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Importance of the field: Gene therapy has the potential to treat a wide variety
of diseases, including genetic diseases and cancer.

Areas covered in this review: This review introduces biomaterials used for
gene delivery and then focuses on the use of electrostatic surface modif-
ications to improve gene delivery materials. These modifications have been
used to stabilize therapeutics in vivo, add cell-specific targeting ligands,
and promote controlled release. Coatings of nanoparticles and microparticles
as well as non-particulate surface coatings are covered in this review.
Electrostatic principles are crucial for the development of multilayer delivery
structures fabricated by the layer-by-layer method.

What the reader will gain: The reader will gain knowledge about the
composition of biomaterials used for surface modifications and how these
coatings and multilayers can be utilized to improve spatial control and
efficiency of delivery. Examples are shown for the delivery of nucleic acids,
including DNA and siRNA, to in vitro and .in vivo systems.

Take home message: The versatile and powerful approach of electro-
static coatings and multilayers will lead to the development of enhanced
gene therapies.
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1. Introduction

Biomaterials have been developed for use in many fields, including tissue engineer-
ing and drug delivery. There are many types of biomaterials, including macro-
molecules, synthetic polymers and lipid systems [1,2]. Biomaterials have been
designed to respond to and interact with biological systems in a variety of ways.
For example, in tissue engineering, which includes the regeneration and replacement
of damaged and diseased tissues, biomaterials support a specific function of the
target tissue. In drug delivery, biomaterials need to have the required encapsulation
and release profiles necessary to treat the particular disease with a particular drug.
A hydrophobic biomaterial may be preferred for delivery of a small molecule
hydrophobic drug for cancer therapy, whereas a hydrophilic cationic biomaterial
may be preferred for gene delivery. Gene delivery is particularly challenging as the
drug cargos (nucleic acids) are large, highly charged and degradable. Fortunately, the
charged, polyvalent nature of nucleic acids enables various strategies for forming
electrostatically associated coatings, complexes and films. This review highlights how
biomaterials can be used for particle-based and surface-based gene delivery and how
electrostatic coatings can further enhance efficacy.
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Article highlights.

» Biomaterials have been developed for various applications
and, through electrostatic interactions, are particularly
well suited to enhance the delivery of genes.

Although nucleic acid delivery holds promise, there are
many barriers that need to be overcome to improve
delivery efficiency.

Electrostatic surface modifications of particles have been
used to overcome specific barriers to gene delivery,
including improved serum resistance, cell targeting,
cellular uptake, endosomal escape, controlled release and
reduced toxicity.

A major strength of the electrostatic coating approach is
its suitability for a wide range of biomaterials, including
peptides, sugars, polymers and nucleic acids.

Sequential coatings of polyelectrolytes create complex
multilayer assemblies that improve spatial and

temporal delivery.

Electrostatic coating techniques can be used to facilitate
triggered release from either environmental cues (pH) or
an external source (electric field).

Electrostatic coating techniques can make possible
exciting applications in stem cell engineering and
regenerative medicine.

This box summarizes key points contained in the article.

2. Biomaterials

Synthetic polymers are a popular biomaterial choice for drug
and gene delivery. The ability to control the properties of
synthetic polymers facilitates rational design. For example,
polymers that contain positive charges are made so that they
can electrostatically bind to negatively charged nucleic acids
such as DNA molecules. These materials can be used directly
to encapsulate cargos or as coatings for particles and devices.
Examples of some of the commonly used biomaterials inves-
tigated for gene delivery are shown in Figure 1. Polyethyleni-
mine (PEI) (3] is a polymer that is composed of multiple units
of ethylenimine in both linear and branched arrangements.
The branched PEI polymer contains primary, secondary and
tertiary amines at a ratio of 1:2:1, whereas the linear polymer is
composed of all secondary amines except for primary amines
at the end groups. These amines are responsible for the
positive charges that are necessary to bind to DNA. PEI is
an off-the-shelf polymer for gene delivery that can condense
DNA into nano-sized complexes and facilitates some i vitro
and in vivo gene transfer [4]. Further modifications to PEI have
been made to increase its performance at various points of the
gene delivery process [5-7]. Polyamidoamine (PAMAM) (8] is a
dendrimer system composed of amidoamine bonds. The
dendrimer is built by serial addition of acrylates and amines
to different core molecules that have amine functionalities.
Many types of degradable biomaterials have been created,
including hydrolytically degradable esters such as polylactic
acid (PLA) 9,10], polyglycolic acid (PGA) and co-polymers [11],
polycaprolactone (PCL) [12], and others [13). The physical

properties of the materials tune its degradation and rates
of drug release. Poly(beta-amino ester)s (PBAE) [14-16] are a
class of polymers that are both positively charged and
hydrolytically degradable. They are synthesized from the
conjugate addition of amine to diacrylates. The type of
monomer diacrylates and amines can be varied to achieve
different polymer properties. Poly(ester-anhydrides) [17] are
often used to form microparticles that can encapsulate
drugs or genetic material and degrade through surface
erosion rather than the bulk erosion shown by PLA/PGA
microspheres. Lipid-based systems such as 1,2-Dioleoyl-
3-trimethylammonium propane (DOTAP) can also form
liposomes or lipoplexes that encapsulate drugs or nucleic
acids [18]. The cationic head, linker region and hydrophobic
tails can be modified to alter delivery properties.

Natural polymer-based systems have also been studied as
they are often biocompatible and degradable [19]. For example,
poly-L-lysine (PLL) [20] is a linear polymer made from the
amino acid lysine and it is a highly positively charged
macromolecule owing to the basic primary amine at the
end of the lysine residue. Other natural-based bioma-
terials include sugars such as chitosan [21,22], dextran [23]
and cyclodextrins [24]. Combining natural polymers with
synthetic polymers can improve drug delivery or tissue
engineering functionality.

3. Nucleic acid delivery

Some particularly promising, but challenging, drug delivery
cargos are nucleic acids such as DNA and various types of
RNA, including antisense RNA, small interfering RNA
(siRNA), immunostimulatory RNA (isRNA) and micro
RNA (miRNA) [2526]. Genetic material is relatively large
compared with most therapeutics. This makes it more difficult
to transport within the body, into a cell, within a cell and into
the nucleus. Viral vectors such as adenovirus [27] or lentivirus [28]
have been developed for therapeutic gene delivery as they
have evolved to do this very efficienty. However, there are
continuing safety concerns with their use, such as the potential
for tumor induction [29) and the generation of immune
responses [30]. Once the nucleic acid-containing particle is
formed, it must remain stable and enable internalization within
target cells. Common pathways for nano-formulations to enter
the cell are by means of clathrin and caveolae-mediated
endocytosis [31]. If the DNA/delivery particle is too large it
will not be able to enter the cell. As the cell surface is negatively
charged, particles need to be neutral or positively charged to
promote cell interactions and efficient internalization.

For intracellular delivery, internalization is necessary, but
not sufficient. A particle must also have efficient escape from
the endosomal compartment to the cytoplasm to be active in
the cell [321. One proposed mechanism by which many of the
polymer systems facilitate endosomal escape is through a
proton-sponge mechanism. In this model, the basic nature
of the polymer buffers the hydrogen ions pumped into the
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Figure 1. Biomaterials used to form particles and coatings for gene delivery.

vesicle by the cell. To maintain electroneutrality, chloride ions
flux into the endosome as well, creating osmotic pressure.
The cell continues to attempt to acidify the vesicle until the
vesicle finally ruptures owing to the swelling of the endosome
with water, releasing the particle (33). Other endosome escape
mechanisms include the use of viral-based proteins that
puncture the lipid bilayer, allowing particle escape.

Once in the cytoplasm, the encapsulated cargo must then be
released from the particle in an efficient manner (34. The
delivery system needs to reach a balance between binding and
dissociation with DNA. The system needs to bind tightly

enough for particle formation, but must be able to unpack to
release the DNA when in the cytoplasm or nucleoplasm. One
method is for the release of DNA to be triggered by a stimulus
that is present inside the cell, but not outside, such as a
reducing environment.

An extra requirement for DNA delivery is transport of the
DNA into the nucleus following cargo release [35]. It has been
reported that the ability of DNA to cross the nuclear pore
complex can be enhanced by binding nuclear localization
sequence (NLS)-signal peptides to the DNA, which allows
the DNA to be picked up by the nucleoporin active transport
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system [36]. Gene expression can occur transiently from an
episomal plasmid or targeted integration can be designed [37).
Although longer acting, integration of the exogenous
DNA carries the risk of insertional mutagenesis and cancer
cell generation.

The delivery of genes holds potential to treat both genetic
diseases and acquired diseases such as cancer. Although sig-
nificant progress has been made in the field, non-viral
biomaterial-mediated gene delivery is still much less effective
than viral gene delivery [38]. New biomaterials continue to be
developed to enhance efficacy and safety (39.40). Recent
approaches to finding new synthetic polymers for gene deliv-
ery include polymer library approaches. High-throughput
synthesis and screening techniques were used to search
>2000 different polymer structures for gene delivery [16].
Lead structures, poly(beta-amino ester)s, are biodegradable
and rival adenovirus for gene transfer to human primary
cells in vitro [41].

4. Coated particles for delivery

Many different particle systems have been investigated for
drug and gene delivery. These systems have ranged from the
nanometer to micrometer size, and been fabricated of both
inorganic and organic materials. Coating these particles with
various functional layers has helped tune the properties of
these particles. Table 1 summarizes some of the electrostatically
modified particle systems discussed below.

4.1 Nanoparticles
Nanoparticles are particles with length scales from 1 to
1000 nm. They can be ‘hard’ nanoparticles primarily
composed of gold [42-44], silver [45] or other inorganic
materials [46-48], or they could be ‘soft’ nanoparticles such
as polyplexes (49,501, liposomes [51], lipidoids [52] or other
organic molecules. Beyond spheres, they can also be crafted
into various shapes such as crystals or prisms [53. New
processing methods can enable printing of nanoparticles
into more complex shapes such as cylinders, ‘hex nuts’, or
toroids [54.. New kinds of therapy are being packaged into
these nanoparticles [55. The use of nanoparticle systems
can allow for improved drug targeting, specific intracellular
delivery, and potentially more control over delivery profiles.
Targeting is especially important in cancer drug delivery
because the therapeutic is often intentionally cytotoxic.
Targeting of cancer cells with nanoparticles is often done
by targeting specific cancer cell surface receptors. Specific
interactions can be achieved by modifying the delivery vehicle
with specific peptides, proteins, or antibodies that bind to the
surface receptors [56]. More recently, some groups have used
aptamers, which are RNA and DNA molecules with the ability
to bind to specific targets with high affinity [57). Cancer gene
therapy can also obtain extra specificity by delivering genes
that only a cancer cell would be able to transcribe efficiently by
means of transcriptional targeting [58].

4.2 Microparticles

Although microparticles have typically been used as drug
reservoirs for controlled release of drugs, peptides and
proteins [59], they can also be used for intracellular delivery.
Although most cells cannot take-up microparticles, immune
cells such as macrophages can internalize them. Thus,
the size of a particle can also affect targeting and a micropar-
ticle system can specifically deliver drugs or genes to cells of
the immune system. Delivering antigen-coding genes can be
useful for vaccine purposes. Cationic PLGA particles have
been shown to increase significantly iz vivo antibody responses
to create better vaccine systems [60]. Positively charged
surfactant molecules were added to PLGA during the micro-
particle fabrication process, resulting in positively charged
PLGA particles. The positively charged surface allowed
for adsorption of DNA molecules onto the particle surface.
In this case, DNA plasmids that code for HIV proteins
were used to improve vaccination response. Poly(beta-amino
ester)s can also be blended with PLGA microparticles
to provide pH-triggered release and enhanced efficacy [61].
Singh et al. reviewed microparticle systems used for vaccine
applications [62].

4.3 Types of coating

Various particulate formulations have been used to deliver
drugs, whether that cargo is small molecules, protein, sugars,
or genetic material [63-66]. The surfaces of these particles
have been modified in various ways to improve delivery.
Covalent modifications, such as PEGylation and polysac-
charide coats, have been used to improve particle stability
in serum in vitro and in vivo (67,68). These alterations reduce
the interactions of the particles with the various serum
proteins that can cause aggregation or degradation of the
particles. Enhanced stability can also be achieved using
electrostatic coatings. For example, Trubetskoy ez al. showed
that polyacrylic acid can be used to coat polyethylenimine/
DNA or cationic lipid/DNA complexes and thereby prevent
serum inhibition of the complexes [69). The polyacrylic acid
provides electrostatic shielding from the serum proteins,
increasing in vivo gene delivery following systemic injection,
and reducing toxicity.

Virus particles have also been coated with polymers to
improve their iz vivo stability. Adenovirus has been coated
with polymers that protect the viral particles from interaction
with specific blood components and reduce interaction
with the immune system [70. A hydrophilic polymer,
(HPMA)-based co-
polymer, was functionalized in order to bind to the viral
surface. The binding included both covalent and electrostatic
interactions to increase further the coating stability. The
polymer also contained reducible disulfide bonds that would
allow the coating to be degraded so that transfection could still

N-(2-hydroxypropyl) methacrylamide

occur. Further modifications have included specific receptor
targeting elements [71. In another electrostatic coating
approach, PEI was used to modify the surface of baculoviral
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vectors [72]. These coating modifications can therefore allow
viral gene delivery to overcome some of the limitations
mentioned earlier in the review.

Targeted delivery to cells has been achieved by functiona-
lizing the surfaces of particles so that they can interact more
favorably with specific cells. These targeting molecules can be
covalently bound to the particles [73] or can be coated to the
particles by means of electrostatic interactions [74]. These
targeting molecules are often proteins or protein fragments
that bind to a specific cell receptor, such as transferrin,
epidermal growth factor (EGF), and Arg-Gly-Asp acid
(RGD) domains [73,75-77). In the case of gene delivery, one
problem with covalent modification with targeting ligands is
that this changes the functionality of polymer moieties and
efficacy can decrease (76,77). A coating approach avoids this
potential issue. A schematic for multilayer electrostatically
coated particles is depicted in Figure 2.

In one example of an electrostatic coating approach, posi-
tively charged poly(beta-amino ester)/DNA nanoparticles
were coated with negatively charged peptides [74]. Peptides
were chosen such that they contained a stretch of anionic
amino acids (glutamic acid residues), a linker (glycine resi-
dues) and a ligand (Arg-Gly-Asp acid). Addition of the
peptide coating was found to neutralize the particle charge
and promote gene delivery to human umbilical vein
endothelial cells. Interestingly, it was only when the surface
charge was neutralized and the nonspecific delivery of the
nanoparticles reduced that the presence of the ligand impacted
gene delivery. However, once neutralized, nanoparticles
coated with polyglutamic acid-polyglycine-RGD peptides
had up to an order of magnitude higher gene delivery
efficacy than the same particles coated with the scrambled
sequence polyglutamic acid-polyglycine-RDG peptides [74].
Thus, the sequence of the ligand and the overall charge of
the particle were important for intracellular deliver of
the particles.

As a complementary strategy, negatively charged particles
can be coated with cationic polymers to improve their delivery
properties. For example, Lee ez al. (78] showed that gold
nanoparticles thiolated with siRNA could subsequently be
coated with PBAEs to achieve significantly enhanced
cytoplasmic delivery of the siRNA. In this work (depicted
in Figure 3), gold-siRNA nanoparticles were unable to
mediate gene silencing alone, but when coated with polymer,
silencing increased to >95% using the same dose of gold-
siRNA nanoparticles. Interestingly, small structural differ-
ences to the PBAEs used as coatings dramatically changed
the silencing behavior of the gold-siRNA particles. The most
effective polymers were those that had terminal tertiary amine
groups. In other work Fuller ez a/. (79) showed that PEI could
be used as a cationic polymer to coat negatively charged
fluorescent silica particles to enable enhanced intracellular
delivery and endosomal escape. This system enabled the
combination of both imaging and gene delivery within the
same nanoparticles.

In vivo, it has also been shown that tissue targeting can be
tuned by means of electrostatic coating [s0]. In this study,
cationic polymer/DNA nanoparticles were coated with
anionic peptides and following tail-vein injection, gene
delivery was directed away from the lungs and to the spleen
and bone marrow or alternatively to liver cells depending
on the coating amount and type. Following systemic admin-
istration, cationic particles can potentially aggregate with
blood constituents that embolize in the vascular beds of
the lung [69.81.82]. These coatings were shown to prevent
aggregation with erythrocytes and prevent lethality following
injection as compared with uncoated polymeric particles.

Thus the effectiveness of charged nanoparticles, either
cationic or anionic, can be greatly improved by single coats
of an oppositely charged biomaterial that incorporates new
functionality to the nanoparticle. This functionality could
consist of improved serum resistance, cell or tissue targeting,
efficient internalization, endosomal escape, controlled release,
and reduced toxicity.

4.4 Multilayer particle coating

Multiple electrostatic layers can be deposited on a particle
using a layer-by-layer (LbL) approach (Figure 2). For this
method, successive and alternating anionic and cationic layers
are added to a particle core [83,84]. After each layer is added,
centrifugation allows for isolation of the particles so that
further layers can be added. In some formulations, DNA is
added as one of the anionic layers [85]. Using this approach, the
layers were observed to disassemble inside the cell, where the
DNA molecules then had access to the nucleus. In another
system, DNA was added first as an internal layer adsorbed to a
core. After multilayers were formed with spermidine and
DNA coats, the core substrate was subsequently dissolved
away so that the DNA became an internal encapsulated layer
within a capsule (86]. In other work, DNA has also been
encapsulated within chondroitin  sulfate/poly(-L-arginine)
LbL particles [87). DNA was first added to the core particle
and then alternating layers of chondroitin sulfate and poly
(-L-arginine) polyelectrolytes were added subsequently to
create a core/shell structure. The core was then dissolved
so that only the DNA was left encapsulated and free inside
the polyelectrolyte shell. Many of these systems are on the
micrometer scale, which can reduce the ability of cells to
take up the particles. Reducing the size of these LbL particles
would therefore improve delivery of DNA. One such example
uses liposomes as the substrate onto which polyelectrolyte
layers, such as DNA, can be added [88]. Also, polyplexes
have been used as a substrate onto which further layers are
added electrostatically (89]. In this case, the extra PEI layer
increased transfection activity further, presumably because the
increased amount of PEI enabled greater endosomal escape.
A negatively charged poly(acrylic acid) layer was added in
between the PEI layers in order to construct the multilayer
particle. Examples of multilayer coatings are summarized
in Table 2.
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Figure 2. Fabrication of a multilayer particle. Synthesis begins with a charged colloidal substrate. Oppositely charged polyelectrolytes
are added in solution in a cyclic fashion. After the addition of each polyelectrolyte there is a wash and centrifugation step. As a final step,
targeting ligands can be electrostatically added (yellow triangles). The colloidal substrate can be left encapsulated for delivery or can be

chemically degraded and removed to form a hollow core.

5. Multilayer coated non-particulate
substrates for delivery

In addition to particles, other surfaces can also be coated for
controlled release and drug delivery. The sequential addition
of positively and negatively charged polyelectrolytes to form
a multilayered structure is a general approach that can be
applied to diverse fields including optics, separations and drug
delivery [90]. Many different materials can be incorporated into
these multilayers. These multilayers can then also be used as
substrates themselves onto which cells can adhere. Surface-
mediated gene delivery can be useful as a mechanism for
efficient gene transfer and as an enabling technology for tissue
engineering [91]. Growing transfected cells on a surface can
enable soluble drugs to be released, such as proteins, and has
other potential advantages over particulate systems. One such

advantage is spatial control of release of the therapeutic
molecule. Surface-mediated delivery also allows for more
efficient delivery because there is a much higher local con-
centration of drug available to the cells. The reverse system has
also been developed where a live cell can serve as the substrate
for multilayer coating [92,93].

Multilayer electrostatic coatings have been used by research-
ers to tune the release of various biomolecules from substrates.
One common method for fabricating such multilayer surfaces
is an electrostatic-based layer-by-layer approach, as shown
in Figure 4. The first step is to coat a charged substrate
with a layer of oppositely charged polyelectrolytes. The
substrate can range from an inorganic material of any
shape to biological tissue surfaces [94,95]. The substrate is
then washed to remove excess polyelectrolytes. Another layer
of polyelectrolytes is added next, which has an opposite
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Cellular transfection

Figure 3. SiRNA-modified gold-nanoparticles (orange sphere) are electrostatically coated with cationic polymers (PBAEs) to

enhance cell transfection.
Reproduced with permission from [78].

charge to that of the first layer. Once again the surface is
washed to remove the excess. This process cycle can then be
repeated until the desired multilayer structure is achieved.
Many different polyelectrolytes can be used, which gives
flexibility and control over the type of surface and release
characteristics that can be attained. Table 2 summarizes some
of the multilayer structures discussed in this section.

5.1 Controlled delivery by means of multilayer
structures

Drug release from the multilayered surfaces has been
achieved by different mechanisms. Polyelectrolyte layers
that are hydrolytically degradable allow for controlled release
in aqueous environments, such as in the body [96]. Therapeutic
polysaccharides, such as heparin, have been used for negatively
charged layers, along with poly(beta-amino esters) as positively
charged layers. PBAE hydrolysis rate is dependent on the
pH of the solution, and this controls the degradation of
PBAE-based multilayers. With this system, drugs are released
more slowly at lower pH solutions, as expected. Other
hydrolytically degradable polymers can be used in similar
systems. Wood er al. showed that rather than relying on
hydrolytic degradation, these multilayer films can have
triggered release based on an applied voltage [97]. The key
development was using Prussian blue, a non-toxic FDA-
approved material, to assemble the films. Electric current
can similarly tune release of encapsulated insulin from hydro-
gen-bonded gels composed of poly(ethyloxazoline) and poly
(acrylic acid) multilayers [9s].

Multilayer structures that show pH-dependent swelling
have also been designed [99). PH-dependent swelling was
achieved by using a combination of polyelectrolyte layers,
one of which contains pH-responsive functional groups and
the other which has hydrophobic domains. The swelling
behavior allows for encapsulation of various drug delivery
cargos and release that is highly tuned to environmental
stimuli. Polypeptides can also be used to construct similar
multilayer films, including those with pH-responsive triggered
release [100). Loading of the layers with a drug is a function of
solution pH and by varying the polypeptide polyelectrolyte
layer composition one can tune pH-triggered response of
the multilayer.

These methods can be extended for the controlled release of
multiple drugs from one film [101,102]. In one example, a
hydrolytically degradable layer is used to control the overall
release profile of a therapeutic polysaccharide and small
hydrophobic molecule. In this case, one of the drugs (the
polysaccharide) also serves a structural role as a polyelectrolyte
that composes the multilayer. The other drug is encapsulated
in polymeric micelles that are incorporated within the multi-
layer. The two delivered drugs can act synergistically to
improve therapeutic activity [102]. This approach could be
extended for multi-stage gene delivery. For multi-drug release,
it is important to control interlayer diffusion. One such
strategy is to add covalently crosslinked barriers between
the two main polyelectrolyte layers [101]. The crosslinked
barriers are also polyelectrolyte layers so they can be seamlessly
added during multilayer fabrication. Researchers found that
one bilayer of crosslinked barrier is sufficient to block inter-
layer diffusion. However, the base layers underneath the
barrier influence how well the barrier blocked diffusion.

A spray method can be used instead of the dip method
to apply each polyelectrolyte layer in order to decrease
processing time. Spraying can also be used to introduce
asymmetry into multilayers, which can be useful for drug
delivery and other applications such as purification or
biocatalytic membranes [103). The spraying method is based
on electrospinning technology, which involves the use of an
applied voltage between the polyelectrolyte solution and
surface to create a micrometer- or nanometer-sized fiber
deposited onto the surface.

5.2 Delivery of DNA by means of multilayer structures
These multilayer structures can be useful for gene delivery in
particular, where DNA acts as both one of the negatively
charged polyelectrolyte structural layers and the drug
of interest. For example, Zhang ¢t al. showed release of
functional DNA from multilayered films [104]. In this study,
the addition of an extra gene delivery agent (Lipofectamine)
was required to permit intracellular delivery of the released
DNA into mammalian cells, but this work demonstrated that
the multilayer could serve as a DNA transfection reservoir.
Building on this result, Jewell e# a/. showed that PBAE/DNA
multilayers could degrade into PBAE/DNA-associated
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Figure 4. Multilayered coatings can be added to structures
such as glass slides, stents and organic tissues. In each case, an
oppositely charged polyelectrolyte is added to a charged surface
followed by a wash step to remove excess polyelectrolyte. The next
layer of oppositely charged polyelectrolytes can then be added and
this cycle can be repeated as needed.

complexes that enable gene delivery at areas physically close to
the multilayer coatings [105]. Figure 5 demonstrates how this
system can make possible spatial control of gene expression
through quartz slides that were coated with PBAE polymer
and enhanced green fluorescent protein (EGFP) DNA. Gene
expression is high in areas adjacent to the slide surface, but low
in areas further away. In principle, the breakdown products of
the multilayer films themselves could serve as in situ gene
delivery agents. Combinations of multiple biomaterials, each
with specific intracellular gene delivery function (DNA con-
densation, endosomal escape, nuclear import, etc.), may prove
to be the most effective.

DNA and PEI have been used to create multilayer
structures using an electrospun polymeric mesh as a
substrate [106]. Cells were cultured on these multilayered
meshes and transfection was observed. Such a system can
be useful for drug delivery and tissue engineering applications.
Using a bioreducible polyelectrolyte provides another
method for controlled delivery [107]. Disulfide bonds within
a poly(amido amine) polymer enable degradation in the
presence of a reducing environment. Alternating layers of
the cationic polymer and plasmid DNA were deposited on
a stainless steel mesh, which is a similar system to a stent.
Increased and longer lasting transfection was observed as
compared with the non-reducible controls. The release and
gene expression of this system over 12 days is shown
in Figure 6. The authors hypothesized that the plasma
membrane might provide a reducing environment, so that
polymer degradation can take place on interaction with the
cell surface. Significant gene expression was achieved in both
fibroblasts (NIH-3T3) and smooth muscle cells (SMC).

Another method of delivery is the incorporation of pre-
formed DNA nanoparticles embedded into a layer-by-layer
structure [108]. In one study, poly(L-lysine) and hyaluronic
acid were used as the positively and negatively charged
polyelectrolyte layers, respectively. Plasmid DNA was com-
plexed with various formulations of PLL and cyclodextrin.
This combination approach, a multilayer structure embed-
ded with DNA complexes, allows for both tunable release
of the complexes and improved protection/uptake of the
pre-formed nanoparticles.

6. Conclusion

Electrostatic coatings are useful to modify the surfaces of
particles and substrates for gene delivery. In the case of
particles, these coatings can improve multiple steps of delivery,
including improved serum resistance, cell targeting, cellular
uptake, endosomal escape, controlled release and reduced
toxicity. In the case of substrates, these electrostatic modifica-
tions can enable spatial and temporal control of release. These
methods can also be used to facilitate triggered release from
either environmental cues (pH) or an external source (electric
field). Electrostatically adsorbed multilayers permit the crea-
tion of more complicated structures such as hollow capsules
and surfaces that can release multiple therapeutic components
over differing timescales. As these coatings and films can be
constructed using a wide array of biomaterials and gentle
processing conditions, they can have widespread applications
to drug delivery and tissue engineering.

7. Expert opinion

Physical and chemical properties of particles and substrates
can be controlled through the modification of their surfaces
with polyelectrolytes. These modifications are especially
promising to the fields of drug and gene delivery. A major
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Figure 5. Fluorescence microscopy image showing localized
transfection of COS-7 cells. The white lines show the approxi-
mate boundary between targeted and non-targeted delivery areas.
The targeted areas are the quartz substrate functionalized with
multilayered films of a PBAE polymer (seen in Figure 1) and pEGFP.
Reproduced with permission from [105].

strength of this approach is its suitability for a wide range of
biomaterials, including peptides, sugars, polymers and nucleic
acids. Indeed, any macromolecule with a multivalent charge is
amenable to this technology.

In some applications, coated nanoparticles were utilized for
enhanced intracellular delivery. Specific intracellular delivery
bottlenecks improved through electrostatic biomaterial coat-
ings include cell targeting, cellular uptake and endosomal
escape. This work can be extended to include coatings with
moieties for active transport through the cell, nuclear uptake,
and other intracellular functions. Multilayered particles could
be constructed that contain specialized biomaterials for each
layer rather than the same two alternating layers throughout
the coating. These customized layers could allow enhanced
intracellular delivery or more precise multi-drug release.

One natural extension of this work, and something that is
already appearing in the literature (109,110}, is the use of nucleic
acids other than DNA. Small interfering RNA (siRNA),
isRNA, miRNA, small activating RNA (saRNA) and antigene
RNA (agRNA) are all examples of nucleic acids that would be
very promising for both encapsulated cargos and coatings for
particles and surfaces. There are many applications of this
technology, including cancer therapy [56] and targeting [111]. In
addition, these materials can be used for immunotherapy
and as vaccines, enabling controlled delivery of the
immune-stimulating molecules [112,113]. In another application,

Shmueli, Anderson & Green

multiple combinations of nucleic acids within the same particle
may be especially interesting in creating new tools for efficient
non-viral reprogramming of differentiated cells to induced
pluripotent stem cells [114].

Encapsulation of cells within polyelectrolytes may enable
protection and control of the cells. For example, a cell could
be engineered to have a particular affinity for another cell or
biomacromolecule through its electrostatic coatings. Such
cells could potentially make possible increased cell—cell
interactions in the formation of engineered tissues, new
mechanisms for the recognition of pathogens, or aid in
wound healing. In the case of stem cell engineering, such
an approach may enable the controlled differentiation and/or
reprogramming of the encapsulated cells within the multi-
layer coating. This approach could be useful for tissue
engineering and regenerative medicine.

Multilayer films could also be designed not only for how
they behave as films, but also for how their breakdown
products behave. For example, polyelectrolyte layers of the
film could be therapeutics themselves or be prodrugs that
degrade into therapeutic molecules. They could also form
in situ particles or structures that then have functionality
even after the multilayer degrades (such as self-assembly into
targeted nanoparticles). These coatings and films could also
be used to coat virtually any device, including stents and
stent-like devices.

These biomaterials and approaches can also be utilized
to combine drug delivery with imaging to create new
theranostics and multifunctional nanomedicines [115]. With
such a system, one could visualize the spatial and temporal
delivery of the therapeutic agent. It could also be used to tune
ligand coatings or stimuli-responsive coatings for improved
in vivo function. Putting these two elements together, a
triggered diagnostic signal and drug release profile could
be engineered to occur in the presence of a target compound
or environment.

Although this technology is promising and there are
many interesting applications, challenges remain before
there can be broad clinical application. Ensuring safety is
critical and may be a challenge as the fields of gene therapy
and nanotechnology have already had their share of safety-
related setbacks. One way that electrostatically coated nano-
particles can improve safety is through specific targeting. By
targeting certain tissues or aberrant cells (cancer) with
increased specificity compared with uncoated non-viral
particles or with viral particles, off-target serious adverse
events can be reduced. Proper coatings can also facilitate
long circulation times and increased efficacy with a lower
dose of active drug, further increasing safety. Biodegradable
and biocompatible materials, such as many of the polymeric
materials discussed, are key to minimizing toxicity. In the
case of gene therapy clinical trials, it is important that the
DNA itself is also designed with safety in mind so that it is
maximally effective and minimally immunogenic. One way
to achieve this is by the elimination of toll-like receptor
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Figure 6. Cumulative transfection of NIH-3T3 (A) and SMC (B) cells with SEAP-DNA (secreted alkaline phosphatase based
luminescence). Three surfaces were used: stainless steel mesh coated with DNA/reducible polymer multilayer (l), DNA/PEI multilayer ()

and control non-coated mesh (A).
Reproduced with permission from [107].

signaling CpG motifs in the DNA vector backbone or
through utilization of a minicircle DNA vector free of
bacterial backbone elements. Choosing the appropriate bio-
materials, animal models and manufacturing procedures will
all be crucial as well. Nonetheless, given the versatile and
powerful approach of electrostatic coatings and muldilayers,
including increasing spatial and temporal precision, many new

therapeutics and diagnostics based on this technology will
probably appear in the future.
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