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as been considered for the treatment of a broad range of pulmonary disorders.
However, respiratory secretions form an important barrier towards the pulmonary delivery of therapeutic
nucleic acids. In this review we will start with a brief description of the biophysical properties of respiratory
mucus and alveolar fluid. Thismust allow the reader to gain insights into themechanisms bywhich respiratory
secretions may impede the gene transfer efficiency of nucleic acid containing nanoparticles (NANs).
Subsequently, we will summarize the efforts that have been done to understand the barrier properties of
respiratorymucus and alveolar fluid towards the respiratory delivery of therapeutic nucleic acids. Finally, new
and current strategies that can overcome the inhibitory effects of respiratory secretions are discussed.
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1. Introduction

Respiratory gene therapy is considered for the treatment of a
variety of lung diseases like cystic fibrosis (CF), asthma, emphysema,
lung cancer, α1-antitrypsin deficiency and surfactant protein-B (SP-B)
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Fig. 1. Schematic representation of human respiratory mucins and their carbohydrate
side chains.Mucins consist outofupto5 subunits attached to eachother bydisulfidebonds.
These subunits are highly glycosylated proteins with non-glycosylated ends. The depicted
carbohydrate chain is only illustrative. Ala, Gly, Pro, Thr, Ga, GaN, Gn, and NA correspond
respectively to alanine, glycine, proline, threonine, galactose, N-acetylgalactosamine,
N-acetylglucosamine, and N-acetylneuraminic acid (adapted from Ref. [120]).
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deficiency [1–5]. Additionally, DNA vaccination via the respiratory
tract may also be of interest for certain infectious diseases [6,7].
Recently, the delivery of siRNA containing nanoparticles to the lungs
has also gained much attention for the treatment of lung infections
caused by e.g. SARS (severe acute respiratory syndrome) or (avian)
influenza viruses [8]. However, it is known that lung infectionsmay, as
in CF patients, lead to the production of purulent respiratory se-
cretions. These altered secretions may drastically lower the number of
siRNA molecules that can reach their target cells in the lung.

Depending on the respiratory disease and the therapeutic goal the
target cells in the lung can vary from epithelial cells, alveolar cells, ma-
crophages, respiratory stem cells or endothelial cells. All these cell types,
except the latter two, can be directly accessed via inhalation or instillation
of nucleic acid containing nanoparticles (NANs). These delivery routes
have as advantage that they exclusively target the lungs and thereby
prevent that NANs end-up in non-target tissues. Additionally, by playing
aroundwith the diameter of the aerosol droplets it is possible to direct the
disposition of the NANs to the tracheobronchial (4–7 µm droplet diameter)
or alveolar region (1–3 droplet diameter µm) [9]. Nevertheless, systemic
administration is still the best delivery route if the NANs need to transfect
the endothelial cells of capillaries that supply blood to e.g. lung tumors.
Respiratory stem cells are interesting targets for genetic diseases like CF
[10]. However, NANs can only reach these respiratory stem cells after
opening of the tight junctions between epithelial cells or alveolar cells.

The therapeutic efficiency of nucleic acid delivery to the lungs
depends on the capacity of the NANs to overcome the different barriers
towards respiratory gene therapy. To be effective, NANs have to (1)
withstand the shear forces during nebulization, (2) overcome themucus
layer that covers the conducting airways, or the liquid layer in the alveoli,
(3) overcome antibodies and macrophages (if they are not the target
cells), (4) enter the target cells and (5) escape from the endosomes.
Additionally, if the therapeutic nucleic acids are genes than the NANs or
genes also have to enter the nucleus. In this reviewwewill focus on the
extracellular barriers encountered by pulmonary delivered NANs on
their way to epithelial cells, pneumocytes and lung macrophages. It is
not the goal of this review to discus the other barriers mentioned above
or to summarize the outcome of all in vivo experiments or clinical trials
in the field of respiratory gene therapy. The latter has been covered by
some recent reviews [1,3,4]. To allow the reader to gain insights into the
mechanism by which extracellular fluids in the lungs may affect the
performance of NANs we will start the review with a brief introduction
to the biochemical and physical properties of especially respiratory
mucus and alveolar fluid. This part will be followed with an overview
and discussion of the scientific papers that deal with the behavior of
NANs in the different extracellular secretions present in the respira-
tory tract. Most of the efforts in respiratory gene therapy have focused
on CF gene therapy. Therefore, special attention will be given to the
extracellular barriers in CF gene therapy. CF is the most common lethal
autosomal-recessive disorder in Caucasians, affecting approximately 1
in 2000 newborns, and is characterized by the presence of tenacious
mucus in the lungs, intestines and vagina [11]. However, fifteen years of
pre-clinical and clinical research, using both viral and non-viral NANs,
has revealed that the delivery of the CFTR gene to the lung epithelium
of CF patients is a very difficult task. Extracellular barriers play an
important role in the failure of CF gene therapy. In the last part of this
review we will discuss the strategies that have been evaluate to over-
come the different extracellular barriers in respiratory gene therapy.
Additionally, we will also suggest new strategies that may enhance the
success of respiratory gene therapy.

2. Biochemical and physical aspects of respiratory secretions

2.1. Respiratory mucus

The air we daily inhale contains besides gas also dust, toxic sub-
stances and pathogens. Therefore, the lungs have developed ingenious
mechanisms to remove and/or neutralize these alien materials. One of
themost important defensemechanism against these inhaledmaterials
is respiratory mucus, which lines the respiratory epithelium from the
nose to the terminal bronchioles [12]. Thismucus layer lays on the tips of
the cilia which bath in a periciliary fluid layer. Inhaled materials are
captured in this blanket of mucus and are together with the mucus
continuously transported by the cilia to the esophagus. The physical
properties of respiratory mucus determines the efficiency of this muco-
ciliary clearancemechanism [13]. Indeed, in lung diseases characterized
by very tenacious mucus the mucociliary clearance is impaired and
elimination of mucus occurs via coughing [14,15]. The thickness of the
mucus layerdependson the location in theairways and thepresenceof a
pathologic condition. Although very difficult to determine, it has been
reported that in non-pathological conditions the thickness varies
between 10 and 30 µm in the trachea and between 2 and 5 µm in the
bronchi [16,17]. However, other reports claim that the thickness of the
mucus layer can vary between 5 and 260 µm [18]. In CF and other
respiratory diseases the mucus layer is much thicker [19].

Respiratory mucus is mainly composed of a three-dimensional net-
work of cross-linked mucin chains which gives the mucus viscoelastic
properties [20–22]. The Globlet cells and submucosal glands are the
producers of these mucins. Mucins are built up by 4 to 5 subunits which
are bound togetherhead-to-tail by intramoleculardisulfidebridges (Fig.1)
[23]. Thesubunits,whichhavea lengthof about500nm,consistof ahighly
glycosylated protein backbone with non-glycosylated ends [24]. The
molecular weight of mucins varies from 2 to 16 MDa. Mucins are nega-
tively charged due to the presence of N-acetylneuramic acids (also called
sialic acids) and sulphated monosaccharides in the sugars chains [23,24].
The latter can contain 1 to 20 sugar monomers and they are covalently
linked through O-glycosidic bounds between N-acetylgalactosamine and
serine or threonine residues. It is important to realize that each epithelial
layer secretes its own characteristic mucins. Therefore, the biophysical
characteristics of mucus depend on the location in the body. In the
respiratory tract two types of mucins are mainly expressed: MUC5AC and
MUC5B [25]. Additionally, it has been found that the glycosylation pattern
of these respiratory mucins is altered in CF patients [26].

The concentration of the different constituents and the physical
properties of normal respiratory mucus have not been studied in
detail as it is very difficult to collect normal lung mucus. Therefore,



Table 1
Biochemical composition and viscoelasticity of CF sputum

Calcium (mM) 3.0±0.7
Chloride (mM) 81±18
Bicarbonate (mM) 11±6
Inorganic phosphate (mM) 13±7
Magnesium (mM) 1.7±0.6
Potassium (mM) 20±3
Proteins (mg/ml) 26±16
Sodium (mM) 92±14
Osmolality (mosmol/kg) 256±47
DNA (mg/ml) 3±2
Mucin (mg/ml) 17±7
Total (G+F) actin (mg/ml) 0.07±0.03
Elastic modulus (Pa) 8±6
Viscous modulus (Pa) 2±1

The viscoelasticity was determined by a rotation rheometer (AR 1000, TA-Instruments)
using a cone-plate geometry. Twenty two CF sputa were analyzed and the mean values
(±standard deviations) are shown.
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many studies were performed on mucus obtained from patients
having mucus hypersecretion (e.g. patients with CF and chronic
obstructive pulmonary diseases (COPD)). Nevertheless, in non-pa-
thological mucus the mucin concentration is about 20 g/l [27,28]. In CF
sputum (i.e. respiratory mucus expectorated by CF patients) slightly
lower mucin concentrations have been found [29,30] (Table 1). How-
ever, higher mucin concentrations (up to 47 g/l) were found in CF
patients that produce very tenacious sputum [31]. Table 1 gives an
overview of the concentration of the most abundant compounds in CF
sputum. The water content in sputum from CF patients is about 90%,
while mucus of healthy individuals contains about 95% water. Besides
mucins and water, mucus also contains proteins, lipids, proteoglycans
and electrolytes [20,22,32]. The major proteins in respiratory mucus
are albumin, proteases, anti-proteases, immunoglobulins, lysozyme
and lactoferrin [33]. The respiratory secretions of patients with cystic
fibrosis or respiratory infections also contain huge amounts of DNA
and actin (Table 1). These biopolymers are derived from neutrophils,
epithelial cells and pathogens that died and subsequently released
their intracellular content in the mucus. DNA and actin have like
mucins a highmolecular weight and can cross-link and thereby form a
DNA or actin gel (Figs. 2A and B) [34,35]. These properties of DNA and
actin drastically increase the viscoelasticity of CF mucus. Additionally,
mucin, DNA and actin chains can also interact physically (by en-
tanglements) and chemically (by hydrogen bonds, electrostatic and
hydrophobic interactions) with each other [36,37]. Interestingly, a
tight binding between respiratory mucins and lipids has been re-
ported [38]. Such interaction may make the mucin chains more
hydrophobic. These interactions between mucus constituents make
(CF) mucus one of the most complex biopolymer networks.
Fig. 2. Confocal image of a network of polymerized actinfilaments (0.01mg/ml) in the presenc
(B) (reproduced from Refs. [34] and [35]).
2.2. Alveolar fluid

The alveolar epithelium is covered with a thin continuous layer of
pulmonary surfactant which comprises phospholipids and specific
surfactant-associated proteins andwhich are synthesized and secreted
by type II alveolar cells. The aqueous alveolar subphase lying between
the pulmonary surfactant film and the alveolar epithelium has an
average thickness ranging from 0.18 µm above flat alveolar walls to
0.89 µm in the alveolar corners. The major function of pulmonary
surfactant is to reduce surface tension at the air–water interface of the
terminal airways, thereby reducing the tendency of alveoli to collapse
[39].

The detailed composition of the pulmonary surfactant was cha-
racterized from biochemical analysis of bronchoalveolar lavage fluid
(BALF) and is composed of lipids (90%) and proteins (10%) [39]. Although
the lipids are ultimately responsible for the reduction of the surface
tension during inhalation and expiration, surfactant-associated proteins
are suggested to assist within this process. About 80% of the lipids are
phophatidylcholins (PC). Themost abundant PC (50%) is the zwitterionic
dipalmitoylphospatidylcholin (DPPC). This PC substantially contributes
to theunique properties of pulmonary surfactant [40]. The residual PC in
surfactant primarily consists of molecular derivatives containing
monoenoic and dienoic fatty acids and minor amounts of short chains
or polyunsaturated acyl groups. The acidic and thus negatively charged
phospholipids, phosphatidylglycerol (PG) and phosphatidylinositol (PI),
account for 8–15% of the total surfactant phospholipids. Low levels of
phophatidylserine (PS) are also present in BALF. The positively charged
phosphatidylethanolamine (PE) accounts for 3–5%of the total surfactant
phospholipids. In addition, neutral lipids such as cholesterol are foundat
varying levels in pulmonary surfactant [40].

The protein fraction in BALF contains a highly variable amount of
serum proteins (50–90% of the total amount of proteins) and proteins
specifically expressed from the lungs, among which four surfactant
proteins [41]. The surfactant proteins (SPs) havebeen termedSP-A, -B, -C,
and -D. Whereas the hydrophilic surfactant proteins SP-A and SP-D play
essential roles in pulmonary immune defense, SP-B and SP-C lower the
surface tension, facilitate formation and stabilization of the surfactant
film. The major proteins found in BALF are albumin (50%), transferrin
(5–6%), α1-antitrypsin and immuglobulin A and G (together 30%) [42].
These proteins originate either from plasma or are expressed from the
lung tissue. In some cases proteins may be both derived from plasma
and secreted from the lung tissue, e.g. α1-antitrypsin [43]. The total
protein concentration can only be roughly estimated from the dilution
of ALF and is approximately 54 mg/ml [44]. The concentration of
albumin which is the predominant protein in the ALF is approximately
19 mg/ml. Finally, nucleic acids, mucins and glycoproteins and massive
amounts of white blood cells are found in BALF [44].
e ofMgCl2 (80mM) (A) and atomic forcemicroscopy imageof aDNAnetwork (100 µg/ml)



Fig. 3. Photo (A) and schematic drawing (B) of the vertical diffusion chambers. A thin CF sputum layer was placed between the donor and acceptor sides using modified snapwells.
Snapwells containing a polycarbonatemembrane (pore size 3 µm) weremodified by gluing a 220 µm thick ring on their borders. This ring was filled with CF sputum and sealed with a
second polycarbonate membrane. Finally, the modified snapwell was placed between the donor and acceptor side. The diffusion experiments were started by filling the donor side
with nanoparticles or NANs and the acceptor side with buffer. Subsequently the transport of nanoparticles or NANs through the sputum layer was followed by measuring, at the
desired time points, their concentration at the acceptor side.

Fig. 4. Percentages of nanospheres and DOTAP/DOPE lipoplexes that crossed a 220 µm
thick layer of CF sputum after 150 min as a function of the average size of the particles
(n=4) (reproduced from Ref. [53]).
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BALF also protects the alveoli against pathogens. Indeed, inhaled
pathogens can become opsonized by SP-A, SP-D, and immunoglobu-
lins and subsequently eliminated via alveolar macrophages [45].
Therefore, alveolar fluid represents a critical immunological barrier
which has to be overcome by NANs before they can bind to the apical
membrane of pneumocytes. Additionally, the charged compounds in
(B)ALF may also interact with NANs and thereby change their surface
properties or even disrupt the NANs. These fatal interactions will be
discussed in Section 4.

3. Respiratory mucus as a barrier towards pulmonary gene
therapy

Three phenomena may prevent that inhaled or intratracheal
instillated NANs reach the lung epithelium. First, the biopolymer
network that builds up the mucus may hinder the diffusion of NANs
by sterical obstruction or by binding the NANs. Second, non-cross-linked
(i.e. free moving) (macro)molecules may also bind to the surface of the
NANs. The latter can lead to aggregation of the NANs which will further
impede their capacity to move through the meshes of the biopolymer
network inmucus. Additionally, evenwhenno aggregation occurs, it has
been reported that thebindingof extracellular compounds to the surface
of NANsmay drastically decrease their gene transfer capacity [46]. Third,
as mentioned above, the mucus blanket is continuously removed via
mucociliary transport or coughing. Therefore, the NANs should be able
to cross the mucus layer before they are cleared from the respiratory
tract. The respiratory cilia transport mucus at a rate of 3.6 mm/min [47].
However, this speed of mucus clearance may drastically change in
pathological situations like cystic fibrosis [48]. Therefore, both the
diffusion coefficient of the NANs in the mucus, the thickness of the
mucus layer and the rate of mucus clearance will determine whether
the NANswill reach the epithelial cells. In this sectionwewill first focus
on the transport of NANs, or nanoparticles that are often used as simple
models for NANs, through respiratory mucus. Subsequently, the
interactions of NANs in respiratory mucus will be discussed. In this
review we only considered respiratory mucus, as we expect that the
transport and interaction of NANs in other types of mucus is not
completely representative for respiratory mucus. For example, the
mobility of nanospheres is much lower in cervical mucus than in CF or
COPD mucus [49–51]. Additionally, cervical mucus has another
biochemical composition than respiratory mucus and a much lower
viscosity than COPD or CF mucus.

3.1. Mobility of NANs in respiratory mucus

Information on the mobility of NANs in respiratory mucus is very
scarce. However, polystyrene nanoparticles have been used in several
papers to gain insights into the mobility of nanosized drug carriers in
respiratory mucus. To our knowledge three groups have so far studied
the mobility of nanosized particles in respiratory mucus. The findings
of these three groups are reviewed in this section.

Our group evaluated as first the transport of negatively charged
(polystyrene) nanospheres and cationic lipoplexes (i.e. complexes of
nucleic acids with cationic liposomes) through sputa from CF patients
[49,52,53]. In these experiments we sandwiched a 220 µm thick layer
of CF sputum between the donor and acceptor side of vertical diffusion
chambers (Fig. 3) [49]. The number of nanospheres and lipoplexes
transported after 150 min through this CF sputum layer was very low



Fig. 5. Scanning electron microscopic image of CF sputum showing the meshes in the
biopolymer network. The CF sputum samples were processed as previously described
[49] (reproduced from Ref. [49]). Bar=0.5 µm.
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(b0.5% of total number of particles present at the donor side) and
strongly depending on the size of the particles (Fig. 4) [49,52]. The
transport of 120 nm, 270 nm and 560 nm nanospheres through an
equal sized buffer layer was respectively 1.3-fold, 6.8-fold and 42-fold
higher than through CF sputum. As the smallest nanospheres were
retarded by CF sputumonly by a factor of 1.3, we hypothesized that the
meshes in CF sputummust be large enough to allowamore or less free
passage of these nanospheres. These data also indicate that for small
particles (~120 nm) the low transport through the CF sputum is
primarily due to the distance (i.e. the thickness of the sputum layer)
the particles have to travel. For larger particles (~270 nm) the low
transport through CF sputum is due to both the latter phenomenon as
well as steric obstruction of the particles by the biopolymer network
in CF sputum. The fact that the largest nanospheres (~560 nm) almost
do not move through the CF sputum may indicate that most of the
meshes between the biopolymers in CF sputum are too small to allow
free passage of these nanospheres. Indeed, via scanning electron
microscopy we found that CF sputum contains many small meshes
(~100 nm), a few meshes 100 and 300 nm, and almost no meshes
N500 nm (Fig. 5) [49]. Similar mesh sizes have recently been detected
in CF sputa via atomic force microscopy (AFM) [37]. The mean mesh
sizes (±standard deviation) determined by AFM in 3 CF sputa were
300±106 nm, 578±191 nm and 711±328 nm [37]. Although, these
mesh sizes are larger than the ones derived from the electron
microscopy pictures of CF sputum, they are still not large enough to
Fig. 6. Percentages of nanospheres (per cm2) that crossed a 220 µm thick layer of CF or
COPD (gray circle) sputum after 150 min as a function of the elastic moduli of the
sputum samples (n=4) (reproduced from Ref. [49]).
allow completely unhindered passage of 560 nm nanospheres. Finally,
we unexpectedly observed that the nanospheres diffused more easily
through the most viscoelastic sputa (Fig. 6) [49]. To explain this we
hypothesized that in highly viscoelastic sputa the higher amount of
entangling biopolymers enables the formation of a more hetero-
geneous macroporous network with meshes that contain a limited
number of free biopolymers. The viscosity in these meshes, i.e. the
microviscosity, will determine the mobility of nanospheres in CF
sputa. Of course the latter only holds true if the nanospheres are small
enough to enter the meshes in the sputa. In CF sputa with a low
viscoelasticity a more homogeneous microporous network with many
free biopolymers in the meshes is probably present. Therefore, the
microviscosity in low viscoelastic sputa is probably higher than the
microviscosity in high viscoelastic sputa. Hence, nanoparticles in such
low viscoelastic sputumwill experience a higher viscous drag than in
a more viscoelastic sputum. Based on this hypothesis degradation of
the biopolymer network in CF sputum by mucolytic drugs may not be
the most ideal strategy to enhance transport of nanoparticles through
mucus. Indeed, cleave of the biopolymer network will not only
increase the mesh size, but also the viscous drag in the meshes
between the biopolymers. The latter effect is expected as the cleaved
polymer fragments will be released in the meshes of the network.
From the perspective of a diffusion particle these two effects are
counteracting. The increase in mesh size gives the nanoparticles more
‘space’ to move through the sputum, but the increasing number of free
polymers in themeshes will slow them down. The effects of mucolytic
Fig. 7. Principle of multiple particle tracking. In a MPT experiment a high-speed film is
recorded of particles. If the particle size is below the microscope's resolution limit, they
are seen as dots of light with a Gaussian intensity distribution. However, with suitable
image processing software, one can determine the centre of the particles with very high
accuracy, typically in the order of tens of nanometers. By determining the position of the
particles in all frames of the MPT film, trajectories can be calculated for each individual
particle as shown in A (colored lines). The mean square displacements (MSD) of the
trajectories can be used for further quantitative analysis in terms of the mode of motion
(free diffusion, directed transport, etc.) and the corresponding quantitative parameters
(diffusion coefficient, velocity). In B the trajectories of free-diffusing (red) and confined
(green) particles are shown. The graph on the right depicts the corresponding MSD of a
particle as a function of lag time. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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agents on the transport of nanoparticles and on the gene transfer
capacity of NANs are discussed in more detail in Section 5.1.1.

The group of Justin Hanes used multiple particle tracking (MPT),
also sometimes indicated as single particles tracking (SPT), to gain
more insights into the diffusion characteristics of individual nano-
spheres in CF sputum [50,54]. In MPT the trajectories of about ten
nanospheres, that arefluorescent labeled, are simultaneously followed
by collecting sequential images with an epi-fluorescence microscope
equipped with a fast and sensitive CCD camera [55,56] (Fig. 7). After
analysis of the images and localization of the nanospheres, it is possible
to reconstitute the trajectory of each nanosphere. From this trajectory
it is possible to calculate the distance (mean square displacement,
MSD) the nanospheres traveled during a certain timeframe. This MSD
can be related to the diffusion coefficient through different models,
depending on the type of motion. In the work of Dawson et al. the
trajectories of negatively charged polystyrene nanospheres of varies
diameters (100, 200 and 500 nm as defined by the supplier) was
monitored in CF sputum [50]. The average diffusion coefficient of the
100, 200 and500nmnanospheres in CF sputumasmeasuredwithMPT
was 300-fold, 500-fold and 2400-fold lower than in buffer. In thework
of Sanders et al. CF sputum caused a much lower retardation of
nanospheres [49]. However, it is important to stress that MPT revealed
that the transport rates of individual nanospheres in one CF spu-
tum sample showed a very broad distribution. Indeed, a small fraction
of the 100 and 200 nm nanospheres showed transport rates that were
up to 40-fold higher than the average transport rate of the whole
population [50]. Such a fast-moving fraction was not observed with
the 500 nm nanospheres [50]. This fraction of highly mobile nano-
spheres was probably measured in the work of Sanders et al. [49].
The existence of a fraction of nanospheres that can rapidly move
through CF sputum may indicate that there are a limited number of
consecutive large meshes that form ‘transport highways’ for the 100
and 200 nm nanospheres. Therefore, it will be crucial that NANs find
these channels and do not get lost in too narrow or/and twisting side
roads [51]. Additionally, MPT also detected fluctuations in the speed of
an individual nanosphere [50]. This has been attributed to the tem-
poral ‘caging’ of the nanospheres in region of the sputum where
the mesh sizes are too small to allow free diffusion. By studying the
trajectories of individual nanospheres in CF sputum the group of
Hanes et al. was also able to probe the microviscosity that these
nanospheres encountered in the CF sputum [50]. Interestingly, the
encountered microviscosity by the 100- and 200 nm nanospheres was
respectively 15- and 7-fold lower than the sputum macroviscosity
measured with a rheometer. The fact that the 200 nm nanosphere
sense a higher apparent viscosity is probably due to a partial steric
hinder of these nanospheres by the biopolymer network in CF spu-
tum, as suggested by Sanders et al. [49]. Finally, Dawson et al. also
found that negatively charged polystyrene nanospheres bound,
probably via hydrophobic interactions; more strongly to the biopoly-
mers in CF sputum than neutral polystyrene nanospheres [50]. Via
fluorescence recovery after photobleaching (FRAP) we also found
that small polystyrene nanospheres (89 nm as measured via dynamic
light scattering) become immobilized in certain regions within CF
sputum [57]. Furthermore, coating of these polystyrene nanospheres
with polyethylene glycol strongly decreased their binding to biopoly-
mers present in cervical mucus [51]. The binding or interaction of
mucus compounds with NANs will be discussed in more detail in
Section 3.2.

Finally, the group of Janis Shute et al. usedmicro-Boyden chambers
to study the diffusion of 200 nm negatively charged polystyrene
nanospheres in CF sputum [35,37]. In their experiments they mixed
the nanospheres with CF sputum. Subsequently, the sputum with the
nanospheres (10 µl) was transferred to the upper chamber of the
diffusion chamber that was separated from the lower chamber (that
was filledwith 50 µl of buffer) by amembranewith a pore size of 8 µm.
After 1 h they measured the amount of nanospheres in the lower
compartment. Compared to nanospheres mixed with buffer (control),
CF sputum caused a 10- to 20-fold decrease in transport [35,37].

3.2. Fatal interactions of NANs with respiratory mucus

Non-viral NANs are built up by cationic lipids or polymers, which
bind the therapeutic DNA or RNA by electrostatic interactions [58]. The
first generation of non-viral NANs also had a positively charged surface.
Additionally, it is important to realize that also certain viruses like
herpes simplex virus and certain retroviruses have a positive surface
charge [59,60]. Consequently, one can expect that viral NANs based on
these viruses will bind via charge interactions to negatively charged
components present in mucus. Additionally, other components in
mucus like antibodiesmay interact withNANs [61,62]. These interaction
of NANswithmucus compoundsmay cause (1) entrapment of the NANs
in the mucus, (2) aggregation of the NANs due to neutralization of their
surface charges, (3) release of therapeutic DNA/RNA from non-viral
NANs, (4) an inefficient cell binding of the NANs due to shielding of their
positive charges or their receptor binding ligands, and (5) endosomal
entrapment of NANs. All these effects will strongly impede the gene
transfer efficiency of NANs in the presence ofmucus. Information on the
interactions of NANs with respiratory mucus is scarce. Nevertheless,
different researchers reported that negatively charged aswell as neutral
polystyrene nanospheres bind to filaments present in CF sputum and
cervical mucus [51,57]. This indicates that these negatively nanospheres
can adhere to polymer filaments via hydrophobic interactions as these
filaments are also negatively charged. Additionally, is has been shown
that cationic herpes simplex viruses stick to themucinfilaments present
in cervicalmucus [63]. All thesedata indicate thatNANsmay be prone to
interactionswith respiratory (CF)mucus.Due to the lack of other reports
on this topic we will in this section mainly focus on our data.

Weexamined the influenceof individualCF sputumcomponents and
diluted CF sputum on the physicochemical stability and gene transfec-
tion activity of cationic DOTAP/DOPE lipoplexes [31]. Incubation of these
lipoplexes with increasing amounts of albumin, linear DNA and mucin
decreased and reversed the surface charge of these NANs. This clearly
indicates that these negatively charged CF mucus components bind to
cationic NANs. Moreover, at the cross-over point from positive to
negatively charged lipoplexes we observed amassive aggregation of the
lipoplexes and a strong reduction of their gene transfer efficiency. The
latter was probably due to a decreased internalization of these large
aggregates. Interestingly, higher amounts of albumin and linear DNA
created an anionic shield around the lipoplexes that protected them
against aggregation. Remarkably, these albumin or linear DNA covered
lipoplexes did not have significant decreased gene transfer efficiencies
in vitro, although linear DNA, but not albumin, released small amounts
of pDNA from the lipoplexes. In contrast, binding of mucins strongly
decreased the gene transfer of the DOTAP/DOPE lipoplexes without
causing large aggregates or dissociation of the lipoplexes. This indicates
that mucins alter (intra)cellular steps in the transfection process of
these lipoplexes. Finally, cationicDOTAP/DOPE lipoplexes did not or very
slightly release pDNA after incubating them with diluted CF sputa
obtained from patients with respectively moderated or severe lung
infections. In contrast, a massive dissociation of cationic DOTAP/DOPE
lipoplexes was observed when they were incubated with diluted
synthetic sputum (i.e. a mixture of albumin, linear DNA, mucin and
lung surfactants). It is known that the network structure in CF sputum
cannot be simulated by simply mixing of CF sputum constituents. In
synthetic sputum the CF sputum components are not well cross-linked
and thus more available for fatal interactions with NANs. Similarly,
dilution of our CF sputamayhave liberatedCF sputumcomponents from
the polymer network that would otherwise not been able to bind on the
surface of the lipoplexes. Consequently, the observed dissociation of
NANs in the presence of CF sputum compounds or diluted CF sputum
may have generated data that overestimate the potential disintegration
of NANs in undiluted CF sputum.



Fig. 8. Effect of CF sputum (upper panels) and normal respiratory mucus (lower panels) on the in vitro gene expression of cationic GL67/DOPE based lipoplexes (A and C) and
adenoviral vectors (B and D) in sheep tracheae. Error bars indicate standard error of the mean. (n=6, ⁎pb0.05, ⁎⁎ pb0.01) (reproduced from Ref. [65]).

121N. Sanders et al. / Advanced Drug Delivery Reviews 61 (2009) 115–127
3.3. Effect of respiratory mucus on the gene transfer efficiency of NANs

The group of Alton et al. studied the effect of normal respiratory
mucus and CF sputum on the gene transfer capacity of lipoplexes,
polyplexes and adenoviral vectors [64–67]. In their first paper they
covered cell cultures with a 2mm thick layer of diluted CF sputum [64].
The least diluted sputa (i.e. 1:1 diluted with culture medium) caused a
20-fold reduction of the gene transfer efficiency of both DC-Chol/
DOPE based lipoplexes and adenoviral vectors. Strikingly, highly
diluted sputa (i.e. 100-fold) also caused a drastic reduction in gene
transfer of adenoviral vectors and especially lipoplexes. This indicates
that CF sputum is not only a diffusion barrier for NANs, as at such
high dilutions the polymer network and sputum viscosity is expected
to be disrupted and drastically reduced, respectively. The fact that CF
sputum is not only a diffusion barrier was further supported by the
observation that removal of the diluted CF sputum, by washing with
phosphate buffered saline (PBS), before addition of the lipoplexes did
not restore the gene transfer capacity of the lipoplexes. Furthermore,
incubation of cells with a DNA solution containing N100 µg/ml
genomic DNA and removal of this DNA solution before lipoplex me-
diated transfection still caused a 10-fold decrease in gene transfer.
Additionally, the capacity of lipoplexes and adenoviral vectors to
transfect cells that had been exposed to CF sputum or a DNA solution
was respectively partly and completely restored when the cells were
incubated with rhDNase before transfection. Consequently, all these
observations indicate (1) that DNA present in CF sputum strongly
binds to epithelial cell surfaces, (2) that this cell associated DNA
drastically limits the gene transfer of both lipoplexes and adenoviral
vectors and (3) that rhDNase increases the gene transfer in cells that
have been exposed to CF sputum by removing the DNA that became
bound to the cell surface.

Later on the group of Alton et al. also evaluated the effect of un-
diluted CF sputum on the transfection efficiency of NANs [65]. In this
study sheep tracheae were covered with a 1.5 mm thick layer of CF
sputum and the ability of GL67/DOPE based lipoplexes and adenoviral
vectors to transfect the underlying epithelium was determined and
compared to the transfection efficiency in the absence of CF sputum.
The efficiency of both NANs was significantly decreased by CF sputum.
Surprisingly, adenoviral vectors were much more affected by the CF
sputum layer than the lipoplexes. In the presence of CF sputum the
gene transfer of lipoplexes and adenoviruses was respectively 5- and
35-times lower (Figs. 8A and B) [66].

The ex vivo sheep trachea model has also been used to evaluate the
effect of normal (sheep) respiratory mucus on the gene transfer
capacity of lipoplexes, polyplexes, sendai and adenoviral vectors
[66,67]. Interestingly, these experiments demonstrated that normal
respiratory mucus did not represent a barrier to adenovirus and
sendai mediated gene transfer, while the gene transfer of both
lipoplexes and polyplexes was ~30-fold lower in the presence of
normal respiratory mucus (Figs. 8C and D) [66,67]. They hypothesized
that this result is related to the differences in surface charges bet-
ween the non-viral and viral NANs. Indeed, lipoplexes and polyple-
xes are positively charged and hence more prone to electrostatic
binding with mucins than the negatively charged viral vectors.
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Adenoviruses and sendai viruses seem to possess natural strategies to
overcome normal respiratory mucus. This is not surprising as
adenoviruses are causing the common cold. Hydrophobic interactions
play a role in the formation of a mucin gel [68]. Therefore, it is possible
that viruses like adenoviruses have hydrophobic moieties on their
surface that can disrupt the hydrophobic cross links between mucins.
However, it has been reported that transmembrane mucins, such as
MUC1, strongly impedes adenoviral gene transfer [69].

Finally, we want to remark that in CF patients the amount of
inhaled NANs that come in contact with 1 cm2 of CF sputum will be
much lower than the amount of NANs used in vitro by Alton's group
and by Sanders et al. [53,70]. Therefore, one has to realize that the
chance that NANs can overcome the CF sputum barrier in vivo is most
likely highly underestimate by these in vitro experiments and also by
in vivo experiments in mice. Indeed, in the latter experiments the ratio
between the administered pDNA dose and lung surface is much higher
than can be achieved in CF patients.

4. Alveolar fluid as a barrier towards pulmonary gene therapy

Upon topical delivery of NANs to the lung periphery they will
encounter the lipids of the pulmonary surfactant layer as the very first
endogenous interface in the alveolar region. Therefore, the influence of
the pulmonary surfactant lipids on the particle characteristics and their
transfection efficiency has been intensively investigated [71–73]. A
generalfindingof these studies is that thepresence of both synthetic and
especially naturally derived surfactant preparations results in a dose-
dependent transfection inhibition of cationic lipid based NANs. In
contrast to naturally derived surfactant preparations, such as the
commonly used product Alveofact®, synthetic surfactant preparations
(e.g. Exosurf®) do not contain surfactant proteins and anionic lipids. It
has been reported that especially these negatively charged lipids inhibit
gene transfermediated by cationic lipoplexes [73]. It has been suggested
that this inhibitory effect results fromdisintegration of the lipoplexes by
the negatively charged lipids leading to accessibility of the pDNA to
nucleases and thus its degradation and loss of function [73]. Therefore,
pulmonary surfactant represents a critical barrier which leads to fatal
interaction with lipoplexes. Interestingly, NANs derived from cationic
polymers such as polyethylenimine (PEI) and dendrimers (PAMAM)
have been demonstrated to be more resistant to detrimental effects by
pulmonary surfactant.Neither PEI–pDNAnorPAMAM–pDNAcomplexes
were inhibited by naturally derived and synthetic surfactant prepara-
tions in vitro [73,74] and in vivo [75]. However, isolated negatively
charged lipids from pulmonary surfactant resulted in comparable
transfection inhibition as observed for lipoplexes. Therefore, it has
been suggested that this inhibitory effect is compensated by other
constituents of naturally derived surfactant, presumably the surfactant
proteins, although this requires further detailed investigation [73]. A
clear advantage of NANs derived from cationic polymers seems to be
their increased complex stability which avoids complex disintegration
by the surfactant lipids. Synthetic surfactants such as Exosurf® have
been reported even to increase transfection efficiency of PAMAM–pDNA
complexes [74]. These results illustrate that NANs derived from cationic
polymers are not subject to fatal interactionswith pulmonary surfactant
lipids and may therefore be more suitable for gene delivery to the
alveolar epithelium in vivo. However, commercial available lung
surfactant preparations do not completely represent the liquid layer
present in the alveoli. Therefore, Rosenecker et al. studied, via 2-D-gel
electrophoresis, the interaction of NANs with the protein fraction pre-
sent in human BALF. BALF proteins were absorbed more intensively to
lipoplexes than to polyplexes [76]. In addition, glycosylated components
of the BALF strongly bound to lipoplexes but only weakly to polyplexes.
These interactions resulted in a 10-fold increase of the lipoplex diameter
and a slight decrease of their surface charge, while the size of polyplexes
was not affected but their surface charge changed from positive to
negative. In both cases the interaction with the BALF did not lead to
NANsdisintegration asassessedbyquenching assays,which reflects true
binding of the BALF components to the NAN's surface. Interestingly
transfection inhibition was stronger for polyplexes than for lipoplexes,
although the latter weremore prone to adsorption of BALF components
[76]. A possible reason for this at first view opposing observation could
be the loss of the positively charged polyplex surface, which has been
suggested to be the precondition to initialize binding to the negatively
charged cell surface and subsequent cellular uptake [77]. In summary,
these observations demonstrate that both lipids and proteins present in
BALF interact with NANs and are responsible for transfection inhibition.
Although lipoplexes were generally more susceptible to interactions
with BALF components than polyplexes, their transfection efficiency
remained, in contrast to polyplexes, relatively unaffected in the presence
of BALF.

5. Overcoming the mucus and alveolar fluid layer in pulmonary
gene therapy

5.1. Increasing the mobility of NANs in respiratory mucus

5.1.1. Mucolytic agents
To facilitate their mobility in protective mucus layers certain bacteria,

fungi and viruses secrete enzymes that hydrolyze mucins [78–80]. There-
fore, many research groups evaluated the effect of different mucolytic
agents, which either degrade actin, DNA or mucin, on the mobility of
NANs and nanospheres in (CF) mucus [37,49,50,67,81]. However, as
discussed above mucolytic agents that degraded the biopolymers that
build up the three-dimensional polymer network in CF sputum will not
only increase the mesh size, but also the viscous drag in the meshes
between the cross-linked biopolymers. Therefore, we can expect that the
effect of mucolytic agents on the transport of NANs and nanoparticles
through especially CF sputum will be limited. However, this does not
exclude that mucolytics have a positive effect on the transport of NANs
or nanospheres through normal respiratory mucus, which has other
biophysical properties than CF sputum. An overview of the reported
effects of differentmucolytics on the transport of nanospheres and on the
gene transfer efficiency of NANs is given below.

5.1.1.1. rhDNase. Recombinant human DNase (rhDNase) is a clinically
used enzyme that liquefies CF mucus by cleaving the DNA chains in
CF mucus [82]. RhDNase is administered to CF patients via inhalation.
The effect of rhDNase on the mobility of nanoparticles through
CF sputum has been studied in only three reports. We showed that
the transport of 270 nm polystyrene nanospheres and DOTAP/DOPE
based lipoplexeswas respectively 2.5- and 1.4-fold higher through sputa
that were liquefied by rhDNase (6 µg rhDNase/ml) [49,52]. Via MPT
Dawson et al. showed that the average mobility of 200 nm polystyrene
nanospheres was not altered in CF sputum that was liquefied by
rhDNase (7 µg/ml) [50]. However, rhDNase decreased the spreading of
the diffusion coefficients of the nanoparticles [50]. Finally, the group of
Shute et al. also found no effect of rhDNase on the transport of the same
nanospheres through ‘synthetic CF sputum’, i.e. amixture of DNA,mucin
and actin [37]. However, in additional experiments they demonstrated
that the lack of any effect of rhDNase on the transport of nanospheres
was due to an inhibition of rhDNase by actin [37]. Indeed, the
magnesium concentration in their ‘synthetic sputum’ (1.2 mM) was to
low to keep actin fully polymerized [30]. Therefore, significant amounts
of actinmonomers, which strongly inhibit rhDNase [30], are expected to
present in their synthetic sputum. It has beenproposed that gelsolin can
also, besides depolymerizing actin, dissociate DNase–actin complexes
[83]. However, the simultaneous addition of gelsolin and rhDNase did
not restore the rhDNase activity nor increased the transport of
nanospheres through ‘synthetic sputum’ [37].

5.1.1.2. N-acetylcysteine. N-acetylcysteine (NAC) and its derivatives
lower the viscosity and elasticity of mucus by reducing the disulfide
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bonds between the subunits in mucins [13]. These mucin degrading
agents can be administered orally or via inhalation. They are clinically
used by e.g. asthma, COPD and CF patients to enhance the clearance of
their respiratory secretions [84]. Interestingly, it has been reported that
nacystelyn, a lysine salt of NAC, inhibits thematuration of dendritic cells
and possess anti-inflammatory properties [85,86]. These properties of
nacystelyn may reduce the immune response against especially viral
NANs. The effect of N-acetylcysteine based mucolytics on the efficacy of
NANs or on the transport of nanospheres through mucus has been
exclusive evaluate with normal respiratory mucus. This is probably due
to the limited effects of these mucolytics agents on the viscosity and
elasticity of CF sputum. Using the ex vivo sheep tracheamodel Ferrari et
al. [67] demonstrated that the gene transfer of both ethyldimyristoyl-
phosphatidyl choline/cholesterol (EDMPC/Chol) based lipoplexes and
linear PEI based polyplexes was respectively ~20 and ~10-fold higher
when the mucus covered epithelium was treated with nacystelyn or
NAC before application of the NANs. Interestingly, intranasal adminis-
tration of nacystelyn (150 µl; 100 mM) 30 min before intranasal
application of the EDMPC/Chol based lipoplexes resulted in a 100-fold
increase in gene expression in the nasal turbinates of mice [67].
Strikingly, nasal delivery of nacystelyn together with the lipoplexes did
not enhance and even slightly decreased the gene transfer efficiency of
the lipoplexes [67]. Also Kushwah et al. found that intranasal
administration of nacystelyn (50 µl, 100 mM) togetherwith diethylami-
noethyl-dextran (DEAE-dextran) coated adenoviruses did not enhance
thegene transfer efficiency in the lungs ofmice [81]. However, intranasal
administration of nacystelyn 30min before the application of the DEAE-
dextran coated adenoviruses significantly increased thedistribution and
the level of gene expression in the lungs of mice [81]. Therefore, the
benefits of mucolytics on the gene transfer of NANs are probably
compensated by an enhanced clearance of the NANs out the respiratory
tract when NANs andmucolytic agents are administered together to the
airways. Importantly, nacystelynpretreatment did not enhance the gene
transfer of uncoated adenoviruses in the lungs ofmice [81]. This is in line
with the observation that normal respiratorymucus did not represent a
barrier to negatively charged adenoviral vectors in the ex vivo sheep
tracheamodel of thegroupofAlton et al. [67]. Finally, nacystelyndid also
not increase the transport of negatively charged polystyrene nano-
spheres (200 nm) through ‘synthetic CF sputum’ [37].

5.1.2. Magnetic forces
Magnetofection is a novel method to enhance the efficiency of

NANs [87]. In this approach NANs are associated with magnetic
particles and magnetic forces are used to pull the magnetic NANs
towards the target cells and possibly also inside the target cells [87].
Magnetofection has been shown to increase transfection efficiency of
NANs in cell cultures and in vivo [88–90]. Furthermore, Dames et al.
demonstrated that aerosol droplets comprising superparamag-
netic nanoparticles (SPIONs), so called nanomagnetosols, could be
efficiently targeted to desired regions in the lungs of mice by ap-
plication of external magnetic gradient fields during inhalation [91].
This is important progress towards deposition of higher dosages of
NANs in the desired lung regions.We speculate thatmagnetic gradient
fields may also pull magnetic NANs through the mucus or alveolar
fluid barrier. Additionally, the usage of pulsed magnetic fields in
addition to a target magnetic field [92] may further facilitate the up-
take of magnetic NANs in respiratory cells.

5.1.3. Future approaches

5.1.3.1. Motorized NANs with mucolytic properties. Addition of
mucolytic agents to mucus mainly results in a reduction of the
macroviscosity. However, as discussed earlier, the mobility of small
nanospheres (≤200 nm) in CF sputum is determined by the micro-
viscosity (i.e. the viscosity in themeshes of the network) and not by the
macroviscosity [50]. Therefore, to enhance the mobility of these
nanoparticles in CF sputum, mucolytic agents should specifically
lower the microviscosity by degrading the polymers present in the
meshes. The latter will reduce the viscous drag that the diffusing
nanoparticles encounter, without releasing extra polymers from the
three-dimensional network into the meshes. On the other hand larger
nanoparticles are often ‘caged’ in the meshes or even cannot enter the
meshes present in the mucus gel. For these larger (N200 nm)
nanoparticles mucolytic agents should in the first place cut the
filaments that build up the three-dimensional network. Therefore
taking into account these considerations, we should give to NANs the
capacity to specifically cleave these biopolymers that they encounter
on their way through themucus. This can be done by linkingmucolytic
enzymes to the surface of NANs and nanoparticles in general. Enzymes
that can degrade mucin, DNA, actin, collagen or protein filaments are
interesting candidates. Such functionalized NANs are expected to cut a
way through themucus. The observation that linkage of collagenase to
nanoparticles enhanced their transport through the extracellular
matrix proves that this idea may indeed work [93,94]. Finally, we can
also give extra speed to theNANs byattaching a ‘motor’ to their surface.
This proposed strategy may sound quite futuristic. However, autono-
mous movement of nanosized objects has been obtained by putting
chemical nanomotors to their surface [94,95].

5.1.3.2. Ultrasound. Low-frequency (20 to 100 kHz) ultrasound has
been used to enhance the transport of drugs and drug carriers through
the skin via amechanismdescribed as sonophoresis [96]. Sonophoresis
is mainly caused by acoustic cavitation, i.e. the formation, oscillation
and collapse of gaseous microbubbles in a fluid exposed to ultrasound
waves [97]. These bubbles are spontaneously formed by ultrasound
when dissolved air is present in the fluid. Cavitation can either be
stable or inertial. Stable cavitation corresponds to the periodic growth/
shrinking of microbubbles. Inertial cavitation is defined as the violent
growth and collapse of microbubbles. Due to the collapse of these
bubbles shock waves and microjets are generated [97]. These effects
may increase the velocity of NANs and the mesh sizes in mucus. In a
recent study we observed that the transport of polystyrene nano-
spheres (500 nm; negatively charged) through CF sputumwas 10-fold
higher in the presence of low-frequency ultrasound (Sanders et al.,
unpublished data). In these experiments we used our vertical diffusion
chamber setup (Fig. 3) [49] and exposed the CF sputum discontinu-
ously (to prevent heating) to ultrasound. Taking into account that
we used pulsed ultrasound the total exposure time to ultrasound was
2.3% of the duration of the transport experiment. Therefore, applica-
tion of ultrasound for longer periods will probably cause more drastic
increases. Although, these data are promising we want to remark that
the application of ultrasound to the lungs is not simple. Indeed,
ultrasound that enters the lungs from a source outside the bodywill be
highly reflected by the air in the lungs. Therefore, to prevent this
reflection of ultrasound by the air in the lungs one may also directly
insert the ultrasound probe in the lungs, via a bronchoscope, as is done
in bronchoscopic ultrasound examination of the tracheobronchial tree
[98]. High-frequency ultrasound together with diagnostic microbub-
bles can increase the gene transfer efficacy of naked pDNA or NANs by
temporarily perforating cell membranes [99]. Xenariou et al. recently
found that an external high-frequency ultrasound source (1 MHz)
combinedwith diagnostic microbubbles increased the gene transfer of
naked pDNA in the lungs of mice [100]. These data may indicate that
high-frequency ultrasound can reach the lung epithelial cells inmice. It
is not know whether high-frequency ultrasound can also increase the
transport of NANs through mucus.

5.2. Avoiding interactions of NANs with respiratory secretions

One of the most successful strategies to avoid interaction of NANs
with components of biological fluids has been their modification with
biocompatible hydrophilic but biologically inert polymers [58]. It is
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obvious that this concept may be applicable to pulmonary gene
delivery, where reduction of interactionwith mucus and alveolar fluid
components is highly desirable. Shielding of NANs may not only be
important to reduce interaction with mucus and alveolar fluid com-
ponents but may also diminish clearance by alveolar macrophages
which is considerably observed after aerosol delivery of non-shielded
PEI polyplexes [101]. In this section we will first give an overview of
the different strategies that can be used to avoid interaction of NANs
with respiratory secretions. Subsequentlywewill discuss the behavior
of shielded NANs in respiratory (CF) secretions. We will close this
section with some critical remarks on PEGylation. Although the effect
of mucolytic enzymes on the interaction of NANs with mucus com-
ponents has not been studied in detail, one can expect that degra-
ded mucus components will show less fatal interaction with NANs.
Therefore, besides improving the mobility of NANs in (CF) mucus,
mucolytic enzymes may also decrease the interactions of NANs with
(CF) mucus components.

5.2.1. Strategies for shielding NANs
Extracellular components most often interact with NANs via

charge and hydrophobic interactions. Therefore, the aggregation
and the interaction of NANs with extracellular components can be
prevented by shielding the positive surface charges of NANs with
neutral hydrophilic polymers (e.g. polyethylene glycol (PEG)). NANs
that bear such inert polymers at their surface can be obtained via two
strategies. In the first strategy, which can only be used for non-viral
NANs that aremade via self-assembly, the cationic carrier is covalently
coupled to the shielding polymer and subsequently mixed with the
nucleic acids [102]. During the self-assembly the cationic carrier and
the nucleic acids interact with each other and create a slightly hydro-
phobic core that is surrounded by a shield of hydrophilic polymers.
This method has as disadvantage that the shielding polymers can,
especially when high amounts of shielding polymer are used, hinder
the self-assembling process between the cationic carrier and the nu-
cleic acids. Therefore, post-shielding has been considered and involved
the covalent attachment of the shielding polymer to pre-formed non-
viral NANs [103,104]. However, PEGylation also has backdraws. Indeed,
it is well known that PEG chains at the surface of NANs prevent
endosomal escape, which has a negative effect on the biological effi-
ciency of such shieldedNANs. Therefore, different groups are currently
making NANs that lose their PEG-chains at the cell surface or in aci-
difying endosomes [105].

Finally, the surface of charged NANs can also be modified by
absorption of opposite charged polymers. For example, Cheung et al.
[106] coated cationic non-viral NANs with poly(propylacrylic acid)
(PPAA), an anionic polymer that can disrupt endosomal membranes,
while Finsinger et al. [107] coated the cationic surface of NANs by using
a PEG that was linked to negatively charged peptides. A drawback of
this strategy is, however, that the stability of the ionic coating in blood
or mucus is questionable and has not yet been demonstrated. This
post-shielding strategy has also been applied to prevent recognition of
viral NANs by the immune system and to enable retargeting of these
viral NANs to a desired tissue [108,109].

5.2.2. Behavior of shielded NANs in respiratory secretions
Lipoplexes based on the GL67 (genzyme lipid 67) lipid are one of

the most successful NANs for gene delivery to the lungs [110]. In their
optimized formulation these lipoplexes contain PEGylated lipids.
Sanders et al. has comprehensively demonstrated the benefits of the
presence of these PEG-lipids in these lipoplexes [111]. In contrast to
the cationic DOTAP/DOPE lipoplexes, exposure of these PEGylated
GL67/DOPE lipoplexes to CF mucus compounds (linear DNA, albu-
min, phospholipids and mucin), at concentrations expected to occur
in vivo, did not affect their gene transfection activity [111]. Addition-
ally, these PEG chains prevented that these GL67/DOPE lipoplexes
became aggregated by the CF mucus compounds. Similar observations
were made for PEG copolymer-protected PEI polyplexes which
adsorbed only low amounts of serum-derived proteins and were
virtually inert against mucin binding from BALF [112]. However,
copolymer protection resulted in a strong decrease of transfection
efficiency in the mouse lungs, which could be partially restored by
coupling of transferrin as a targeting ligand [112]. An increase of the
colloidal stability in the presence of BALF has also been observed for
PEGylated and TAT peptide-modified PEI polyplexes [113]. Another
approach which has been successfully performed to achieve high
transfection efficiency of PEI polyplexes in the presence of CF sputum
sol phase makes use of polyplex pre-incubation with serum albumin
[114]. Although the underlying mechanism has not been entirely
elucidated up till now, pre-incubation of PEI polyplexes with human
serum albumin resulted in up to 80-fold higher transfection rates in
the presence of CF sputum than without human serum albumin [114].
The authors speculate that the albumin-coated PEI polyplexes may
have been targeted to albumin receptors which are expressed on the
apical surface. In context with this observation coupling of targeting
ligands to the NANs may represent a suitable approach to augment
their transfection efficiency. An increase in gene transfer efficiency has
been obtained in lung epithelial cells with various targeting ligands,
like SP-B [115], UTP [116], mannuronic acid [117], and lactoferrin [118].
Coupling of targeting ligands to NANs may be of particular interest to
increase their internalization kinetics by the targeted lung cells in
terms of the fast clearance kinetics by the alveolar macrophages.
Indeed, one has to consider that one microliter (1 mm3) of BALF
contains roughly 19.000 alveolar macrophages [44].

In summary, these results allow us to conclude that shielding of
NANs by e.g. polyethylene glycol favors their physicochemical stability
and their gene transfer capacity in the presence of respiratory (CF)
secretions.

5.2.3. Some critical remarks on PEGylation of NANs
The presence of e.g. PEG polymers on the surface of NANs prevents

aggregation byavoiding that NANs can come in close proximity to each
other during collision. However, the surface of NANs is often not
completely covered with the shielding polymer. Therefore, between
the shielding polymers gaps may be present that allow small charged
molecules to reach the surface of the NANs. Indeed, we have for
example observed that albumin (at concentrations found in blood) is
able to penetrate between the PEG of siRNA–liposome complexes
containing 5 mol% PEG–lipids and to cause the release of all the
siRNAs [119]. Similarly, high amounts of albumin could release one
third of the pDNA from PEGylated GL67/DOPE lipoplexes [111]. This
indicates that albumin is on one hand small enough to penetrate
between the PEG chains, and on the other hand large enough to
allow a ‘thermodynamical’ competition with pDNA for binding to the
cationic lipids. The anionic phospholipids present in lung surfactant
were also able to dissociate these PEGylated GL67/DOPE lipoplexes
[111]. However, the dissociation was very limited and only occurred
when the lipoplexes were incubated with extreme high concentra-
tions of lung surfactant. This indicates that the ‘thermodynamic
power’ of these negatively charged phospholipids to push off the
much larger pDNA molecules from the cationic liposomes is low. To
prevent that small molecules, like albumin, can penetrate between
the PEG-chains of PEGylated NANs one can either increase the
degree of shielding or the chain length of the polymers. However,
one should realize that for example long PEG chains (~N10 kDa) may
entangle in the biopolymer network of biogels [51]. Therefore,
particles containing such long PEG chains may become immobilized
in mucus.

6. Conclusions and perspectives

During the design of new NANs for respiratory gene therapy one
should take into account that respiratory secretions are present above
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the target cells. In this review we demonstrated that the size and the
surface properties of especially non-viral NANs determine their
behavior in respiratory secretions. A first key message is that the
cationic surface of (non-viral) NANs should be shielded by neutral and
hydrophilic polymers to prevent that these NANs stick to the three-
dimensional polymer network in respiratory mucus and/or become
covered or dissociated by macromolecules that are not embedded
in the mucus network. Additionally, NANs with a too hydrophobic
surface are also expected to stick to the mucus network. Does the size
of NANs matter? Two independent reports clearly found that smaller
nanoparticles are less retarded by CF sputum [49,50]. Based on these
reports we can conclude that NANs should be 100 nm or smaller to
allow free passive through the mesh network in CF sputum. However,
one should realize that this size is not necessarily the optimal size for
free diffusion of NANs in normal respiratory mucus or other type of
mucus. Indeed, it has been recently demonstrated that large (sur-
face shielded) polystyrene nanospheres move faster through cervical
mucus than their smaller (also surface shielded) counterparts [51]. It is
important to realize that the thickness of the mucus layer is also an
important barrier. Indeed, only a small fraction of nanoparticles can
cross a 150 µm thick mucus blanket within 150 min, i.e. the estimated
renewal time of respiratory mucus. Therefore, to drastically enhance
the number of NANs that can reach the cells beneath the mucus layer
one should give ‘motility’ to the NANs. Possible approaches are for
example the attachment of nanomotors to the NANs or the use of
ultrasound or magnetic forces.

Besides optimizing the design of the NANs one can also try to
reduce the barrier properties of respiratory secretions. All the data in
the literature consistently confirm that treatment of the respiratory
tract with mucolytic agents like NAC or rhDNase (at least 30 min)
before the administration of NANs significantly favor respiratory gene
transfer [67,81]. Via this pre-treatment with mucolytics a significant
amount of the mucus is probably removed.
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