/D3 cells and HEK 293T cells were trypsinized and analyzed by 

flow cytometry (Calibur, BD Biosicence) in order to quantify the number of Cy5-positive 

cells. Data were analyzed using WinList software (Verity Software House).  
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Alternatively, hCMEC/D3 cells were stained for actin and nuclei with TRITC-phallodin 

and DAPI, respectively. Subsequently, the filter membranes were cut from their holders 

and mounted onto microscope slides for microscopic observation. Fluorescence images 

were taken using a Leica SP8 Confocal microscope. To investigate if the filters 

obstructed the passage of the nanoparticles, the passage of Cy5-labeled nanoparticles 

across empty filters, i.e., without hCMEC/D3 cell monolayers, was determined as well.  

Ex vivo transfection of cerebellar slices  

After 30-50 days culture of cerebellar slices, G23-conjugated and non-conjugated DNA 

complexes, were prepared at a DOTAP/DNA weight ratio of 10, in 10 µL serum-free 

medium. Cerebellar slices were incubated with nanoparticle-DNA complexes, containing 

1µg DNA in total per slice. After 24h incubation, the slices were rinsed with 500 µL 

complete medium, incubated for another 4 days, fixed and subjected to 

immunohistochemistry.  

Immunohistochemistry 

Cerebellar slices were washed with PBS (pH 7.4) and fixed in 4% PFA for 40 minutes. 

After removal of PFA solution, slices were washed for three times with PBS, and 

blocked for 2 h at room temperature in blocking buffer solution (1 mM HEPES, 2% heat 

inactivated horse serum, 10% heat-inactivated goat serum, 1% bovine serum albumin, 

and 0.25% Triton X-100 in Hank’s Balanced Salt Solution). Primary antibodies were 

diluted in blocking solution and were incubated with the brain slices for 48 hours at 4C, 

after which slices were washed 3 x 10 min in PBS-T (0.1% Tween 20 in 1x PBS). 

Subsequently, secondary antibodies were diluted in blocking buffer and incubated on 

the slices for 24 hrs at 4 C. Slices were washed 3×10 min in PBS-T and nuclei were 

stained with DAPI (5 µg/mL), before mounting onto microscope slides. Fluorescence 

images of cerebellar slices were taken by using a Leica SP8 Confocal microscope, and 

analyzed by software Imaris (Bitplane AG, Switzerland) and Image J. Incubation with 

CTB-555 was performed on live cells, followed by fixation, DAPI-staining, and 

microscopic investigation. 

Cell viability assay  

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide, Sigma Aldrich) 

colorimetric assay was used to evaluate the cytotoxicity of the different nanoparticle-

DNA complexes in HEK 293T cells. In brief, HEK293T cells were seeded into a 96-well 

plate at a density of 2.5×103 cells per well . After 24 hrs, cells were incubated with PPD, 

PPD-G23 PDD, and PDD-G23 nanoparticles complexed with DNA (0.25 μg DNA/well), 

at various DOTAP/DNA weight ratios for 4h at 37 °C. After 4 hrs, the transfection 

medium was replaced with 200 µL fresh medium. After 48 hrs, 20 µL MTT solution (5 

mg/mL) was added per well and incubated for 4 hrs at 37°C. After removal of MTT 
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solution, the formazan product was dissolved in 180 µL dimethylsulfoxide (DMSO). The 

absorbance was measured at 570 nm using a spectrophotometric plate reader (μQuant, 

Bio-Tek; KCjunior software). Cell viability was calculated as the percentage of formazan 

absorbance in treated cells compared to untreated cells. 

Statistical analysis  

Results are presented as mean ± standard deviation. Statistical analysis was performed 

using two-tailed student's t test. P values <0.05 were considered statistically significant. 
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Supplementary Information 

 

Figure S1. 1H NMR spectra of P(DPA-co-AMA) (A), P(DPA-co-AMA)-g-PEG-mal (B) in CDCl3 
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Figure S2. Limited passage of nanoparticles across blank filters. A, Uptake of PPD-G23/cy5-

DNA and PDD-G23/cy5-DNA nanoparticles by HEK293T cells following addition of the 

nanoparticles onto blank filters or directly onto HEK293T cells (see Scheme 3 B,C). B, fluorescent 

images of blank filters after  incubation with PPD-G23/Cy5-DNA and PDD-G23/Cy5-DNA 

nanoparticles for 48 h. Scale bar is 5 µm. 
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Summary  

Overcoming biological barriers remains a major challenge in the effective delivery of 

therapeutic agents to diseased sites. Indeed, such barriers exist in the process of 

accomplishing an appropriate biodistribution, but also in cellular uptake and intracellular 

routing. Approaches to overcome these barriers have received significant attention over 

the past decades. Among others, advances in nanotechnology have improved the 

delivery of  therapeutics via nano-sized carriers to desired tissues and cells. In the field 

of drug delivery, nanoparticles have been translated to the clinic as a promising platform. 

However, most of the nanocarriers, belonging to the class of non-viral vectors, are still 

primarily in a developing, pre-clinical stage because of their relative delivery inefficiency, 

when compared to viral vectors. Apart from being confronted with various extracellular 

hurdles, additional barriers arise for nanoparticles when they encounter the target cells. 

Effective internalization and subsequent release of their cargo, requiring translocation 

across endosomal and/or nuclear membranes, constitute an additional parameter in 

determining therapeutic efficiency, and hence, potential clinical impact.  Therefore, 

special properties are required for nanocarriers to cope with refractory extra- and 

intracellular conditions, both in vivo and in vitro, which also include issues of  (transient) 

stability and low cytotoxicity. Figure 1 shows the biological barriers, i.e., the intestinal 

barrier, the blood-brain barrier, and the endosomal barrier, that were addressed by 

various (biomimetic) nanocarriers, as discussed in this thesis. 

In nature, several pathogens have developed unique strategies to overcome 

extracellular and intracellular barriers, to invade the body. It seems therefore obvious 

that in order to improve the delivery efficiency of nanocarriers, mimicking pathogens’ 

properties of design and thereby their mechanisms that govern overall entry, could be 

most advantageous. Chapter 1 provides an overview of currently understood molecular 

mechanisms of pathogenic invasion across the main biological barriers encountered in 

vivo, such as the intestinal barrier,  and the endosomal barrier. The development of 

various biomimetic nanocarriers and challenges that need to be overcome, are 

highlighted.  

Polarized epithelial cells connect to each other via, among others, tight junctions that 

separate the plasma membrane of the cells into apical and basolateral membrane 

domains, each displaying a specific composition.  The selective permeability of 

epithelium serve as a physical barrier to prevent the penetration of harmful substances. 

Simultaneously, they constitute an effective barrier for nanoparticles which thus 

frustrates and limits their medical use.  However, It has been demonstrated that addition 

of Pseudomonas aeruginosa to the apical surface of polarized MDCK cells in vitro, can 

activate the PI3K/Akt pathway. This signaling pathway recruits basolateral components 

to the apically localized bacterial binding sites, which are enriched  in 
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phosphatidylinositol-3,4,5-trisphosphate (PIP3). The recruited basolateral components 

include the PIP3 sensor GFP-PH-Akt, and basolateral β-integrin receptors. The data 

indicate that  this local PIP3 induced apical-basolateral ‘randomization mechanism’ 

leads to bacterial entry into epithelial cells at the apical surface. Along these lines, in 

Chapter 2,  negatively charged PIP3 and nucleic  acids  were  complexed  

 

 

Figure 1. A, Various biological barriers hinder the drug delivery efficiency of nanocarriers, as 

discussed in this thesis. Depending on the administration route, the barriers that are encountered 

by the nanocarriers vary. B, After oral administration, the intestinal barrier  forms the major barrier 

for  nanoparticles. Following their successful transcytosis across the intestinal barrier,  the particles 

may enter into the blood circulation (Chapter 2 and 3). C, GM1-targeted nanoparticles are able to 

cross the blood brain barrier (BBB), and become endocytosed by brain cells (neurons and 

astrocytes) (Chapter 5). D,  Cargo (i.e. DNA) release into the cell’s cytosol can be facilitated by the 

use of pH-sensitive  nanoparticles, eventually resulting in gene expression (Chapter 4 and 5). 
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by a cationic polymer, polyethylenimine (PEI), leading to the assembly of 

PEI/PIP3/nucleic acid terplexes. We have demonstrated that PEI/PIP3 terplexes 

enhance the internalization of nucleic acids, compared to delivery via simple PEI 

duplexes by polarized MDCK cells. We also show that this enhancement is due to the 

recruitment of basolateral receptors (i.e. β-integrin, syndecan-1 and transferrin receptor). 

In this manner, effective downregulation of target genes could be accomplished in 

polarized MDCK cells, following endosomal  release of siRNA cargo, delivered by 

PEI/PIP3 terplexes.  

Oral administration is a main route for drug delivery. Therefore, therapeutic compounds 

are required to cross the intestinal epithelium and gain access to the systemic 

circulation.  Ganglioside GM1, as a potential receptor, has been demonstrated to 

transport the cholera toxin B subunit (CTB) from the apical to basolateral membrane in 

polarized intestinal cells.  In the study presented in  Chapter 3, a GM1 targeted peptide 

(G23) is used to functionalize PEI polyplexes to evaluate its transcytotic ability across in 

vitro Caco-2 cell monolayers. The data reveal that inclusion of the G23 target peptide in 

the formulation facilitates the transcytosis of the nanoparticles. Moreover, dotblot 

experiments indicate that G23-conjugated polyplexes presumably bind to GM1. 

Additional work demonstrates that the binding of PEI-PEG-G23 polyplexes at the Caco-

2 cell surface can be inhibited, following treatment of the cells by methyl-b-cyclodextrin. 

This suggests that the entry of PEI-PEG-G23 polyplexes may occur via a lipid raft-

involved pathway, which also mediates the endocytosis of CTB by polarized Caco-2 

cells. In addition, quite unexpectedly, co-incubation of CTB with PEI-PEG-G23 

polyplexes  enhances the transcytotic efficiency of the nanoparticles.  Although the 

molecular mechanism of G23 targeted nanoparticles across the intestinal barrier is not 

completely understood,  the current data support the notion that the interaction between 

the G23 peptide and GM1 receptor facilitates nanocarrier-mediated drug/gene delivery, 

indicating a potential strategy for overcoming intestinal barriers.  

The endocytic pathway is the main cellular uptake route for nanocarriers, and their 

delivery efficiency depends on the subsequent escape of delivered cargo from 

endosomes. Although PEGylation is a useful strategy to prolong the circulation time of 

nanoparticles in vivo by avoiding their rapid capture and clearance by undesired tissues 

and cells, such as macrophages, it also compromises endosomal release, known as the 

“PEG dilemma”. On the other hand, distinct enveloped viruses, entering the cells by 

endocytosis, may exploit this pathway by a required pH-dependent change in one of the 

viral proteins (such as haemagglutinin (HA) protein of the influenza virus) that facilitates 

the fusion between viral envelope and endosomal membrane, thereby causing 

endosomal escape of the viral RNA and/or DNA. Inspired by this strategy, a concept for 

applying pH-sensitive nanoparticles has been proposed, involving nanoparticles that are 

stable at physiological pH, but dissociate at mild acidic pH. PDPA-b-PCL-b-



Summary 

161 

PEG/DOTAP nanoparticles meet this requirement, as described in Chapter 4. These 

pH-sensitive polymer/lipid hybrid nanoparticles show excellent DNA loading capacity, 

small particle size, biocompatible surface characteristics, and resistance against DNase 

at pH 7.4. However, a rapid disassembly of the particles occurs when they face an 

acidic pH (below pH 6.3). In particular, the data show that the endosomal release, 

mediated by this polymer/lipid hybrid nanoparticle formulation, follows a two-step 

mechanistic pattern: 1) the pH-sensitive PDPA polymers induce particle 

swelling/dissociation upon a drop in pH, 2) the released cationic lipid subsequently plays 

a role in endosomal membrane disruption, facilitating cargo release. Thus, our study 

provides important leads to further improve the design and synthesis of drug/gene 

nanocarriers of which the cargo release can be tightly controlled by subtle changes in 

pH. 

Our previous studies established GM1 as a potential transcytotic receptor to navigate 

targeted nanoparticles across the BBB. Therefore, GM1-targeted peptide G23 has been 

functionalized on the surface of PDPA-b-PCL-b-PEG/DOTAP nanoparticles, using 

various maleimide-ended pH-sensitive polymers and lipids. The ability of the various 

formulations to overcome the BBB and to result in  gene transduction in brain cells, are 

also evaluated in Chapter 5.  This G23-modified gene nanocarrier exhibits excellent 

physicochemical and biological properties, such as small size, high transfection, and low 

cytotoxicity in HEK 293T cells. Thus modified carriers are able to transfect post-mitotic 

brain cells (neuron and astrocytes) in vitro and ex vivo.  Although targeted nanopartciels 

are transported in an apical-to-basal direction in an in vitro BBB model, the extent of 

transcytosis could not be quantified due to methodological limitations.  For this reason, a 

better in vitro BBB model (filter-free) and/or further in vivo studies are required. Taken 

together, the G23-conjugated pH-sensitive polymer/lipid hybrid nanoparticles may 

represent a new multifunctional platform with a great potential for CNS therapy, 

following systemic administration in vivo.  
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Perspectives  

The exact parameters that would determine and/or predict the quality of a perfect 

drug/gene nanocarrier, ready for  clinical use, remain largely enigmatic and difficult to 

define. Clearly, issues of concern are  stability, high-efficiency,  low-cytotoxicity,  large-

payload,  potency of production scale-up, economics, etc. Even though major efforts 

have been undertaken to develop nanoscale materials for the delivery of (therapeutic) 

molecules, for disease diagnosis and treatment over the past decades, the out-come 

has not yet met the expectations. As an example of non-viral vectors, only a few 

modified lipid- and polymer-based nanocarriers (such as DOTAP or PEI) have entered 

the clinical trial phase [1], while viral vectors constitute  approx. 70% of the clinical trials 

(update data from 2013 [2]). Though safety concerns partly restrict the application, low 

efficiency seems a major limitation for non-viral vectors so far. Many in vitro well-

evaluated non-viral vectors fail to cross the biological barriers in vivo, therefore resulting 

in low efficiency. Improvement of physical-chemical and biological activity of non-viral 

vectors is therefore still urgently needed.  Here we will discuss a few options that may 

guide future work aimed at that particular goal. 

Old or New materials Advances in the synthesis of novel material may hold a 

promising and  bright future for nanotechnology, especially the development of stimuli-

responsive materials such as a sensitivity towards pH, temperature, redox, or magnetic 

field. These innovative materials should lead to a new field of site-specific and/or 

programmable drug delivery. In our studies, a newly synthesized polymer PDPA-b-PCL-

b-PEG displays an excellent pH-sensitive activity.  However, due to the low buffering 

capacity, this polymer, although determining overall stability properties of the carrier, 

requires a cationic lipid like DOTAP for accomplishing endosomal escape of the cargo. 

The classic polycation PEI is widely used to deliver DNA to target sites. Because of its 

high pH buffering capacity, PEI disrupts the endosomal membrane via a mechanism 

that relies on the so-called “sponge effect”, . In our studies, PEI was mixed with PIP3 or 

modified by PEGylation and G23 peptide to improve the DNA delivery efficiency. PEI 

and PDPA-b-PCL-b-PEG represent two different types of polymer with different merits. 

Therefore, modification of old materials and invention of new materials are currently 

being evaluated preclinically for DNA delivery.   

Targeting or Non-targeting In the present work, we show that introduction of a 

biomimetic ligand (i.e. G23) strongly promotes the transport efficiency of the gene 

delivery system across biological barriers (i.e. the intestinal barrier and the BBB). 

Likewise, various studies have estimated that optimized surface modification with 

pathogen-derived molecules improve selective delivery in the biological system. The 

development of biomimetic nanocarriers for drug/gene delivery is a rapidly emerging 

field, which exploits advantages of molecular mechanism used by pathogens. However, 



Perspectives 

163 

this concept is still in progress, and whether safety poses a risk in copying these 

strategies requires further studies 

Simple or Complicated model A suitable evaluation model may accurately predict the 

performance of nanoparticles in vivo. As for the contents of this thesis, in vitro Transwell 

models play a key role in the measurement of transcytosis. However, nanoparticles 

absorbed or perturbed by the nature of the filters may influence a proper evaluation of 

transport rate and efficiency. Therefore, there appears to be an urgent need for more 

appropriate model systems. As an alternative for a BBB cell model, relying on an in vitro 

culture of vascular endothelial cells on Transwell filters, a filter-free BBB model may 

represent an attractive alternative. In addition, to study the behavior of nanoparticles 

following their passage of the BBB,  the use of ex vivo brain slices seems favorable. In 

such a system, the three-dimensional architecture and local environment of neurons 

and glia is well preserved, and this model may well be most advantageous to investigate 

nanoparticle-mediated gene delivery to the CNS as an in vivo-mimetic ex vivo model. 

However, it is necessary to adopt the right investigation model, serving the aim of the 

experiments. Ideally, models for BBB passage and delivery into the CNS are combined, 

for example in ‘brain-on-a chip’ microfluidic devices. The Leiden-based company 

Mimetas is developing such microfluidic devices using PhaseGuide™ Technology, that 

obviates the need for filters to support cell growth.  

 A priori or A posteriori knowledge The incorporation of PIP3 as a PI3K signaling 

molecule was originally proposed to enhance the transcytotic ability across polarized 

MDCK cells. However, in our studies we observed an enhancement in cellular uptake, 

rather than transcytosis. Consequently, this part of work switched to the field of siRNA 

regulation, and it may open a window for treatment of diseased epithelium, such as 

tumorigenic epithelial cells, and in cystic fibrosis. An in vivo biodistribution study with 

G23-conjugated pH-sensitive polymer-lipid hybrid nanoparticles showed high pulmonary 

selectivity after systemic administration (data not shown), which may bring opportunities 

for the targeting and treatment of lung tissue. The expression “When God closes a door, 

He opens a window” means that there is always an opportunity that awaits.  It is useful 

for a scientist to be open-mined and to recognize such opportunities.  
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Nederlandse Samenvatting 

Gentherapie betreft het inbrengen van genetisch materiaal in (menselijke) cellen om 

een (genetische) afwijking te behandelen. Dit kan bijvoorbeeld door het inbrengen van 

een correcte versie van een defect gen, het toevoegen van extra genen, of door de 

expressie van genen stil te leggen. Dit laatste kan bijvoorbeeld door middel van RNA-

interferentie. Het inbrengen van genetisch materiaal (DNA, RNA) in cellen gebeurt door 

middel van zogenaamde genendragers, oftewel vectoren. Deze vectoren beschermen 

het genetische materiaal tegen afbraak tijdens het transport naar de doelcellen, en 

zorgen er voor dat het genetische materiaal in de doelcellen wordt opgenomen en tot 

expressie komt. Er zijn virale en niet-virale vectoren. De virale vectoren zijn over het 

algemeen zeer efficiënt in het afleveren van genetisch materiaal in cellen, maar kunnen 

tevens leiden tot afweerreacties in het lichaam. Niet-virale vectoren veroorzaken niet of 

nauwelijks immuunreacties, maar zijn minder efficiënt dan virale vectoren.   

In China wordt sinds 2006 gentherapie toegepast; In 2012 werd voor het eerst een 

gentherapie, Glybera, goedgekeurd door de Europese Commissie voor 

commercialisering binnen de Europese Unie. Glybera is een adeno-geassocieerd virus 

(AAV)-vector waarmee het gen dat codeert voor het enzym lipoproteïn lipase in cellen 

kan worden gebracht. In patiënten bij wie dit enzym niet goed werkt, kan met behulp 

van Glybera het ontstaan van een alvleesklierontsteking worden voorkomen. Echter, 

immunosuppressie is waarschijnlijk nodig om een afweerreactie tegen de AAV-vector, 

dat is afgeleid van een verkoudheidsvirus, tegen te gaan [2,3]. Doordat iedere patiënt 

tijdens zijn/haar leven wel eens in aanraking is gekomen met zo’n verkoudheidsvirus 

heeft hij/zij hiertegen antistoffen aangemaakt, die er zonder immunosuppressie voor 

zouden zorgen dat de vector door het immuunsysteem wordt opgeruimd en de therapie 

ineffectief is. Daarnaast kan de toediening van een virale vector ook leiden tot de 

aanmaak van nieuwe antistoffen, wat een herhaaldelijke toediening van de vector in de 

weg zal staan. Hierdoor zal gentherapie veelal inzetten op een eenmalige toediening 

van een vector die het genetische materiaal op zo’n manier in cellen brengt, dat het 

aanhoudend tot expressie komt. Dit kan bijvoorbeeld door het genetische materiaal te 

laten integreren in het genoom van de doelcellen in een patiënt. De transductie van 

stamcellen, die in principe onbeperkt dochtercellen kunnen vormen, kan gebruikt 

worden om grote hoeveelheden  ‘gezonde’  dochtercellen te genereren.  Zo lijkt in 
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klinische trials de ex vivo lentivirale transductie van hematopoietische stamcellen 

succesvol te zijn voor de behandeling van bloedziektes [4]. Er trad herstel op in de 

aanmaak van bloedcellen zonder negatieve bijwerkingen door het gebruik van de 

lentivirale vector. Lentivirale vectoren worden ook gebruikt voor de ex vivo transductie 

van T-cellen met chimere antigen receptoren, voor kankerimmunotherapie. In vivo 

transductie van levercellen met een andere virale vector, AAV8, was succesvol voor de 

behandeling van hemofilie B, dat wordt veroorzaakt door een tekort aan 

bloedstollingsfactor IX. Er kon een aanhoudende aanmaak van factor IX worden 

geïnduceerd, zolang er bij de eerste tekenen van levertoxiciteit werd behandeld met 

immunosuppressiva. Met een andere AAV vector, AAV2, werd succes geboekt voor de 

gentherapie-behandeling van retinale dystrofie. Al was het effect slechts tijdelijk. 

Op dit moment wordt in 70% van de klinische trials met gentherapie gebruik gemaakt 

van virale vectoren (bron: http://www.abedia.com/wiley/vectors.php). Echter, naast de 

potentiële afweerreacties die kunnen optreden tegen virale vectoren, zijn ook een 

gelimiteerde opslagcapaciteit voor genetisch materiaal, en de beperkte mogelijkheden 

voor een grootschalige produktie van deze vectoren, factoren die hun klinische 

toepassing in de weg kunnen staan.  Niet-virale vectoren, bijvoorbeeld kationische 

polymeren en lipiden, kunnen daarentegen eenvoudig op grote schaal worden 

gesynthetiseerd, en hebben een in principe onbeperkte opslagcapaciteit voor DNA/RNA. 

Onderzoek naar het gebruik van niet-virale vectoren voor gentherapie richt zich 

voornamelijk op het verbeteren van de efficiëntie van hun genafgifte.  

Een beter begrip van de interactie tussen de vectoren en doelcellen, kan bijdragen aan 

een verbetering in de efficiëntie van genafgifte. Hierbij kan ook worden geleerd van de 

wijze waarop pathogenen, bijvoorbeeld virussen en bacteriën, hun gastheercellen 

binnendringen en de cellulaire machinerie van de gastheercel exploiteren voor hun 

overleving en groei. Het werk dat beschreven wordt in dit proefschrift is gericht op het 

verbeteren van de biologische beschikbaarheid van niet-virale vectoren door gebruik te 

maken van natuurlijke mechanismen die betrokken zijn bij de opname en het 

intracellulair transport van exogene materialen, zoals pathogenen, door cellen. 

Verschillende (biomimetische) vectoren werden ontwikkeld en hun 

werkingsmechanisme werd onderzocht. 
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Het eerste hoofdstuk geeft een overzicht van de mechanismen waarmee pathogenen 

en toxines die in ons voedsel kunnen zitten, darmepitheel kunnen passeren om 

vervolgens via de bloedbaan hun doelcellen te bereiken. De toepassing van deze 

kennis in het ontwerpen van vectoren (nanocarriers) voor de orale toediening van 

medicijnen wordt bediscussiëerd. Daarnaast wordt beschreven hoe pathogenen/toxines 

die via endocytose (dat wil zeggen de afsnoering van blaasjes van de plasma 

membraan van cellen) worden opgenomen door cellen, weten te ontsnappen uit het 

endosoom (intracellulair compartiment) ter voorkoming van hun afbraak in lysosomen. 

Hierbij wordt veelal gebruik gemaakt van de verhoogde zuurgraad die ontstaat in 

endosomen na het opnemen van extracellulair materiaal. De op deze kennis 

gebaseerde ontwikkeling van pH-gevoelige nanocarriers, wordt beschreven.  

Hoofdstuk 2 behandelt de ontwikkeling van een PIP3-bevattende nanocarrier, die de 

wijze waarop de bacterie Pseudomonas aeruginosa epitheel binnendringt, nabootst. P. 

aeruginosa kan, door lokale aanmaak van het fosfolipide PIP3, receptoren rekruteren 

naar de luminale plasma membraan van epitheelcellen wat resulteert in de opname van 

de bacterie door het epitheel. Nanocarriers die werden opgebouwd uit kationische 

polymeren, DNA, en PIP3, waren in staat om op een vergelijkbare wijze receptoren te 

rekruteren en epitheelcellen binnen te dringen, zonder de epitheliale barrièrefunctie te 

verstoren. Met deze PIP3-polyplexen kon in monolagen van gepolariseerde nier 

epitheelcellen (MDCK) effectief genexpressie worden geïnhibeerd middels de afgifte 

van siRNA. Aangezien de receptoren alleen worden gerekruteerd naar de plek waar de 

nanocarriers aan de cel binden (d.w.z. waar PIP3 wordt afgegeven), kan met deze 

PIP3-bevattende nanocarriers een specifieke en veilige opname van medicijnen in/over 

epitheel worden bewerkstelligd. Deze methode verschilt fundamenteel van de algemeen 

gebruikte methode waarin nanocarriers worden voorzien van liganden die binden aan 

reeds aanwezige receptoren op het celoppervlak.   

Hoofdstuk 3 beschrijft de ontwikkeling van een nanocarrier die gefunctionaliseerd is 

met het G23 peptide, een peptide dat bindt aan het ganglioside GM1, een vetmolekuul 

dat op het oppervlak van de cel aanwezig is. Cholera toxine B (CTB) gebruikt GM1 als 

receptor om vanuit de darm in de bloedbaan te komen door middel van transport 

(transcytose) door darmepitheelcellen. De mate van transport van G23-

gefunctionaliseerde nanocarriers over het darmepitheel werd bestudeerd. Hiertoe werd 

het kationische polymeer polyethylenimine (PEI) gepegyleerd en/of voorzien van G23 
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peptiden. De PEI, PEI-PEG, PEI-PEG-G23, en PEI-G23 polymeren konden effectief 

complexen vormen met DNA. Daarnaast lieten PEI-PEG-G23 en PEI-G23 polyplexen 

efficiënt transport over monolagen van gepolariseerde Caco-2 darm epitheelcellen zien. 

Helaas verloren de nanocarriers hun vermogen om DNA tot expressie te laten komen in 

cellen, nadat ze de Transwell filters waren gepasseerd die werden gebruikt voor het 

kweken van de monolagen van gepolariseerde epitheelcellen. Deze technische 

tekortkoming zou kunnen worden opgevangen door het gebruik van een filter-vrije 

kweek van epitheelcelmonolagen en/of het uitvoeren van in vivo proeven, om te kunnen 

bevestigen dat G23-nanocarriers ná passage van het darmepitheel, hun genetische 

cargo kunnen afleveren in onderliggend weefsel. Aangezien het G23-peptide eerder 

met succes is gebruikt om transport van nanocarriers over de bloed-hersen barrière te 

bewerkstelligen, is het ook interessant te onderzoeken of G23-nanocarriers na orale 

toediening de hersenen kunnen bereiken. 

Voor de in vivo toepassing van nanocarriers worden nanocarriers vaak voorzien van 

een beschermende laag, bestaande uit polyethylene glycol (PEG), die er voor zorgt dat 

de nanocarriers niet door het immuunsysteem uit de weg worden geruimd. Deze PEG-

laag zorgt er echter ook voor dat nanocarriers met hydrofiele medicijnen, zoals 

complexen van kationische polymeren met DNA, het medicijn niet kunnen afgeven in de 

cel. Dit wordt ook wel het PEG-dilemma genoemd. Een mogelijke oplossing ligt in het 

gebruik van uitwisselbare en/of  bio-afbreekbare PEG-derivaten. Echter, deze kunnen 

de stabiliteit van de nanocarriers negatief beïnvloeden.  Hoofdstuk 4 beschrijft de 

synthese van een pH-gevoelig polymeer, PDPA-b-PCL-b-PEG, dat tezamen met het 

kationische lipide DOTAP, werd gebruikt om zogenaamde polymeer-lipide hybride 

nanocarriers te vormen voor genafgifte. Complexen van deze hybride nanocarriers met 

DNA werden via endocytose opgenomen in cellen en lieten een efficiënte ontsnapping 

van het DNA vanuit endosomen zien. De vrijlating van DNA vanuit het endosoom werd 

niet, zoals aanvankelijk gedacht, gemedieerd door de pH-bufferende werking van het 

polymeer, wat zou leiden tot osmotische lysis van het endosoom. De vrijlating van DNA 

kwam tot stand door de destabiliserende werking van het kationische lipide op het 

endosomale membraan. Opmerkelijk was dat het kationische lipide dit effect slechts tot 

stand kon brengen nádat de hybride nanocarrier uiteen was gevallen, wat gebeurde 

door de conformationele verandering van het polymeer bij een verlaging van de pH. 

Samenvattend, daar waar kationische lipiden normaliter een pH-onafhankelijke 
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destabilisatie van het endosomale membraan laten zien, lieten ze wanneer ze 

gecombineerd werden met pH-gevoelige polymeren, een pH-afhankelijke destabilisatie 

van endosomen zien. Oftewel, door materialen te combineren kunnen nieuwe 

eigenschappen worden verkregen. Het gecombineerde gebruik van pH-gevoelige 

polymeren en kationische lipiden biedt mogelijk een oplossing voor het PEG-dilemma: 

het gebruik van gepegyleerde nanocarriers die bij een lage pH uiteen vallen waardoor 

componenten met een endosoom-destabiliserende werking vrijkomen en afgifte van het 

medicijn in de cel veroorzaken.  

Tenslotte wordt in Hoofdstuk 5 gebruik gemaakt van de PDPA-b-PCL-b-PEG/DOTAP 

hybride nanocarriers gefunctionaliseerd met het G23 peptide. Preliminaire in vitro data 

lijken er op te wijzen dat deze G23-gefunctionaliseerde hybride nanocarriers over de 

bloed-hersen barrière kunnen worden getransporteerd , en tevens in staat zijn DNA af 

te leveren in (post-mitotische) neuronen en astrocyten. Een in vitro BBB model waarin 

geen gebruik gemaakt wordt van een Transwell filter en/of in vivo proeven zijn nodig om 

deze resultaten te bevestigen, aangezien de hybride nanocarriers het filter waarop de 

BBB wordt gekweekt niet kunnen passeren, wat de kwantificering van het transport van 

de nanocarriers over de BBB onmogelijk maakt. 

Over het geheel genomen is de vooruitgang in gentherapie gestaag, wat mede wordt 

veroorzaakt door zorgen over de veiligheid en de effectiviteit van de 

vectoren/nanocarriers voor genafgifte. Het onvermogen van nanocarriers om op 

efficiënte wijze het doelorgaan te bereiken staat een effectieve gentherapie-behandeling 

in de weg. Dit wordt grotendeels veroorzaakt door de aanwezigheid van biologische 

barrières, die worden opgeworpen door onder andere epitheel, endotheel, en het 

endosomale membraan. De biologische barrières die door nanocarriers moeten worden 

gepasseerd alvorens ze het genetische materiaal kunnen afleveren in de doelcellen 

variëren per toedieningsvorm. Orale toediening verdient aandacht aangezien het een 

niet-invasieve, patiënt-vriendelijke methode betreft, en het darmepitheel een enorm 

groot oppervlak beslaat wat gebruikt kan worden voor transport van medicijnen naar de 

bloedbaan. Een andere uitdaging ligt in het passeren van de BBB, de meest stringente 

barrière in het menselijk lichaam. Door de vergrijzing van de bevolking en de daarmee 

gepaard gaande toename in hersen-gerelateerde aandoeningen, is de afgifte van 

medicijnen in de hersenen gewild. Aangezien nanocarriers veelal worden opgenomen 

via endocytose kan ook het endosomale membraan een barrière vormen voor de afgifte 
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van (hydrofiele) medicijnen in cellen. De ontwikkeling van nanocarriers die op een 

gecontroleerde wijze het endosomale membraan kunnen destabiliseren is gewenst. 

Nieuwe (combinaties van) materialen, nieuwe (gene-editing) technologieën, maar ook 

nieuwe onderzoeksmodellen, en een verbeterd inzicht in de mechanismen van 

nanocarrier-gemedieerde genafgifte zullen bijdragen aan de ontwikkeling van effectieve 

klinische gentherapie-behandelingen. Het werk dat is gepresenteerd in dit proefschrift 

was gericht op de formulering van nanocarriers, opgebouwd uit nieuw gesynthetiseerde 

copolymeren, met geconjugeerde liganden om biologische barrières te kunnen 

passeren. Het transport van deze nanocarriers over darmepitheel, en de bloed-hersen 

barrière werd bestudeerd, als ook het mechanisme waarmee genetisch materiaal werd 

afgegeven in doelcellen.  
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中文概要 

       对于基因治疗(gene therapy) 的理解，不同国家的药品监管机构有着不同的定义。 欧

洲药品局 （European Medicines Agency， EMA）对用于基因治疗的医疗产品如是说明：

1）必须包含有效的重组基因，此基因能够在人摄取后调节，修复，替换，增加或消除原

基因序列；2）产生的治疗, 预防，和诊断效果应与该外源性基因序列或其表达的产物有

直接关系。 美国食品药品安全局（US Food and Drug Administration, FDA）也给出了类

似的定义：将外源性遗传物质或者其整合到宿主基因组后以核酸， 病毒或者其他基因工

程改造的微生物的形式注入患者体内，达到目的基因转录和/或翻译的效果。该遗传物质

可以直接注入患者体内，或者将细胞进行体外修饰后再注入患者体内[1]。尽管定义的范

畴大同小异，但是基因治疗的两个关键因素是基因和载体。如果单独注射基因入体内将会

快速被酶降解失去活性，因此在基因治疗中，需要借助一个安全、稳定、高效的载体将外

源基因导入靶细胞。用于基因治疗的载体主要分为病毒载体 (Viral vector)和非病毒载体

(Non-viral vector)，目前 70% 临床试验是以病毒载体为主。截至 2014 年数据统计， 超

过 1800 例基因治疗相关临床试验在全世界范围内完成或是正在进行中， 超过 35000 篇

相关科研论文发表，超过 16000 相关专利在美国注册，超过 43 亿美元投入基因治疗的研

发中。尽管早在 25 年前第一个以基因产品为主的研发公司已经建立，但是目前欧美市场

仅有 Glybera® （腺相关病毒载体）在 2012 年 7 月经 EMA 批准用于脂蛋白脂酶缺乏症

[2][3]。阻碍基因治疗的主要原因是：1，外源基因在人体内表达效率不高；2， 临床试验

中出现的各种严重不良反应；3，大型药剂公司缺乏研发兴趣与投资；4，相比较于小分

子药物，其市场接受度也较低。 因此目前亟需新一代的安全有效的基因载体来重振人们

对基因治疗的信心。临床上主要应用的病毒载体为逆转录病毒，慢病毒，腺病毒和腺相关

病毒等[4]。虽然病毒载体在体外体内试验中表现出较高的目的基因表达效率，然而人们

对其安全的担忧包括致癌性，免疫原性，无特异性，以及其病毒载体本身对目的基因大小

的限制和难以大规模生产限制了其发展。相较于病毒载体， 非病毒载体系统，比如一些

可人工制备的阳离子聚合物，脂质体等操作简单，制备容易，且重复性好，具有完全人工

合成及可大规模生产的可行性；另外对目的基因大小的限制较小；免疫原性低。但是其低

转染效率也影响了其临床研究的前景。近年来，人们利用纳米技术制备了大量有效的非病

毒基因载体。本论文主要围绕如何提高以纳米粒为基础的非病毒基因载体的生物利用度为

研究内容。 
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       天然的生物屏障（Biological barriers）虽然保护机体免受病原体及（或）其分泌毒素

的侵入，但是也阻碍了药物的生物利用度。一个合格的基因载体，在人体摄取后必须克服

各种机体生物屏障到达靶细胞。根据给药形式，给药目的的不同，基因载体所要克服的屏

障也不尽相同。比如对于中枢神经系统的基因治疗，如果全身给药，载体必须跨过血脑屏

障 （Blood brain barrier, BBB）。如果经口服给药，载体也须跨过肠粘膜上皮系统进入

体内循环。 即使基因载体成功规避了各种细胞外屏障 （Extracellular barriers），经过靶

细胞内吞（Endocytosis）后存储于内体（Endosome）中，但是如果不及时突破内体，

载体将 终被传递到溶酶体（Lysosome）中降解掉。另外即使所载 DNA 被成功释放到

细胞质 （Cytosol）后，如果 DNA 不能跨过核膜进入细胞核（Nucleus）, 目的基因也无

法表达。 以上所陈步骤如果有一项失败，都将导致基因转染的失败。由此可见，相对于

传统的小分子药物，基因治疗对载体的要求更加的苛刻和精准，载体跨各种生物屏障的能

力也成为衡量基因载体性能的 重要的指标之一。 然而在自然界中，一些病原体或其分

泌的毒素能够利用各种细胞内信号通路，成功地跨过各种生物屏障，侵入体内后存活和/

或扩增。因此这些有效的致病机理可以被用来设计仿生类非病毒基因载体以提高其生物利

用度。 

       第一章主要总结了各种病原体或其分泌的毒素克服小肠上皮屏障侵入人体内的机理研

究，以及综述了利用病原体作用的各种特异性配体进行表面修饰载药纳米粒，用于提高口

服制剂的肠道吸收。另外自然界中，一些病毒（如流感病毒）的融合肽能够在酸性条件下

的内体中被激活，破坏内体的膜结构，然后被释放到细胞质中从而避免溶酶体降解，到达

目的位置（如高尔基体，内质网等）发挥毒性。 根据这一原理本章综述了近期 pH 敏感

性纳米粒用来避免细胞内降解。 

      上皮细胞具有极性 （Polarity），其细胞膜通过紧密连接（Tight junction）分为顶端

（apical side）和基底端（basolateral side），具有不同的固定的磷脂和蛋白组分，例如

3, 4, 5-三磷酸磷脂酰肌醇 （phosphatidylinositol-3, 4, 5-trisphosphate， PIP3）只存在于

基底膜。基底端朝向循环系统，而顶端朝向外部环境。上皮细胞的极性化决定了其分泌，

吸收和屏障等功能。铜绿假单胞菌（Pseudomonas aeruginosa）定植在 MDCK （犬肾

上皮细胞）单细胞层的顶端，能够激活 PI3K/Akt 信号通路，招募基底膜组分（包括受体）

到顶端，局部转换定植处的顶端膜为基底膜。并且发现在细菌定植的地方富含 PIP3，可

能与顶端-基底膜局部转换有关。第二章内容受此启发，将含有大量磷酸基团而带负电荷
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的 PIP3 和核酸 （质粒 DNA， 寡核苷酸，小干扰 RNA 等）与带正电的阳离子聚合物聚

乙烯亚胺 （Polyethylenimine ，PEI）复合形成载基因纳米粒。实验数据显示该三元复合

物能够招募基底膜的受体，从而增加了纳米粒被上皮细胞的摄取，并实现了有效的 RNA 

干扰。 

       霍乱毒素 B 亚基（Cholera toxin B subunit ，CTB）能够特异性结合小肠上皮细胞顶

端的神经节苷脂 GM1 受体，然后成功跨膜转运（Transcytosis）。我们通过 phase 

library 筛选出以 GM1 为受体的潜在多肽配体 G23，并将其偶联到 PEI 后用于 DNA 的复

合。通过斑点印迹（Dot blot）实验证明 G23 修饰的 DNA 复合物能够特异性结合 GM1 

受体, 并且体外细胞实验证明 G23 促进了 DNA 复合物跨过肠上皮模型（Caco-2 单细胞

层）。通过第三章，我们证明 GM1 可作为一潜在靶向受体，促进的口服制剂的肠道吸收。 

      由上文所述， 内体突破（Endosomal escape）是物质被细胞内吞后不被降解的关键

步骤。一般内体的内环境为酸性（pH 5-6）。流感病毒能够利用融合肽在酸性环境下被激

活，与内体膜融合，破获内体膜，从而从内体中释放，避免降解。由此，在第四章里我们

设计了一种新型的 pH 敏感性的聚合物 / 脂质复合纳米粒  （ PDPA-b-PCL-b-

PEG/DOTAP），其结构为以 PDPA-b-PCL/DOTAP 为核，PEG 为壳的胶束结构。

PDPA-b-PCL-b-PEG 为新合成聚合物，该聚合物的 PDPA 嵌段（pKa= 6.3）在 pH>6.3

条件下为亲脂性；然而当 pH 低于 6.3，PDPA 质子化，变为亲水性。因此在生理 pH 7.4

条件下，该纳米粒结构稳定，其中阳离子脂质 DOTAP 组分能够表面吸附 DNA 形成稳定

的 DNA 载体；然而在内体的酸性的环境该纳米粒解离，游离的 DOTAP 破坏内体膜，导

致 DNA 从内体中成功释放。因此，具有 pH 敏感性的 PDPA-b-PCL-b-PEG/DOTAP 纳米

粒是一种具有应用前景的转基因载体。 

       我们以前的实验证明，GM1 同时也可以作为跨血脑屏障的潜在受体。因此在第四章

的研究基础上，PDPA-b-PCL-b-PEG/DOTAP 纳米粒表面偶联多肽 G23，提高纳米粒的

BBB 靶向性。G23 表面修饰后的纳米粒能够成功跨过血脑屏障体外模型，并且能够转染

有丝分裂后脑细胞（post-mitotic brain cells），例如神经元细胞, 星形胶质细胞。由第五

章数据可见，G23 修饰 PDPA-b-PCL-b-PEG/DOTAP 纳米粒可成为中枢神经系统基因治

疗的有效载体。但是本论文目前止于体外实验，但是仍需进一步的体内实验来评估各仿生

基因载体的性能。 
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       基因治疗是近几十年出现的新技术，一度引起人们的高度关注和密集研究，然而近几

年由于对其安全性和有效性的担忧，其进展缓慢。但是随着新材料，新技术，新研究模型

的发展，以及更深入的机理研究，基因治疗必将成为一项有效的临床治疗手段来取代传统

治疗，特别是对先天性疾病、遗传性疾病的治疗。 
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