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A B S T R A C T   

Gene therapy using nucleic acids has many clinical applications for the treatment of diseases with a genetic 
origin as well as for the development of innovative vaccine formulations. Since nucleic acids in their free form 
are rapidly degraded by nucleases present in extracellular matrices, have poor pharmacokinetics and hardly pass 
cellular membranes, carrier systems are required. Suitable carriers that protect the nucleic acid payload against 
enzymatic attack, prolong circulation time after systemic administration and assist in cellular binding and 
internalization are needed to develop nucleic acid based drug products. Viral vectors have been investigated and 
are also clinically used as delivery vehicles. However, some major drawbacks are associated with their use. 
Therefore there has been substantial attention on the use of non-viral carrier systems based on cationic lipids and 
polymers. This review focuses on the properties of polymer-based nucleic acid formulations, also referred as 
polyplexes. Different polymeric systems are summarized, and the cellular barriers polyplexes encounter and ways 
to tackle these are discussed. Finally attention is given to the clinical status of non-viral nucleic acid 
formulations.   

1. Introduction 

Increasing knowledge about genetic causes of disease has driven the 
development of nucleic acids as attractive strategies for therapeutic 
intervention. Nucleic acids can either restore deficient functional pro
tein production or supress protein synthesis by inhibiting gene expres
sion. However, the therapeutic applicability of nucleic acids is limited 

due to rapid degradation by nucleases, excretion or uptake by non-target 
tissues, immune activation by binding to Toll-like receptors, and inef
ficient cellular uptake due to their relatively large size and hydrophilic 
nature. Therefore, carrier systems that provide protection, guide nucleic 
acid tissue delivery and intracellular trafficking are required to nucleic 
acids as drugs. Various carrier systems including viral vectors, and 
natural and synthetic lipids and polymers have been investigated. 
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Additionally, inorganic particles are explored as carrier systems. 
This review focusses on polymeric delivery systems for nucleic acids, 

also highlighting some of the contributions of professor Sung Wan Kim 
to this field. 

2. Therapeutic nucleic acids 

Therapeutic nucleic acids can act at different stages of the gene 
expression process. Approaches to modulate gene expression can be 
divided into two main categories: (i) increase or correct gene expression, 
and (ii) silence or block gene expression. 

2.1. Gene therapy 

Gene therapy is a therapeutic modality to treat genetic diseases by 
transferring one or more therapeutic nucleic acids into patient’s cells, 
correcting or substituting a defective gene. Effective strategies for clin
ical gene therapy are based on in vivo gene delivery to target cells or 
tissues, or ex vivo gene-modification of autologous cells (i.e. hemato
poietic stem cells) that are transplanted back into the patient. Whereas 
the majority of therapeutic nucleic acids interferes in the DNA-mRNA- 
protein axis, the increased knowledge on the various RNA species that 
regulate gene expression but also other cellular processes has offered a 
range of new points of intervention (Fig. 1).  

(i) Increasing and correcting gene expression using gene expression 
constructs 

When a complete gene needs to be expressed, the therapeutic nucleic 
acid is usually supplied in the form of plasmid DNA (pDNA) as this en
ables cheap manufacture and long-term transcription into messenger 
RNA (mRNA) for efficient protein production. In vivo this requires a 
vector carrying the pDNA into the target cells of the patient. Among the 
various viral based vector systems, adeno-associated virus (AAV) vectors 
have demonstrated the greatest clinical success for in vivo gene delivery 
[1]. Given their array of serotypes and capsid variants, these vectors can 
target a wide variety of tissues and cell types. An important first step in 
gene-based drug development was the approval of the first gene therapy 
product Glybera, an AAV vector for the treatment of lipoprotein lipase 
(LPL) deficiency, by the European Medicines Agency (EMA) in 2012 [2]. 
Additionally, the use of AAV vectors has been successful in the treatment 

of ocular diseases, neurological disorders and hemophilia B [1]. 
Viral vectors represent the most efficient delivery vehicles since vi

ruses have evolved in nature for the purpose of nucleic acid transfer into 
host cells. Despite their high transfer capacity, viral-based vectors also 
exhibit significant limitations, such as immunogenicity, limited trans
gene carrying capacity, restricted cell tropism, and complex analytics 
and difficult large-scale pharmaceutical production. Additional tech
nical and biosafety issues for gene transfer systems are nuclear delivery 
of genes into off-target cells and long-term incorporation of DNA that 
may disrupt the natural host genome. 

An interesting alternative approach for pDNA is mRNA. The cellular 
delivery of mRNA to its site of action does not require transport to and 
transcription in the nucleus. Furthermore, without the barrier for nu
clear translocation synthetic delivery systems come into play that can 
circumvent many of the challenges that viruses face. For example, an 
optimized version of the synthetic polymer polyethyleneimine (PEI) has 
been successfully applied for the delivery of mRNA. Li et al. developed a 
mRNA-based intranasal vaccination system with PEI for HIV-1 treat
ment [3]. It was shown that this delivery vehicle overcame the biological 
barriers in the nasal epithelium by reversibly opening the tight junc
tions, enhancing the paracellular delivery of mRNA and achieving 
strong anti-HIV immune responses. Formulation of mRNA into lipid- 
based nanoparticles (LNPs) enabled efficient in vivo delivery of mRNA 
encoding human anti-HER2 antibody (trastuzumab). Treatment of 
tumor-bearing mice with trastuzumab mRNA LNPs reduced the volume 
of HER2-positive tumors and improved animal survival [4]. Further
more, all currently investigated SARS-Cov2 mRNA vaccines are lipid- 
based [5,6]. Finally, small nucleic acids can be used to correct or 
enhance gene expression as well. For example, exon-skipping oligonu
cleotides can ensure that mutated exons can be omitted from a mRNA, 
which can provide therapeutic benefit for example in Duchenne’s 
muscular dystrophy [7,8].  

(ii) Silencing and blocking gene expression using antisense and RNAi 
nucleic acids 

Gene expression can also be inhibited at the mRNA level. Antisense 
nucleic acids inhibit gene expression by binding to complementary 
target mRNA, resulting in RNase-dependent degradation or translational 
repression of the target mRNA which supresses the translation of the 
target protein. A second class of therapeutic nucleic acids regulating 

Fig. 1. Gene expression regulating RNAs and DNAs that constitute possible targets for therapeutic intervention.  
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gene expression are small interfering RNAs. These small non-coding 
RNAs include double stranded small interfering RNA (siRNA) and 
micro RNA (miRNA). When siRNA is delivered into the cytosol, one of 
the two 20–30 bases long RNA strands is degraded. The remaining 
strand of the siRNA duplex, the guide strand, is selectively retained in 
the multiprotein RNA-induced silencing complex (RISC). The siRNA 
guide strand directs the siRISC to the target mRNA through comple
mentary base pairing, resulting in gene knockdown of the target RNA 
(Fig. 2) [9]. An analogous process is the posttranscriptional regulation of 
gene expression by miRNAs which are small non-coding endogenous 
RNA molecules (~22 nucleotides long) that regulate cellular fate and 
function mostly by translational repression but sometimes also mRNA 
cleavage. Some miRNAs have been shown to regulate cell proliferation 
and apoptosis processes that are important in cancer treatment. For 

example, miR-182-mediated down-regulation of BRCA1 has been shown 
to impact DNA repair and sensitivity to PARP inhibitor, thus may impact 
breast cancer therapy [10]. miR-19b promotes tumor growth and 
metastasis in vivo via targeting p53. Therefore, it is possible that miR- 
19b antagomirs could be developed as therapeutic agents against 
tumor development [11]. Moreover, different studies have shown that 
several miRNAs are directly involved in human cancers, including lung, 
breast, brain, liver, colon cancer, and leukemia [12]. Additionally, some 
miRNAs may function as oncogenes (oncomiRNAs) or tumor-suppressor 
miRNAs [12]. OncomiRs are negatively regulating tumor suppressor 
genes and/or genes that control cell differentiation or apoptosis, 
whereas tumor-suppressor miRNAs inhibit these processes. Over
expression of oncomiRs and loss or underexpression of tumor-suppressor 
miRNAs in cancer promote neoplasm development. miRNA therapy 
could therefore be a powerful therapeutic approach. Cancer develop
ment can potentially be suppressed by introducing tumor-suppressing 
miRNAs or antisense miRNA antagonists (antogomirs) that inhibit 
oncomiRNAs and tumor-promoting activity. 

In a surprising twist, it recently emerges that promoter-targeted short 
double-stranded RNAs (dsRNAs) can also induce target gene expression 
at the transcriptional or epigenetic level. It has been suggested that RNA 
activation (RNAa) is an evolutionarily conserved mechanism of gene 
regulation and can be activated by siRNAs or miRNAs [13]. These de
velopments underline that nucleic acids still hold many surprises on the 
many ways they can regulate cellular processes. 

2.2. Challenges in nucleic acid delivery 

Nucleic acids offer excellent opportunities for therapeutic applica
tions when the delivery problem can be solved. All nucleic acids exceed 
the size of conventional small drugs. Additionally, they are easily 
degraded by nucleases present in physiological fluids, leading to limited 
biological stability. Importantly the hydrophilic nature and overall 
strong negative charge restricts their passage through lipid cell mem
branes into target cells. Finally, even when limited intracellular uptake 
occurs, this likely results in localization of nucleic acids in the early 
endosomes and lysosomes where they are degraded by endolysosomal 
enzymes. All these factors contribute to a poor therapeutic efficiency 
and limit the development of nucleic acid therapy. Therefore, the 
complexation and protection of nucleic acids with appropriate vehicles 
are required for successful delivery and to exploit the therapeutic po
tential of these drug candidates. 

Oligonucleotides may form the only exception. Like small molecules 
they can be chemically synthesized which allows a wide variety of 
chemical modifications to be introduced, which can stabilize them 
against degradation, allow transport over cellular membranes, improve 
binding to complementary nucleic acid target sequences, and reduce 
immunogenicity. For example, equipping an siRNA with a tri-antennary 
N-acetyl galactosamine results in specific uptake by the asialoglyco
protein receptor (ASGPR) on hepatocytes [14]. This strategy has 
recently reached the market as Givosiran, an siRNA to treat hepatic 
porphyria [15]. 

2.3. Nanoparticle-based gene delivery system 

Various types of (cationic) formulation materials, including natural 
and synthetic lipids and polymers, have been explored to facilitate 
complexation of the nucleic acid payload by electrostatic interaction 
with positively charged excipients into nanoparticles that have an 
appropriate size to be internalized by cells and to guide intracellular 
trafficking of exogenous nucleic acids. Over the years, a great variety of 
cationic polymers have been used for the development of polyplex for
mulations, where charge density, pKa, molecular weight, branching, 
biodegradability and membrane interaction have emerged as important 
factors in success of the polymeric excipients. 

Fig. 2. RNA interference. mRNA is formed after removal of introns from the pre 
mRNA, a process that is described as splicing. Endogenous siRNA precursors are 
self-complementary and form a hairpin-like structure. Mature siRNA is formed 
after multiple cleavage steps and incorporated into RNA-induced silencing 
complex (RISC), resulting in translational repression and/or degradation of 
target RNA. 
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3. Polyplex delivery hurdles 

For efficient nucleic acid delivery, two seemingly incompatible 
qualities need to be combined into the polyplex: protection and stability 
outside the target cell and degradation of the carrier and release of intact 
nucleic acid after internalization. These processes are discussed in more 

detail in the next sections. 

3.1. Extracellular delivery barriers 

For nucleic acid delivery, both local and systemic administration 
approaches have been considered. Local administration includes direct 

Fig. 3. Schematic representation of extra-and intracellular barriers. Delivery vehicles are used to protect nucleic acids (NAs) (i.e. mRNA) against degradation by 
extracellular nucleases and shield their negative charge. The delivery vehicle must cross the negatively charged cell membrane in order to reach the cytoplasm which 
creates another barrier for the negatively charged NAs. Upon cellular entry, the vehicle is entrapped within endosomes. Commonly used delivery vehicles are lipid 
nanoparticles (LNP), consisting of (i) an ionizable lipid or polymeric material, to encapsulate NAs; (ii) a helper lipid that resembles the lipids in the cell membrane; 
(iii) cholesterol to stabilize the lipid bilayer of the LNP; and (iv) polyethylene glycol (PEG) to improve stability, and reduce protein adsorption. Adapted from [44]. 
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injection (for example into the skin, retina, or tumor) and topical de
livery. Additionally, several drug delivery systems have been investi
gated for nasal and pulmonary delivery [6]. These administration routes 
are limited to interaction with the local tissue and lead to a very limited 
systemic exposure. Also classical routes for reaching systemic circula
tion, i.e., oral and intestinal administration, are associated with signifi
cant barriers including degradation in the gastrointestinal (GI) tract and 
virtually absent transport over the GI epithelium, resulting in an 
extremely low or absent bioavailability. Because of these barriers, 
intravenous administration remains the main route for delivery of 
nucleic acids to many tissues. However, even after intravenous drug 
administration extracellular barriers are considerable (Fig. 3). Nucleic 
acids are rapidly cleared from the blood by the kidneys when their size is 
<30 kDa whereas larger nucleic acids are generally cleared by the 
mononuclear cells in liver and spleen [16]. As a result, the nucleic acids 
would not reach the target cells. Therefore, nanoparticles can help to 
protect nucleic acids against enzymatic degradation and prolong their 
circulation kinetics. 

Polyplex formation is based on ionic interactions between poly
anionic nucleic acids and multivalent cations [17,18]. This process al
lows the preparation of nanoparticles that contain the nucleic acids in 
compacted and protected form. A critical issue is polyplex stability in 
blood and other biological fluids. After systemic administration, both 
serum proteins and extracellular matrix (ECM) act as extracellular bar
riers to polyplex-mediated delivery because of their ability to unpack 
polyplexes [19]. 

To get stable polyplexes that protect the loaded nucleic acid against 
nuclease triggered degradation, mostly an excess of cation polymer is 
used. This results in the formation of polyplexes with an overall positive 
charge. Upon intravenous administration, such particles interact with 
negatively charged blood components (i.e. with blood cell membranes 
and plasma proteins). Serum proteins bind to positively charged parti
cles, leading to structural reorganization, aggregation and/or dissocia
tion of the delivery vehicle [19–22]. An additional problem is nucleic 
acid degradation by nucleases present in serum, which leads to a loss of 
biological activity. To induce nuclease resistance, studies with tight 
associations between the delivery vehicle and DNA have been per
formed. However, these studies neglect that the delivery vehicle needs 
to be capable of disassembly within the cell [23]. Other consequences 
that have an important impact on the fate of administered polyplexes are 
activation of the immune system, self-aggregation into larger micro
structures, and binding to erythrocytes and other blood components. 
Association of the delivery vehicle with erythrocytes reduces trans
fection efficiency and leads to rapid clearance from the circulation via 
liver and spleen. In order to prevent these kinds of interactions and to 
obtain better circulation properties, there is a need for stable package of 
polyplexes, for example by covalently cross-linking the core of poly
meric systems and shielding of the positive polyplex surface charge. The 
predominant strategy to sterically shield the delivery vehicles from 
blood components is to utilize PEGylated components, discussed later in 
more detail (Section 5.1) [24–26]. A stabilized and shielded nano
particle is able to reach vascularized target sites via systemic circulation, 
and can target certain cancer tissues by passive targeting strategies 
exploiting the so called EPR (enhanced permeation and retention) effect 
[27]. However, binding to target cells and uptake might be limited. For 
example, nanocarriers with a positively charged surface show efficient 
internalization triggered by electrostatic interactions with the nega
tively charged cell membranes in vitro, but have limited applicability in 
vivo because of rapid elimination and self-aggregation or aggregation 
with components in the bioenvironment. 

Polyplexes have different sizes, varying from ten to up to several 
hundreds of nanometres. Larger size polyplexes contain multiple copies 
of the nucleic acids [28,29]. The polyplex size is a critical parameter for 
systemic administration, bearing a big impact on the biodistribution and 
pharmacokinetics. Nanoparticles with a small diameter (< 6 nm) are 
rapidly cleared by the kidneys [30]. In contrast, larger particles with a 

diameter of up to 400 nm, can accumulate in highly vascularized solid 
tumors and impaired lymphatic drainage systems, through a process also 
referred to as the enhanced permeability and retention (EPR) effect [31]. 
The EPR effect has been extensively explored in nanocarrier-assisted 
cancer therapy. However, the extent of passive accumulation and the 
size threshold of the porous tumor vasculature is depending on the type 
of cancer and can be heterogeneous [32]. It also critically depends on a 
long circulation time which is difficult to achieve even for PEGylated 
polyplexes. To explain, the circulation half-lives for pegylated poly
plexes in mice is 1–5 h [26,33–37], whereas pegylated liposomes 
[26,33,34,38–41] and polymeric nanoparticles (excluding polyplexes) 
[33,42] have half-lives of 12–24 h. 

Additional challenges are the accessibility via the bloodstream of 
some tissues since the blood vessel structure in many tissues is extremely 
tight. For example, the blood-brain-barrier (BBB) cannot be passed by 
passive processes. Endogenous proteins and nanoparticles make use of 
efficient intra-and transcellular delivery processes to cross such barriers, 
which could also be used for therapeutic approaches in nanoparticle 
transport. Adding ligands to the surface of polyplexes may enhance 
target cell binding and receptor-specific cellular internalization. 
Important factors to take into consideration when selecting target re
ceptors and corresponding ligands are abundance, selectivity of 
expression and function. There is a need for a sufficient number of re
ceptors on the surface of target cells, that should be selectively expressed 
on the tissue of interest, and these receptors should of course be involved 
in processes of endocytosis and transcytosis. The performance of tar
geted delivery might be influenced by affinity of the ligand for the re
ceptor, concentration of competing endogenous natural ligands and 
nanoparticle size. Furthermore, incorporation of multiple receptor li
gands for different receptors can be considered [43]. This allows to 
involve in subsequent stages of the delivery process, for example: 
transcytosis across the endothelial barrier, followed by cellular uptake 
within the target tissue. 

Delivery vehicles are used to protect nucleic acids (i.e. mRNA) 
against degradation by extracellular nucleases and shield their negative 
charge. Upon cellular entry of the delivery vehicle loaded with the 
therapeutic nucleic acid of interest, it is entrapped within the endosome 
form which need to be escaped in order to reach the cytoplasm and even 
the nucleus for pDNA. This is discussed in more detail in the next section. 
Commonly used delivery vehicles are lipid nanoparticles (LNP), con
sisting of (i) an ionizable lipid or polymeric material, to encapsulate 
NAs; (ii) a helper lipid that resembles the lipids in the cell membrane; 
(iii) cholesterol to stabilize the lipid bilayer of the LNP; and (iv) poly
ethylene glycol (PEG) to improve stability, and reduce protein adsorp
tion [44]. 

3.2. Intracellular barriers 

After arrival in the target tissue nucleic acids still need entry across 
the cell membrane and transfer into the cytosol to be active. The most 
widely studied transduction vehicles for the internalization of proteins 
into the cell are the antennapedia peptides, the herpes simplex virus 
VP22 protein, and HIV TAT protein [45]. This mechanism of docking 
and fusing is used by some types of viruses to infect host cells. Transfer 
efficacy and cytotoxicity are closely related since cell membrane integ
rity is important for cell survival. 

Nonenveloped viruses and protein toxins use an alternative process 
for cell entry. They are engulfed into endolysosomal compartments and 
subsequently escape from these vesicles into the cytosol. Nanoparticles 
are usually internalized into primary endosomes [46]. Subsequent 
vesicle transport through the cytosol and sorting in various compart
ments, like recycling to cell surface or transcytosis, trafficking into or
ganelles (i.e. Golgi System and endoplasmic reticulum), or maturation 
into lysosomes, are influenced by receptor and vesicle type, nanoparticle 
size and ligands, and receptor crosslinking [43]. Importantly, enzymatic 
degradation in the lysosome must be avoided to ensure an efficient 
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delivery of the loaded nucleic acids into the cytosol/nucleus. Many vi
ruses and toxins have the ability to either escape early out of endosomes, 
or avoid endolysosomal sorting. 

Even after arrival in the cytoplasm, several challenges remain. 
Intracellularly released plasmid DNA (pDNA) has to be transported to 
the nucleus, whereas the targets of mRNA, siRNA and miRNA are located 
in the cytosol. Cytosolic mobility and nuclear entry are size dependent: 
oligonucleotides generally distribute over the cytosol, whereas larger 
nucleic acids (>250 bp) have a substantial lower mobility. Passage of 
the nuclear membrane can be a major hurdle as this process is highly 
restricted and dependent on the correct molecular signals [47,48]. Ex
periments have shown that direct injection of naked transgene pDNA 
into the nucleus resulted in a more efficient gene expression compared to 
cytosolic injection. Moreover, pDNA is guided by direct transport or 
microtubular vesicle transport for efficient delivery. Several interesting 
studies have investigated delivery of DNA into the nucleus DNA by 
active transport domains [49,50]. Despite partial successes, to date no 
efficient solution exists for intranuclear delivery of polyplexes or 
encapsulated cargo [43]. 

4. Cationic polymers 

4.1. First generation polycations 

The first generation polycations include a variety of permanently 
charged polymers usually consisting of repetitions of one single mono
mer. In 1965, it was found that diethylaminoethyl (DEAE) dextran could 
strongly enhance the transfection of various infectious viral nucleic acid 
constructs (poliovirus RNA and SV40 viral DNA) (Fig. 4) [51]. Later, 
other cationic polymers such as poly-L-lysine (PLL), poly-L-ornithine 
(PLO), and poly-L-arginine (PLR), showed the potential for nucleic 
acid delivery into cells. In 1975, Farber and Butel evaluated the effi
ciency of these polymers for exogenous DNA transfection and their 
studies showed that polyornithine had the best performance [52]. The 
positively charged polyornithine forms a complex with DNA, thereby 
shielding it from nuclease attack and degradation, and it may also 
neutralize the negatively charged groups of DNA protecting it from 
rejection by target cells. However this property is shared by the other 
poly-amino acids that were tested. Only recently a more detailed 
investigation points to the structural differences between the two amino 
acids that affect cellular and subcellular processing [53]. The switch to 
polymer-based transfection of plasmid-based gene constructs showed a 

Fig. 4. Polymers for nucleic acid delivery. A) First generation polymers. DEAE-dextran, diethylaminoethyl-dextran; PLL, poly-L-lysine; PLO, poly-L-ornithine; PLR, 
poly-L-arginine. B) Second generation polymers. Polyethylenimine in linear (LPEI) or branched (BPEI) form, and poly(amidoamine) PAMAM dendrimer [43,68]. 

A.I.S. van den Berg et al.                                                                                                                                                                                                                     



Journal of Controlled Release 331 (2021) 121–141

127

moderate transfection efficacy compared to the delivery of infectious 
viral genomes. Different approaches were taken for polyplex improve
ment. In 1987, Wu and Wu reported receptor-mediated gene trans
fection by covalently coupling ASOR, a ligand for asialoglycoprotein 
receptor that is expressed on hepatic cells, to PLL. Next, they combined 
the PLL-ASOR conjugate with pDNA to form receptor-targeted poly
plexes and investigated receptor-mediated delivery to hepatocytes both 
in vitro and in vivo. Importantly, enhanced cellular uptake by endocytosis 
and receptor specificity was convincingly demonstrated [54]. Following 
this milestone, many other ligand-PLL-based strategies were developed, 
including the first human clinical gene therapy studies with pDNA pol
yplexes [55]. In this study the authors developed a human melanoma 
vaccine consisting of irradiated autologous tumor cells transfected with 
a human IL-2 gene construct, using transfection complexes consisting of 
inactivated adenovirus linked to the human IL-2 plasmid, and 
polylysine-modified transferrin. This receptor-mediated, adenovirus- 
augmented gene delivery system has been termed AVET (adenovirus- 
enhanced transferrinfection) [56,57]. 

Another approach to improve the transfection efficiency of poly
plexes focussed on the use of excipients. In 1983, Luthman and Mag
nusson demonstrated that the anti-malaria drug chloroquine 
significantly enhanced pDNA/DEAE-dextran transfection [58]. In 
another study, Cotten and Birnstiel demonstrated that gene transfer into 
K562 cells using polylysine-transferrin polyplexes, was strongly 
enhanced by this treatment [59]. It is assumed that chloroquine accu
mulates in lysosomes and reduces the activity of lysosomal nucleases, 
thus protecting pDNA in the polyplexes from degradation [60]. The 
natural endosomal acidification process is mediated by the vacuolar 
ATP-dependent vATPase that generates an acidic luminal microenvi
ronment of pH 5.9–6.5 in early endosomes and of pH 5.0 in late endo
somes and lysosomes, by actively pumping protons into the endosomes 
and lysosomes. The unprotonated form of the weakly basic drug chlo
roquine can freely diffuse across the membranes, but is entrapped in its 
protonated form in acidifying endosomes and lysosomes. A continuous 
vATPase activity results in accumulation of protonated drug in the 
vesicles and influx of chloride counterions and water consequently 
leading to osmotic swelling and membrane destabilization of endoly
sosomes. Furthermore, chloroquine may facilitate intracellular release 
of DNA by dissociation of polyplexes [61]. 

Besides the use of chloroquine more natural approaches have been 
investigated to trigger release of polyplexes form endosomes. It is known 
that viruses such as adenoviruses and rhinoviruses promote nucleic acid 
transfer by destabilizing the endosomal membrane. Additionally, 
different kinds of proteins and peptides were investigated to promote 
endosomal escape and enhance gene transfer. Wagner and co-workers 
demonstrated that synthetic influenza-virus derived peptides increase 
membrane disruption activity and gene transfer [62]. The group of 
Szoka designed a cationic amphipathic peptide KALA that binds to DNA, 
causes membrane disruption, and mediates nucleic acid delivery and 
transfection [63]. Szoka and collaborates also developed the GALA 
peptide and conjugated it to positively charged polymers for DNA de
livery [64]. 

4.2. Second generation polyplexes 

Polyamidoamine (PAMAM) dendrimers were developed in the 1990s 
as carriers with improved properties compared to polymers of the first 
generation (Fig. 4). These polyamine dendrimers were found to be 
effective in pDNA transfer in the absence of chloroquine or fusion pep
tides. Characteristic for PAMAM dendrimers is that they display a high 
amine density with a pKa around 6. This pKa value around the pH of an 
acidifying endosome is suggested to lead to proton of the amines which 
in turn results in an enhanced influx chloride anions into the endosome. 
As a consequence, the osmotic pressure increases and the endosome will 
burst. This mechanism is called the ‘proton sponge effect’ and was first 
proposed in 1995 by Behr and colleagues, but the hypothesis is debated 

[65,66]. In other studies it has been suggested that positively charged 
polymer domains have a destabilizing effect on the endosomal mem
brane which contributes to the endosomal escape of polyplexes [51,67]. 

Behr et al. screened a series of cationic polymers with proton-sponge 
characteristics which led to the discovery of polyethylenimine (PEI) as a 
powerful transfection polymer [65]. PEI has a high transfection effi
ciency both in vitro and in vivo at dosages where the polymer displays 
limited cytotoxicity. However, toxicity of PEI can be argued. Depending 
on the molecular weight and cationic charge density, PEI as well as other 
frequently used polycationic macromolecules evaluated as gene delivery 
systems display cytotoxic effects in vitro [69]. In order to reduce toxicity 
of polycations the use of low molecular weight PEI [70] also studied by 
Sung Wan Kim and collaborators in combination with cholesterol [71] 
and PEGylation have been proposed [72,73]. These polymers indeed 
showed a better cytocompatibility in their free form and complexed with 
nucleic acid than high molecular weight PEI. 

A large variety of branched PEI (BPEI) and linear PEI (LPEI) with 
different molecular weights are commercially available, which allows 
tuning of polyplex stability, transfection efficacy, and cytotoxicity [74]. 
Because after extracellular protection nucleic acid unpackaging has to 
take place intracellularly for functional delivery, high polyplex stability 
does not necessarily correlate with high transfection. Intracellular traf
ficking studies performed by Itaka and collaborators showed that, 
compared with PLL, both LPEI and BPEI were able to mediate endso
somal escape, but LPEI presented higher efficiency in gene transfection 
and expression compared to BPEI likely due to the lower stability [75]. 
Interestingly LPEI displays a better nuclear delivery of pDNA in non- 
dividing cells, whereas BPEI polyplex based transfection is more effi
cient in dividing cells in or before mitosis. Apparently LPEI based pol
yplexes can even be transported in intact nuclei whereas BPEI relies on 
breakdown of the nuclear envelope [51]. 

Polymers like PEI and PAMAM are promising for nucleic acid 
transfection, but also display some disadvantages. They are not 
degradable and still display a certain degree of toxicity which is corre
lated to their molecular weight. PEI can trigger apoptosis and necrosis 
by generating defects in cell surface and mitochondria or nuclear 
membranes. PEI cytotoxicity also includes the inhibition of mitochon
drial ATP synthesis. Additionally, PEI and other cationic polymers such 
as PAMAM and PLL are recognized by the innate immune system and 
induce complement activation in vitro [76]. As pointed out in more 
detail in the next section, PEGylation of polyplexes might reduce protein 
adsorption on their surfaces and be an approach to inhibit complement 
activation. 

In summary, the first two generations of polycations are efficient 
transfection reagents, primarily in vitro, and have increased the knowl
edge about gene delivery and the underlying mechanisms contributing 
to functional delivery. However, critical problems as cytotoxicity lead
ing to undesired side-effects upon in vivo administration of cationic 
polymers remain. Therefore, polymer systems should be generated with 
improved precision and reduced cytotoxicity. 

5. Lessons learned: the importance of shielding, targeting and 
trafficking 

The work on the first generations of polymeric delivery systems have 
taught important lessons on the importance of shielding the polyplex 
surface, increasing cell type specificity by attaching targeting ligands 
and guiding the intracellular trafficking of polyplex and payload. This 
section discusses the approaches taken to improve these aspects. 

5.1. Shielding domains 

The surface character of a nanoparticle is of great importance for its 
behaviour after systemic administration. In cell culture transfections, 
the positive charge of cationic polyplexes can be advantageous for 
binding to negatively charged cell surfaces and subsequent 
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internalization. However, the positive surface charge of polyplexes leads 
to undesired effects in the extracellular space. Acute toxicity is triggered 
by dissociation and aggregation of polyplexes and blood cells, and un
specific interactions with blood components and non-target cells [76]. 
These reactions can be reduced by coating the polyplexes with hydro
philic macromolecules to shield the surface charge from the exterior 
environment, and reduce unwanted interactions and thus enhance their 
circulation kinetics [77–79]. The most commonly used and investigated 
shielding agent is poly(ethylene glycol) (PEG). This polymer strongly 
binds three water molecules per repeating ethylene oxide units to form a 
hydrated shell covering the nanoparticles and thereby increase their 
colloidal stability and sterically reduce interactions with serum proteins 
and cells, and extends circulation lifetime of polyplexes [19,37]. For 
example, PEGylation of PEI affects polyplex stability in a dose- 
dependent manner after intravenous administration in mice. Adminis
tration of a high dose PEG-PEI showed a more favourable organ depo
sition and significantly lower acute in vivo toxicity [80]. Furthermore, 
pH-triggered removal of the PEG shield within the endosome might be 
advantageous. Reversibly shielded polyplexes enhance gene expression 
in vitro and in vivo, compared to stably shielded polyplexes [81]. 

However, an important drawback of PEG is the formation of PEG 
specific antibodies, particularly after repeated administration of PEGy
lated nanoparticles [82]. This immunogenic response is known as the 
‘accelerated blood clearance (ABC) phenomenon’ and results in 
increased clearance and reduced efficacy of PEGylated nanocarriers 
[83]. Therefore, alternative hydrophilic polymers were investigated for 
shielding, including poly(N-(2-hydroxypropyl)methacrylamide) 
(pHPMA), hydroxyethyl starch (HES), poly(oxozalines), hyaluronic acid 
(HA) and polysarcosine (pSar) [84–86]. The latter polymer has been 
demonstrated to have both neglectable complement activation and 
immunogenicity in various in vivo models [87] and aggregation of 
nanoparticles surface-grafted with this polymer in human serum is not 
observed [88]. Additionally, pSar shielding strongly reduces aspecific 
binding and cellular uptake of polyplexes. Furthermore, in vivo bio
distribution studies demonstrated that pSar-shielded polyplexes clearly 
enhance blood circulation time compared to unshielded polyplexes and 
similar to PEG-shielded polyplexes [89]. 

Different pre-or postintegration strategies for the coating of poly
plexes will hydrophilic polymers exist. For pre-integration, block co
polymers of a hydrophilic and uncharged block and a cationic block such 
as PEGpLys and PEGpDMAEmA [90–92], pHPMA-pTMAEM [93], or 
PEG-pAsp(DET) [94,95] were used for the preparation of polyplexes. 
The block copolymers are able to form core/shell polymeric micelles 
with a cationic core that is neutralized by the loaded nucleic acid, and an 
outer hydrophilic polymer shell. Importantly, the polyplex characteris
tics are controlled by the length and ratio of hydrophilic polymer to 
cationic polymer within the block copolymer [96,97]. The first step in 
postintegration strategies is the formation of non-shielded polycation/ 
nucleic acid polyplexes, followed by incorporation of the hydrophilic 
coat via either covalent coupling [26,98], or noncovalent association of 
PEG [99–101]. In this manner, the compaction of nucleic acids is not 
compromised by the shielding polymers. However, drawbacks of this 
strategy might appear in scaling-up, for example less chemical control 
on the coat attachment as compared to the use of block copolymers, 
possibly requesting improved polyplex purification methods for removal 
of nonincorporated reagents. 

Polyplex shielding offers great advantages for systemic delivery in 
gene therapy. Shielding reduces nanoparticle aggregation, strongly im
proves biocompatibility, and significantly extends the blood circulation 
time, however not to the extent as has been observed for correspond
ingly modified polymeric and liposomal drugs, as discussed in Section 
3.1. Polyplex stability and circulation time can be further improved by 
covalent cross-linkage with disulphide bonds and decationization, 
respectively [102–104]. Furthermore, polyplex shielding from unspe
cific extracellular interactions may reduce intracellular efficacy in 
transfecting the target cells (“PEG dilemma”) [105,106]. For example, 

PEGylated PEI polyplexes strongly reduced their transfection activity, 
which was recovered by introducing endosomal pH-sensitive bonds for 
PEG attachment [81]. 

5.2. Targeting ligands 

Polyplexes composed of cationic polymers and nucleic acid and 
prepared at a high N/P (charged nitrogen groups of the polymer and 
negatively charge of phosphate groups of the nucleic acids) attach to the 
cell surface via electrostatic interactions between the opposite charges of 
polyplexes and cell membranes [18,107]. This non-specific cellular 
attachment may lead to internalization of the polyplexes by other cell 
types than the desired ones. For efficient gene delivery, polyplexes are 
therefore modified with certain ligands and peptides that assist in their 
interaction receptors present on target cells. (Table 1) [31]. Several 
small chemical compounds (vitamins, folate), carbohydrates, peptides 
(among which ArgGly-Asp (RGD), Arg-Glu-Asp-Val (REDV) and Cys-Ala- 
Gly (CAG)), proteins (such as transferrin), antibodies have been 
explored to modify gene carriers. It has been demonstrated that tar
geting delivery can enhance cellular recognition and uptake, especially 
by cancer and endothelial cells [108–110]. Transferrin, an iron transport 
protein that targets the transferrin receptor that is commonly expressed 
on growing tumor cells, has been utilized as a targeting ligand to 
enhance the endocytosis of polyplexes and has been used in several 
human clinical studies. For example, in the first polymer-based human 
gene therapy study for anticancer vaccination, transferrin-polylysine 
was used for the delivery of interleukin-2 (IL-2) pDNA polyplexes into 

Table 1 
Examples of receptors and ligands used in targeted polyplexes.  

Target 
tissue 

Receptor Targeting ligand Polymer 

Tumor Transferrin 
R 

Transferrin, B6 peptide, 
T7 peptide 

pLys, protamine, dend pLys, 
PEI, PEG-PAMAM, PEG- 
PEI, PEG-CD, PEG-STP  

EGF R EGF, EGF peptide, GE11 
peptide, anti-EGF AB, 
TGF-α 

pLys, PEI, PEG-PEI, 
PAMAM, PEG-STP  

HER2/neu Anti-Her2 AB pLys, PEI  
Folate R Folate, MTX PEG-pLys, PEG-PEI, PEG- 

STP  
Integrin RGD peptide pLys, PEG-PEI, PEI, PAE  
CD13 NGR peptide PEI/PEG  
CXCR4 Plerixafor (AMD) PEG-polyAMD 

Brain Transferrin 
R 

Transferrin PEG-PAMAM  

Lactoferrin 
R 

Lactoferrin PEG-PAMAM  

GABA(B) R RVG29 peptide PEG-PAMAM 
Liver ASGP R ASOR, tri/tetrameric 

galactose, lactose-α-CD, 
tri-NAG 

pLys, PEI, PAMAM, PEG- 
masked DPC  

Hepatocyte Malaria protein CS pLys  
LDL R 
family 

RAP pLys 

Lung Polymeric Ig 
R 

Antisecretory 
component AB 

pLys  

Airway cells Surfactant A, B pLys  
PECAM Anti-PECAM AB PEI  
β2-R Clenbuterol PEI  
IPI Iloprost PEI  
Insulin R insulin PEI  
Lactoferrin 
R 

Lactoferrin PEI 

Abbreviations: AB, antibody; ASGP, asialoglycoprotein; ASOR, asialoorosomu
coid; CD, cyclodextrin; dend pLys, dendritic polylysine; DPC, Dynamic Poly
Conjugate; Ig, immunoglobulin; LDL, low-density lipoprotein; NAG, N-acetyl 
galactosamine; PAMAM, poly(amido amine); PEG, polyethylene glycol; PEI, 
polyethylenimine; PPI, polypropylenimine; pLys, polylysine; R, receptor; RAP, 
receptor-associated protein; STP, Stpbased sequence-defined oligomer. Adapted 
from [43]. 
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patient derived primary melanoma cell cultures [55]. More recently, the 
first in-human Phase I clinical trial involving siRNA-mediated gene 
silencing through systemic administration of a targeted nanoparticle 
delivery system was conducted. Transferrin was used for in vivo target
ing of PEGylated cationized siRNA polyplexes to transfect solid cancers 
of patients [111]. These nanoparticles consisted of a cyclodextrin-based 
polymer (CDP) with human transferrin protein (hTf) displayed on the 
exterior of the particle as targeting ligand, and a PEG-coat to enhance 
nanoparticle stability and reduce aspecific binding to non-target cells. 
siRNA designed to reduce the expression of the M2 subunit of ribonu
cleotide reductase (RRM2), an established anti-cancer target, was 
loaded in the nanoparticles. The amounts of intracellularly-localized 
nanoparticles correlated with dose levels of the nanoparticles adminis
tered and a reduction in both the specific RRM2 mRNA and protein 
when compared to pre-dosing tissue was observed. Another frequently 
applied ligand targeting of both soluble drugs and drug loaded nano 
particles, including polyplexes, is folate [112,113]. The folate receptor 
(FR) is overexpressed on a large number of tumors (i.e. breast, lung, 
kidney, ovarian) and can consequently serve as target for selective de
livery of anti-cancer treatment [114]. For example, folic acid was used 
as cell targeting ligand for receptor-mediated siRNA delivery in vitro and 
in vivo [115]. The nanosized polyplexes were stable in vivo and showed 
receptor-specific cell targeting in receptor-positive tumors. Moreover, 
folate-targeted nanoparticles serve as potential for rheumatoid arthritis 
(RA) therapy. RA is an inflammatory disease and the pathogenesis is 
characterized by the activation of macrophages [116]. 

Ligand expression on the polyplex surface enhances uptake by 
endocytosis, and intracellular fate can be modulated by the selected li
gands and their density at the polyplex surface to achieve multivalent 
binding [117]. Active targeting of gene carriers using ligands is sup
posed to be a good approach, but it has to be considered that efficient 
attachment and binding of the carriers to the cell membrane do not 
guarantee the completion of the delivery process. 

5.3. Endosomal escape and the proton sponge hypothesis 

Endosomal escape is considered to be a major limitation for the 
intracellular delivery of polyplexes [118,119]. When nanoparticles 
reach their target cell, they are internalized through endocytosis, which 
is an efficient process for entry into the intracellular environment. 
However, the majority of nanoparticles remains entrapped inside the 
endosomes and are trafficked toward late endo- and lysosomes where 
they are degraded by digestive enzymes. To avoid enzymatic degrada
tion, polyplexes should find a way to escape the endosome. The addition 
of chloroquine, which accumulates in the acidic environment of the 
endolysosomes, had beneficial effects on inducing endosomal escape (as 
discussed in Section 4.1) [61]. Later, it was discovered that several 
cationic polymers with high buffer capacity below physiological pH 
such as polyethylenimine (PEI), were able to mediate high transfection 
efficiencies without the need of adding membrane-disruptive agents. A 
hypothesized mechanism for the enhanced endosomal escape is an 
altered osmolarity which leads to vesicle swelling and subsequent en
dosome disruption (Fig. 5). This hypothesis is known as ‘the proton 
sponge hypothesis’ and is an intensively studied strategy for the endo
somal escape of nanoparticles. In 1997, Jean-Paul Behr and colleagues 
described the essence of the proton sponge hypothesis as the endosomal 
accumulation of protons brought in by ATPase that is coupled to an 
influx of chloride anions which will lead to a large increase in the ionic 
concentration within the endosome resulting in subsequent osmotic 
swelling and bursting of the endosome [120]. This process of swelling 
and bursting results in endosomal escape of the originally entrapped 
polyplexes. In accordance with the proton sponge hypothesis, the 
incorporation of histidine residues provides buffer capacity and greatly 
enhances the transfection efficiency of polymers such as PLL. For 
example, professor Sung Wan Kim and collaborators designed pH- 
sensitive PLH-g-PLL polyplexes that enhanced transfection efficiency 
[121]. Alternatively, viral strategies have been explored to trigger 

Fig. 5. Schematic illustration of the proton sponge hypothesis. The cationic complexes are enclosed in an endosome after endocytosis (1). Due to acidic endosomal 
buffering the protons are continued to pump in the vesicle resulting in Cl− influx and increase in the osmolarity inside the endosomal vesicle (2). The osmolarity 
increase results in an influx of water and osmotic vesicle swelling (3). Endosomal membrane disruption and polyplex release into the cytoplasm leading to nuclear 
uptake of DNA (4). 
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endosomal escape of polyplexes. Viruses express membrane- 
destabilizing domains which promote endosomal escape. In some 
studies it was demonstrated that the presence of non-infectious viral 
particles such as inactivated adeno- or rhinovirus particles, enhanced 
transfection efficiency of receptor-targeted polylysine (PLL) [122,123]. 
The viruses particles enter the cell via their natural endocytosis pathway 
and consequently interact with the internalized polyplexes, facilitating 
endosomal escape of the polyplexes and their localization in the cytosol. 
Instead of using whole virus particles, synthetic virus-derived or artifi
cial membrane active peptides can be incorporated into the polyplexes 
[124,125]. Furthermore, approaches using triggers such as pH cleavable 
polymers and irradiation have been used to induce endosomal escape. 
To mention, pH-triggered membrane destabilization by hydrophobic 
polymers with lipid domains, and photoinduced endosomal escape using 
a photosensitizer resulted in an effective release of endocytic material 
into the cytosol to strongly improve polyplex transfection efficiency 
[126,127]. 

Altogether, effective endosomal escape exploiting proton-sponge 
polymers is caused by osmotic swelling of the endosomes and destabi
lization of the endosomal membrane. Furthermore, various alternative 
approaches have been explored to enhance or induce endosomal escape. 
Interesting future directions would be to quantify endosomal escape 
efficiency, thereby eliminating interference of subsequent intracellular 
barriers. Importantly, barriers that precede endosomal escape should 
still be taken into account. 

5.4. Nuclear delivery and retention 

Nuclear delivery of pDNA-based gene expression constructs is an 
additional challenge beyond the barriers previously described. Trans
fection studies have proved that this process successfully takes place, but 
the involved mechanisms are not clearly understood. Timing and loca
tion of the nucleic acid release from cationic polymers varies between 
different polyplexes, both free and complexed nucleic acids have been 
observed in different cellular compartments, including the nucleus 
[75,128–130]. Following cytosolic delivery, the pDNA has to be deliv
ered to the pores of the nuclear envelope of nondividing cells. For 
nondividing cells, cytosolic delivery is followed by the transport of 
pDNA through the pores of the nuclear envelope. However, passive 
diffusion of polyplexes and pDNA in the cytosol is limited and transport 
needs to be regulated via either endosome trafficking along microtu
bules or active transport within the cytosol. At the nuclear envelope, the 
polyplex or pDNA has to be transported across the nuclear membrane by 
active transport mechanisms or alternative pathways. Cell cycle studies 
indicated that this is an important barrier and that polymer transfection 
is depends on cell cycle. It has been demonstrated that transfection is 
enhanced (up to >100-fold) in the G2/M phase of the cell cycle when the 
nuclear envelope disintegrates. After nuclear entry, the pDNA payload 
has to be retained and actively expressed. Nuclear retention could be 
improved by the incorporation of peptides such as histone H3 tails 
[131], NLS peptides [132–135], or other cell division-responsive pep
tides [50] into polyplexes. It should be noted that although an attractive 
strategy, attachment of an NLS to pDNA does not always result in 
enhanced transfection nor in its nuclear import [136,137]. 

6. New polymer designs 

6.1. Natural polymers 

Natural polymers are perceived to have an improved biodegrad
ability and reduced cytotoxicity profile which is not by definition true 
since also synthetic polymers have been designed that show tailorable 
biodegradability and good biocompatibility. Natural polymers investi
gated for gene therapy include chitosan, collagen, gelatin, and their 
modified derivatives [138,139]. 

Besides collagen and gelatin, also other protein based carriers such as 

chromosomal proteins HMG1 and histones, with or without modifica
tions, have been used for nucleic acid transfection [140–142]. Cat
ionized gelatin was shown to be able to facilitate delivery of siRNA into 
the kidney via administration through the ureter [143,144]. Atelo
collagen, a soluble form of collagen, was found effective in siRNA de
livery into bone metastatic tumors after systemic administration [145]. 

Chitosan (poly-D-glucosamine, obtained by deacetylation of natural 
polymer chitin) and its derivates are among the most investigated 
naturally derived polymeric gene carriers. The transfection efficiency of 
chitosan/DNA complexes is dependent on several factors, including the 
degree of deacetylation and molecular weight of the chitosan, plasmid 
concentration, charge ratio of amine (chitosan) to phosphate (DNA), 
serum concentration, pH, and cell type [146]. Due to its mucoadhesive 
property, chitosan is also very successful in oral and nasal delivery of 
nucleic acid based drugs. Modification of chitosan by methylation and 
PEGylation has shown to improve formation and colloidal stability of 
pDNA/chitosan polyplexes. Additional favourable modifications include 
histidinylation for improved endosomal escape [147] and targeting li
gands or thiolation for enhanced cellular uptake [148,149]. 

Cyclodextrin (CD) conjugates including alpha-, beta-, or gamma 
forms are cyclic oligosaccharides that are able to form host-guest com
plexes with hydrophobic compounds [150]. Covalent conjugation of 
beta-CD which is able to form complexes with conjugate of cholesterol 
with LPEI and BPEI reduced the toxicity of pDNA polyplexes without 
compromising their transfection efficiency [151]. Incubation of these 
PEI polyplexes with adamantane-PEG, resulted in the formation of 
PEGylated PEI polyplexes that were successfully used for systemic gene 
transfer into the liver [152]. In another study, low molecular weight PEI- 
CD conjugates were used for the formation of pDNA polyplexes that 
were subsequently modified with an adamantane peptide ligand specific 
for the fibroblast growth factor (FGF) receptor and adamantane- 
disulfide-linked PEG for shielding [51]. Hwang and Davis synthesized 
linear cationic β-cyclodextrin-based polymers (β-CDPs) which showed 
better biocompatibility than the unmodified polycations. Furthermore, 
the CD groups on these polycations were used to introduce transferrin 
via adamantane host–guest interaction [153]. These polyplexes were 
evaluated in clinical trials, demonstrating that intravenous administra
tion of siRNA mediated gene silencing in metastatic tumors [111,154]. It 
was shown that the degree of cationic modification is critical for nucleic 
acid polyplex formation and can be tuned. Polycationic polyrotaxane 
polymers, with monocationic CDs assembled to degradable linear 
polymer chains were synthesized and showed enhance DNA transfection 
[155]. 

6.2. Biodegradable polymers 

The design and use of biodegradable synthetic polymers is another 
direction to increase polyplex biocompatibility and/or decrease cyto
toxicity, and to avoid accumulation of the polymer in the body. 
Importantly, degradability can also be used as a tool to trigger the 
release of pDNA or siRNA into the cytosol after cellular internalization of 
polyplexes based on these polymers [156,157]. The cytotoxicity of 
polycations (i.e. PLL and PEI) is highly dependent on molecular weight. 
For example, PEI with a low molecular weight (LMW) of 800 (less than 
20 monomer units) presents low cellular toxicity but also low trans
fection efficiency, while high molecular weight (HMW) LPEI 22 kDa or 
BPEI 25 kDa are more powerful but significantly more toxic. Therefore, 
novel strategies aimed at combining the advantages of LMW polymers 
(low cytotoxicity) and HMW polymers (high transfection efficiency). 
Various biodegradable PEI based polymers containing ester bonds, 
disulfides, ketals, imines, polyglutamic acid amide, and other amides 
have been synthesized [51]. 

Modification of the cationic polymer backbone by introduction of 
either hydrolysable ester bonds, endosomally degradable acetal or imine 
bonds, as well as bioreducible disulfide bonds greatly reduced cytotox
icity and maintained or even enhanced nucleic acid transfection 
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efficiency. In 2000, Kim and collaborators reported on the synthesis of 
biodegradable poly(alpha-(4-aminobutyl)-L-glycolic acid) by replacing 
the amide bonds in polylysine with ester bonds. Transfection activity 
was enhanced compared to PLL but still remained moderate, which 
might be attributed to the lack of effective endosomal escape. Impor
tantly poly(alpha-(4-aminobutyl)-L-glycolic acid) was substantially less 
toxic than pLys [158]. Following this, more effective hyperbranched 
network-type poly(amino esters) termed n-PAE were synthesized by 
Michael addition of amines to acrylate esters. N-PAE showed trans
fection efficiency and endosomal escape properties similar to PEI, but a 
substantially better biocompatibility. Langer and colleagues synthesized 
a library of more than 2000 biodegradable cationic polymers by reaction 
of a series of primary amines and secondary diamines via Michael 
addition with a variety of bisacrylates [159,160]. Interesting candidates 
were identified using a high throughput screening for transfection effi
ciency. The Michael addition strategy was used by other groups for the 
generation of disulfide-based biodegradable polymers. Engbersen and 
collaborators showed in a number of papers that polyplexes based on 
these polymers showed high transfection efficiency of both pDNA and 
siRNA combined with a low cytotoxicity. Cationic charged groups inside 
the core of the nanogels induce efficient loading of nucleic acids by 
electrostatic interactions in aqueous solution. Proton buffering func
tionalities in the nanogel promote endosomal escape after cellular up
take of the nanogels. Due to the relatively high concentration of 
glutathione in the cytoplasm the disulfide linkages in the nanogel 
network become rapidly cleaved by the thiol-disulfide exchange reac
tion, resulting in rapid disassembly of the nanogel-cage and release of 
the free payload [161–164]. Bioreducible PEI oligoamines were syn
thesized by reacting cystamine bis-acrylamide with small oligoethyle
nimines. These polymers showed enhanced levels of gene expression 
combined with no or only very low cytotoxicity [161,163]. These results 
demonstrate that bioreducible polymers are promising for safe and 
efficient gene delivery. 

6.3. Decationized polymers 

Toxicity of cationic polymers is a complex process and occurs at 
many levels. Polycations can compromise the cell membrane integrity, 
disrupt cellular homeostasis by interaction with cellular polyanions, 
change the genomic expression profile, and induce the activation of 
oncogenes or apoptosis [104,165]. Accordingly, a new class of gene 
delivery polyplexes was developed as an alternative for conventional 
polycation-based systems. Unlike polycation-based systems, the struc
ture of decationized polyplexes is based on neutral polymers. Particu
larly these polyplexes are composed of a disulfide crosslinked poly 
(hydroxypropyl methacrylamide) (pHPMA) core that stably encapsu
lates and retains nucleic acids (such as pDNA and siRNA), surrounded by 
a PEG shell. Decationized polyplexes are prepared by a three-step pro
cess. The first step is charge-driven condensation with pDNA/siRNA 
using the pHDP-PEG polycation precursor. This is followed by stabili
zation of polyplexes by interchain disulfide crosslinking, yielding 
cationic pHDP-PEG polyplexes. Finally, the cationic dimethylaminoe
thanol (DMAE) side groups are removed by hydrolysis and decationized 
pHP-PEG polyplexes are generated. Nucleic acids are physically 
entrapped in the polymer-based particles due to the presence of disulfide 
crosslinks, whereas previously developed disulfide-containing poly
plexes require electrostatic interactions for pDNA entrapment. Stabili
zation of the polyplexes by disulfide crosslinks also prevents their 
disassembly in the bloodstream, thereby ensuring polyplex stability in 
the circulation. Conversely, disulfide bonds are rapidly cleaved in the 
intracellular environment, resulting in the destabilization of polyplexes 
and release of the nucleic acid content. Moreover, the PEG-coat effec
tively ensures the colloidal stability of the polyplexes, avoids the for
mation of aggregates and reduces protein binding, resulting in 
improvements of the circulation kinetics and tumor accumulation in vivo 
[104]. Additionally, PEGylation enables the introduction of targeting 

ligands that can be used to improve cellular uptake and internalization. 
Decationized polyplexes have important advantageous features 

when compared to conventional polyplexes. In general, decationized 
polyplexes have a size of ~120 nm and a slightly negative zeta-potential 
(− 5 mV) [165]. They also show an excellent colloidal stability, meaning 
that the particles remain suspended in a solution and show triggered 
pDNA release in a reductive environment [166]. Another characteristic 
is the very low degree of non-specific cell uptake, which is important for 
targeted therapies. In vitro studies with folate-targeted decationized 
polyplexes have shown that cellular uptake of targeted decationized 
polyplexes was significantly higher in folate receptor overexpressing cell 
lines (HeLa and OVCAR-3), when compared to their nontargeted coun
terparts [167]. Folate was used as targeting ligand because of its high 
binding affinity to its receptor, which is overexpressed in many tumors. 
In contrast, a similar uptake for both targeted and nontargeted deca
tionized polyplexes was observed in a nonexpressing folate receptor cell 
line (A549). Furthermore, transfection studies using OVCAR-3 cells 
showed higher transfection efficiency for folate-targeted systems 
because of improved cellular uptake. Importantly, the nontargeted 
cationic system showed the highest cellular uptake, mainly due to 
nonspecific interaction between the positively charged polyplexes 
membrane anionic components, which is not favourable for highly 
specific targeted delivery which requires low uptake by nontarget cells. 
These results suggest that folate coupling to decationized polyplexes 
have potential for targeted gene therapy. 

Importantly, decationized polyplexes have an excellent safety pro
file. As shown by various in vitro tests, decationized polyplexes do not 
interfere with cell viability or induce membrane destabilization 
[166,167]. Furthermore, upon incubation of the neutral polymer pHP- 
PEG used for the formation of decationized polyplexes with HUVEC 
cells, excellent cytocompatibility was observed. The safety was further 
demonstrated by a remarkable low teratogenicity and mortality activity 
of this polymer in a in vivo nanotoxicity assay, in great contrast with its 
cationic counterpart [104,168]. 

The applicability of decationized polyplexes for systemic adminis
tration was evaluated by determining the stability of decationized pol
yplexes in human plasma and it was demonstrated that these polyplexes 
had a stable size distribution for 48 h, whereas their cationic counterpart 
showed some degree of aggregation [104]. Additionally, polyplexes 
were evaluated for biodistribution and tumor accumulation by nonin
vasive optical imaging based on the combination of computed tomog
raphy and fluorescence molecular tomography [169], when 
administered systemically in A431 tumor bearing mice. In the same 
study it was reported that decationized polyplexes exhibited an 
increased circulation time and higher tumor accumulation, when 
compared to cationic polyplexes. Furthermore, histological analysis of 
tumor sections showed that decationized polyplexes induced transgene 
expression in vivo. 

Despite these important advantages, the in vivo efficiency of deca
tionized polyplexes needs further optimization. The circulation half-life 
could be increased by improving the stability or by modification of the 
polymer structure (PEG-coating and molecular weight). Another 
important challenge is the identification of functionalities that can be 
introduced in the particles to overcome cellular barriers for transfection. 
In particular, endosomal escape and nuclear localization should be 
improved to increase transfection efficiency without adversely affecting 
their safety profile. The flexibility of these systems enables the genera
tion of optimized decationized polyplexes that have great potential for 
systemic gene delivery applications. 

7. Hybrid systems: nanomaterial-based delivery systems for 
oncolytic adenovirus 

Adenoviruses have been long and widely recognized as a promising 
gene therapy vector owing to their high gene transfer efficiency, facile 
production at a high titer, and no risk of insertional mutagenesis [170]. 
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For cancer gene therapy, ONYX-015, an oncolytic adenovirus that is 
currently being marketed in China as Oncorine, was the first oncolytic 
virus to be tested in humans and reached commercialization in 2005 
[171,172]. Although there are several advantageous attributes of ade
noviruses for cancer therapy, there are several inherent limitations that 
must be overcome to fully exploit the therapeutic potential of oncolytic 
adenoviruses in clinic. For local delivery application of oncolytic ade
noviruses, coxsackie adenovirus receptor (CAR)-dependent internaliza
tion, nonspecific viral shedding to normal tissues from injected site, and 
poor and short intratumoral retention of the administered viruses are 
major therapeutic hurdles [170,173]. In the scope of systemic delivery, 
the high immunogenicity of the adenovirus capsid causes rapid inacti
vation and clearance of the virus from blood circulation, and the hepatic 
tropism of the virion leads to poor tumor-targeted delivery and hepa
totoxicity [174,175]. Furthermore, wide prevalence of patients with 
pre-existing adaptive immunity against adenovirus infections is also 
problematic, as neutralizing antibodies further contribute to rapid 
inactivation of the virus in patients which minimize the therapeutic 
benefit of oncolytic adenoviruses [176]. To address these challenges, 
diverse nanomaterial-based delivery systems have been investigated to 
either enhance local or systemic delivery of oncolytic adenoviruses 
(Fig. 6). This section will briefly discuss and summarize how different 
nanomaterial-based delivery systems have addressed the above
mentioned challenges toward optimal delivery of oncolytic 
adenoviruses. 

Tumors in patients are highly heterogenic and among others CAR 
expression levels can vary greatly between different patients and even 
within the same patient, and in some cases may be completely abrogated 
[177,178]. These variable CAR expression levels between different 
tumor cells severely hampers oncolytic adenovirus infection efficiency 
in tumor tissues, as the cellular uptake of oncolytic adenovirus is CAR- 
dependent. To address this challenge, a number of different cationic 
polymers, such as arginine-grafted bioreducible polymer (ABP), 
methoxy poly(ethylene glycol)-b-poly{N-[N-(2-aminoethyl)-2- 
aminoethyl]-L-glutamate (PNLG), PEI-bile acid complex (DA3), multi
degradable bioreducible core-cross-linked PEI (rPEI), mPEG-PEI-g-Arg- 
S-S-Arg-g-PEI-mPEG (PPSA), and paclitaxel-conjugated ABP (APP), 
have been successfully synthesize and utilized to generate nano
complexes with oncolytic adenoviruses that are recognized and inter
nalized by tumor cells in a CAR-independent manner [179–185]. These 
cationic polymers bind to the negatively charged capsid proteins of 
oncolytic adenoviruses to generate cationic nanocomplexes, which bind 
and are subsequently internalized by cells by electrostatically 

interacting with negatively charged cell membranes rather than the CAR 
receptor. Indeed, oncolytic adenovirus complexed with any of the 
abovementioned cationic polymers showed superior internalization into 
wide range of cancer cell types regardless of their cellular CAR expres
sion level, resulting in greater therapeutic transgene expression level, 
tumor growth inhibition, and higher level of intratumoral virus accu
mulation than naked oncolytic adenovirus. 

Although cationic nanomaterials can exponentially boost oncolytic 
adenovirus internalization into cancer cells regardless of their CAR 
expression level, the positive zeta potential of the resulting nano
complex results in poor systemic administrability due to nonspecific 
sequestration by normal cells and opsonization with serum proteins 
[186–188]. Despite these well-known hurdles to systemic application of 
cationic nanomedicines, ABP, PNLG, and APP were successfully utilized 
to generate nanocomplexes with oncolytic adenoviruses that elicited 
superior tumor growth inhibition than naked oncolytic adenoviruses 
after systemic administration [179,183,184]. One common character
istic for the investigated ABP-, PNLG-, and APP coated oncolytic 
adenovirus nanocomplexes is that they all exhibit sizes less than 200 nm 
in diameter, making them well-suited to benefit from enhanced 
permeability and retention (EPR) effect to passively target tumors after 
systemic administration [31,189]. Importantly, these adenovirus/poly
mer nanocomplexes achieved lower levels of hepatic sequestration and 
greater intratumoral accumulation of oncolytic adenoviruses than the 
corresponding naked virus, showing that careful optimization of these 
cationic nanocomplexes can improve tumor-specific accumulation of 
and confer liver detargeting as compared to systemically administered 
free adenovirus. 

Alternative methods to overcome the CAR-dependence of oncolytic 
adenoviruses are based different nanomaterials containing active tumor 
targeting moieties, such as peptides (neurotensin, RGD), and antibodies 
(Herceptin), to generate tumor-targeted nanocomplexes with oncolytic 
adenovirus to redirect virion internalization to occur in a complemen
tary target-specific and CAR-independent manner [190–194]. Similar to 
the application with nontargeted cationic polymers listed above, suffi
cient masking of the viral capsid with active tumor targeting ligands also 
nullifies viral capsid interactions with cell surface molecules, meaning 
that the cellular internalization of these complexes solely relies on the 
innate property of the tumor-targeted nanomaterial. Notably, several of 
these tumor-targeted nanomaterials have been successfully utilized for 
systemic delivery of oncolytic adenovirus to tumors overexpressing 
complementary receptors that can be targeted by the tumor targeting 
moieties to exert more potent antitumor effects and higher levels of 
intratumoral virus accumulation than naked oncolytic adenovirus or 
nontargeted control nanocomplexes [190–192,194]. Of note, both 
tumor-targeted nanocomplexes and nontargeted nanocomplexes 
exhibited similar pharmacokinetics, protection against adenovirus- 
specific neutralizing antibodies, and liver detargeting ability. Thus, 
the only notable difference between the two types of complexes after 
systemic administration is the tumor-specific accumulation of the ligand 
decorated complexes. Together, these findings demonstrate that inclu
sion of active tumor targeting moieties to nanocomplexes enhances 
intratumoral accumulation of the virus after systemic administration, 
while retaining the pharmacokinetic properties and stealth capacity to 
evade the host immune system as the nontargeted parental nano
material, to result in potent antitumor effects. 

Aberrant physiological conditions, such as hypoxia-induced acidosis 
[195,196], of the tumor microenvironment can also be exploited to 
endow nanomaterials with improved tumor targeting ability. In the 
scope of oncolytic adenovirus delivery, a bioreducible and pH respon
sive polymer PPCBA (mPEG-piperazine-CBA) was successfully synthe
sized and utilized to generate nanocomplexes that could preferentially 
target the acidic conditions of the tumor microenvironment after sys
temic administration [197]. Coating the adenovirus surface with PPCBA 
enabled CAR-independent cellular internalization via micropinocytosis, 
which was superior to the naked virus. Importantly, the cell uptake of 

Fig. 6. Schematic presentation of overcoming barriers using adenovirus based 
nanomaterials. 
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the nanocomplexes and subsequent transgene expression by cancer cells 
were markedly improved under mildly acidic conditions (pH 6.0) that 
mimic the tumor microenvironment compared to normal physiological 
pH of 7.4, demonstrating the pH-dependent internalization of the 
complex. PPCBA-coated oncolytic adenovirus complexes exerted a 
stronger antitumor effect than naked oncolytic adenovirus after either 
intratumoral or intravenous injection. Further, systemic administration 
of PPCBA-coated adenovirus complex induced markedly lower levels of 
innate antiviral immune response and hepatotoxicity than naked onco
lytic adenovirus, which demonstrates a good safety profile of the 
nanocomplex formulation for systemic delivery of oncolytic 
adenoviruses. 

Most of the nontargeted and tumor-targeted nanomaterials 
mentioned above and administered either locally or systemically were 
shown to the protect virus against inactivation by adenovirus-specific 
neutralizing antibodies, thus lowering the chance of potential immu
notoxicity. As rapid immune detection and clearance results in poor 
longevity of oncolytic viruses in the circulation and low accumulation in 
tumors [198], coating of the nanomaterials with stealth polymers like 
PEG may prolong circulation time and increase tumor disposition and 
finally in better antitumor effects. It is remarked that the immunological 
regulation of these nanocomplexes needs further evaluation in an 
immunocompetent animal model as the antitumor activity of the 
nanocomplex formulations discussed in this section have been con
ducted in human xenograft tumor models using immunocompromised 
hosts. Alternatively, utilization of controlled or sustained release sys
tems, such as hydrogels, for the local delivery of oncolytic adenovirus 
has been shown to improve and prolong viral persistence in tumor tis
sues [199]. In detail, oncolytic adenovirus particles encapsulated in an 
injectable alginate gel was shown to retain its biological activity over 
longer periods under physiological conditions than naked virus. 
Importantly, time-dependent degradation of the gel in tumor tissues and 
sustained release of oncolytic adenoviruses led to prolonged tumor 
growth inhibition, as higher levels of virus was retained in tumor tissues 
up to 24 days after administration while a similar administered dose of 
naked oncolytic adenovirus rapidly decreased in time. Additionally, 
oncolytic adenovirus particles released from the alginate gel remaimed 
highly localized in tumor tissues, whereas naked oncolytic adenovirus 
nonspecifically shed to the liver from the injected tumor site to cause 
hepatotoxicity. Together, these findings demonstrated that sustained 
release of oncolytic adenovirus particles into the tumor tissues via local 
administration can prolong intratumoral viral persistence and prevent 
nonspecific shedding to normal tissues to result in both a better thera
peutic efficacy and safety profile of the virus. 

In summary, the studies discussed in this section demonstrate that 
cationic polymers together with targeting ligands can be utilized for 
surface decoration of oncolytic adenoviruses to introduce novel prop
erties in the resulting complexes that cannot be achieved by genetic 
engineering of naked virus. These properties encompass tumor-targeted 
systemic delivery, evading detection by the host immune system. 
Moreover nonspecific shedding of virus from the injected site can be 
circumvented by loading the viruses into a injected hydrogel formula
tion. With the exponentially expanding and maturing field of nano
medicine, the future of nanomaterial-based delivery platforms for 
oncolytic adenovirus is very promising to maximize the therapeutic 
potential of oncolytic viruses for the treatment of patients. 

8. Polymeric delivery systems for mRNA 

In recent years there is an increased interest in the use of mRNA as 
therapeutic agents including vaccines. As opposed to pDNA, mRNA does 
not have to be delivered in the nucleus of a cell, which is major 
advantage. However, mRNA is more susceptible to nuclease degradation 
in physiological environments as compared to pDNA [200]. Nuclease- 
mediated degradation in the extracellular environment can be pre
vented by chemical modification of mRNA [201]. To mention, 

modification on 3′ and 5’ends of the mRNA protects against enzymatic 
degradation [44]. However, chemical modifications of mRNA is limited 
because the translational activity should be preserved after modifica
tion. Further, these modified mRNA’s are in their free form, and like 
other nucleic acid based drugs, hardly taken up by cells. Therefore, 
carriers with strong protective properties are required for the delivery of 
mRNA, alternatively or additionally to modification. Cationic polymers 
and/or lipids have been shown to be safe and versatile carriers for the 
intracellular delivery of mRNA with the aim to produce therapeutic 
proteins and antigens for vaccination purposes [202,203]. 

Polyplex micelles are frequently used as carriers of mRNA and pre
pared by mixing mRNA with poly(ethylene glycol) (PEG)-polycation 
block copolymers in aqueous solution, forming a structure consisting of 
a PEG shell and a core containing condensed mRNA. Micelle properties 
can be modulated by modification of the block copolymer design. The 
micelle can further be stabilized by crosslinking of the core with 
reversible disulfide bonds [204,205]. 

Although protected, nucleic acids in carriers can still be enzymati
cally degraded via two mechanisms; 1) carrier dissociation results in the 
release of nucleic acids and exposure to nucleases, or 2) nucleic acids 
encapsulated in the carrier are degraded by nucleases that penetrate the 
polyplex micelles. Carriers dissociate via polyion exchange reaction after 
exposure to anionic molecules (i.e. glycosaminoglycans [GAGs] 
expressed on the cell surfaces) [206]. PEG coating of polyplexes is a 
promising strategy to protect nucleic acid degradation by both mecha
nisms described. Studies using polyplex micelles of PEG-poly(lysine) 
(PLys) block copolymer and pDNA demonstrated high resistance to 
degradation by DNase and polyion exchange reaction by inhibiting the 
entry of DNase and polyanions into the micelle core [207]. However, 
nucleases are relatively small in size and can still penetrate into the 
micelle core after prolonged exposure. To prevent such penetration. For 
example, the construction of a hydrophobic physical barrier between the 
hydrophilic shell and core showed increased tolerability to both nucle
ases and polyanions and could prevent such penetration [208]. 

After the polyplex reaches the cytosol of target cells, dissociation has 
to take place to release the mRNA and to allow efficient transcription 
and translation. Such dissociation can be mediated by environment 
responsive crosslinkers that are cleaved only in intracellular environ
ment, including disulfide crosslinks that are cleaved in response to the 
reductive environment of the cytosol [209,210], and ATP-responsive 
chemical bonding of phenylboronic acids (PBAs) and diol [211]. The 
introduction of hydrophobic compounds such as cholesterol provides 
another mechanism of polyplex stabilization through hydrophobic in
teractions [212]. Intravenous injection of micelles prepared from mRNA 
and poly(ethylene glycol) (PEG)-polycation block copolymers contain
ing cholesterol, showed significantly enhanced blood retention of mRNA 
in comparison with control micelles without cholesterol [213]. 
Furthermore, in vivo tests demonstrated that cholesterol micelles 
generated efficient protein expression from the delivered mRNA in 
tumor tissue, inhibiting tumor growth, while micelles without choles
terol showed no therapeutic effect. Besides cholesterol, other com
pounds, such as tyrosine [214] and poly(ethylene glycol) methyl ether 
methacrylate (PEGMA) [215] have been used for polyplex stabilization. 

The intrinsic immunogenic properties of pDNA and mRNA can 
induce adverse side effects via recognition by pattern recognition re
ceptors (PRRs) that trigger innate immune responses. PRRs includes toll- 
like receptors (TLRs) that are mainly located in the endosome [216]. 
Immunogenicity can be reduced by avoiding TLR recognition in the 
endosome by chemical modification of mRNA molecules, and enhancing 
endosomal escape for minimizing exposure to TLRs. For example, partial 
replacement of mRNA nucleosides with chemically modified nucleo
sides (i.e. pseudouridine) was effective in inhibiting mRNA recognition 
by PRRs without causing a large decrease in mRNA translational activity 
[217,218]. In addition, immunogenicity can be controlled by carrier 
design. In vivo mRNA introduction using polyplex micelles demonstrated 
a reduced inflammatory response in the brain of mice compared to 
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naked mRNA [219]. 

9. Clinical status 

Viral vectors are still dominating clinical gene therapy. Gendicine, a 
recombinant human p53 adenovirus, was approved in 2003 by the 
China Food and Drug Administration (CFDA) as the world’s first onco
lytic viral therapy for cancer [172,220]. Other important approved viral 
vectors are Glybera and Strimvelis. Glybera is used to treat patients 
suffering from lipoprotein lipase (LPL) deficiency, a genetic disorder 
caused by a defective gene (lipoprotein lipase) [2]. The adeno- 
associated virus serotype 1 (AAV1) viral vector introduces an intact 
copy of the human LPL gene into muscle cells which is subsequently 
translated into the therapeutic LPL enzyme. However, for reasons such 
as high costs and rarity of LPL deficiency, the world’s first gene therapy 
product Glybera, was withdrawn from the market [221]. Strimvelis is an 
ex vivo gene therapy product to treat severe combined immunodefi
ciency caused by adenosine deaminase deficiency (ADA-SCID) [222]. 
The adenosine deaminase enzyme is essential for maintaining healthy 
lymphocytes. In clinical practice, lymphocyte producing CD34+ cells 
are extracted from the patient’s bone marrow and a retroviral vector is 
used to insert a functional ADA gene into the CD34+ cells. 

Viruses offer great efficiency for gene delivery, however, synthetic 
vectors are preferred due to safety concerns and relatively better pos
sibilities for scaling up and GMP production. It is therefore expected that 
in the next decades synthetic gene delivery systems will dominate gene 
therapy clinical trials, whereas viral vectors may be more suited for ex 
vivo applications [19,223]. 

The CRIPSR/Cas9 technology provides a simple and efficient alter
native for therapeutic gene editing and was rewarded with the Nobel 
Prize in Chemistry 2020. However, despite the great advantages, limi
tations remain which must be addressed for safe and clinical translation 
[224,225]. 

9.1. siRNA delivery 

Cationic lipids and polymers are widely used as nonviral vectors both 
in vitro and in vivo. The first phase I siRNA clinical trial that utilizes a 
targeted nanoparticle delivery system (clinical registration number 
NCT00689065) started in 2008 and concerned a safety study of the 
CALAA-01 formulation to treat solid tumor cancers [154]. siRNAs were 
systemically administered to patients with solid tumors using a targeted 
nanoparticle delivery system consisting of a linear cyclodextrin-based 
polymer (CDP), a human transferrin (hTf) targeting ligand, PEG as hy
drophilic an shielding polymer, and siRNA designed to reduce the 
expression of the M2 subunit of ribonucleotide reductase (RRM2) [154]. 
A dose-dependent accumulation of the targeted nanoparticles in tumors 
and a reduction in both RRM2 mRNA and protein by the RRM2-specific 
siRNA were observed. Moreover, it was demonstrated that the delivered 
siRNA engages in the RNAi machinery [111]. Taken together, these data 
demonstrate that systemic administration in humans results in specific 
gene inhibition via RNAi. However, dose-limiting toxicity was observed 
in several patients and the clinical trial was terminated [226]. 

In 2018, Onpattro was approved by the FDA after extensive clinical 
trials [227]. Onpattro is a LNP formulation, and a successful non-viral 
system for the delivery of siRNA to treat polyneuropathies resulting 
from the hereditary disease transthyretin-mediated amyloidosis 
(hATTR) and acts by inhibiting transthyretin (TTR) protein synthesis in 
the liver [220]. The clinical development and success of Onpattro paves 
the way for the development of a new class of non-viral nanomedicines 
based. 

In November 2019, the second siRNA drug was approved for the 
treatment of adults with acute hepatic porphyria (AHP) [15]. Givosiran 
is a double-stranded small interfering ribonucleic acid (siRNA) cova
lently linked to a tri-antennary GalNAc ligand to enable specific delivery 
of the siRNA to hepatocytes [228]. The GalNAc ligand binds to the 

ASGPR on hepatocytes and triggers receptor-mediated endocytosis of 
the ligand-receptor complex, followed by release of the small interfering 
ribonucleic acid (siRNA) into the cytoplasm of the hepatocyte. This re
sults in downregulation of aminolevulinate synthase 1 (ALAS1) mRNA 
through RNAinterference and prevents accumulation of neurotoxic 
aminolevulinic acid (ALA) and porphobilinogen (PBG), the key factors 
that are associated with APH attacks. 

9.2. Delivery of mRNA encoding for therapeutic proteins 

In 2017, Moderna launched a phase I clinical trial for intramural 
delivery of lipid nanoparticle-encapsulated OX40 ligand (OX40L) 
mRNA-2416 (ID: NCT03323398) (Table 2) [229]. OX40 and its binding 
partner OX40L are members of the tumor necrosis factor receptor 
(TNFR) and TNF superfamily and are crucial for many types of immune 
reactions mediated by T cells [44,230]. OX40 is expressed on activated 
CD4 and CD8 T cells, whereas OX40L is expressed on many antigen- 
presenting cells such as dendritic cells. OX40/OX40L interaction trig
gers the expansion, function and survival of memory and effector T 
lymphocytes which may enhance an immune response that subsequently 
results in the killing of nearby tumor cells. Safety and efficacy of mRNA 
encoding human OX40L was tested in patients with solid malignancies 
or lymphoma. Intramural injection of mRNA-2416 as LNP formulation 
was well tolerated, and showed increased OX40L protein expression and 
pro-inflammatory activity [231]. Taken together, the potential immu
nomodulatory and antitumor activities could be used to treat solid tu
mors and lymphoma. 

Translate Bio is developing a LNP based formulation for the delivery 
of mRNA encoding fully functional cystic fibrosis transmembrane 
conductance regulator (CFTR) protein to the lung epithelial cells via 
inhalation (ID: NCT03375047) [232]. MRT5005 is the first clinical-stage 
phase I/II mRNA product candidate designed for the treatment of cystic 
fibrosis. In 2019, the interim results for safety and tolerability of 
MRT5005 were announced, summarizing the single ascending dose 
(SAD) portion (8, 16 and 24 mg) [233]. Moreover, MRT5005 was 
generally well tolerated at low and mid-doses, showed marked increases 
in lung function and no serious adverse effects were observed. The 
multiple ascending dose (MAD) study is still ongoing with data expected 
in 2020. This is the first time an mRNA therapeutic has been evaluated 
for its potential to treat a genetic disease, and the data indicate the 
potential of mRNA therapeutics for the treatment of lung diseases. 

9.3. mRNA vaccine formulations 

mRNA vaccine formulations represent a promising alternative to 
conventional vaccine formulations based on proteins or inactivated vi
ruses because of their ability to encode a wide range of antigens and to 
possess intrinsic adjuvant effects. Further, potential mRNA vaccines 
allow rapid development and low-cost manufacturing, and even have 
possibilities for personalized vaccines [234]. Lipid nanoparticles with 
good biocompatibility are the most frequently studied mRNA vaccine 
delivery systems. Cationic liposomes composed of the cationic lipid 1,2- 
dioleoyl-3-trimethylammonium-propane (DOTAP) or DOTMA, together 
with the helper lipid DOPE in combination with mRNA, have been 
developed as mRNA vaccines (Table 3) [44,235]. BioNTech has reported 
preferential expression of mRNA in dendritic cells after intravenous 
administration of RNA-lipoplexes containing DOTMA and DOPE [235]. 
The first melanoma patients treated with this formulation showed a 
positive immune response. Several other formulations are under inves
tigation in clinical trials [44,236]. 

Development of prophylactic or therapeutic vaccines against infec
tious pathogens is the most efficient means to contain and prevent epi
demics and a coronavirus (SARS-CoV-2) vaccine to prevent COVID-19 is 
under development [229]. Recently, ModernaTX Inc. has set-up a phase 
3 clinical trial to assess the efficacy, safety, and immunogenicity of 
mRNA-1273 vaccine (ID: NCT04470427) [237]. The 1273 formulation 
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is a lipid nanoparticle-encapsulated mRNA-based vaccine that encodes 
for the transmembrane spike (S) glycoprotein of the coronavirus (SARS- 
CoV-2) which mediates the entrance of the virus into the host cells 
[238,239]. It is expected that antibodies targeting the S protein inhibit 
the viral entry into cells. Recently, Pfizer showed safety and efficacy of a 
COVID-19 vaccine that is based mRNA formulated in lipid nanoparticle 
[240]. The vaccine received approval by EMA and FDA and large 
vaccination campaigns will start in USA and Europe the beginning of 
2021. 

10. Conclusions 

To date, a large variety of fascinating polyplexes has been rationally 
developed and investigated for nucleic acid therapy. Importantly, many 
issues revolve around efficient polyplex delivery, such as stability, tar
geted delivery and biodistribution. Improved understanding of specific 
biological barriers and novel therapies are needed to overcome these 
significant hurdles. 

Polyplex delivery systems have been clinically evaluated but are still 
in the beginning. From the FDA database, there is only a limited number 
of completed and active human clinical trials. As discussed in Section 9, 
most of these trials are mRNA based therapeutics and vaccine therapies. 
The switch from classical pDNA gene transfer constructs to systems 
containing synthetic gene or protein-modulating nucleic acids (i.e., 
mRNA, miRNA, antisense, and siRNA) has become the predominant 
focus for development, and has rapidly progressed to clinical trials. The 
ability of antisense and siRNA formulations to silence specific genes has 
applications to a wide variety of diseases. 
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