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concerns stemming from their immunogenicity and
toxicity (Check 2003; Williams & Baum 2003; Cavaz-
zana-Calvo et al. 2004; Kaiser 2004). Limitations of cell
mitosis for retrovirus, contamination of adenovirus and
packaging constraints of adeno-associated virus also
lessen their appeal. Non-viral vectors composed of cat-
ionic polymers, lipids and peptides able to form ionic
complexes with DNA currently achieve lower and transi-
ent transgene expression levels, but possess the potential
advantages of unrestricted DNA cargo size, ease of syn-
thesis, low immunogenicity and potential for repeated
administration. They can also address many pharma-
ceutical considerations better than viral vectors, such
as scale-up, storage stability and quality control. Still,
non-viral gene delivery remains prohibitively inefficient
for most therapeutic applications. Development of safe
and effective non-viral gene carriers is critical to the
eventual success of gene therapy.

Polycationic polymers have been extensively
investigated as gene-delivery vectors because of their
versatility. They are able to interact electrostatically
with negatively charged nucleic acids to form stable
particles, termed polyplexes, with diameters of the
order of nanometres. Physical properties of polymers
such as rigidity, hydrophilicity, charge density, biode-
gradability and molecular weight can be tuned to
modulate gene-delivery properties such as DNA bind-
ing, colloidal stability of ionic complexes, endosomal
escape, vector unpacking, cytotoxicity and transfection
efficiency. Also, it is likely that for different target
cells and tissues, or different routes of administration,
the optimal characteristics of the DNA —polymer nano-
particles would differ. For gene therapy to advance,
rational design of gene-delivery vectors able to address
the individual rate-limiting steps identified along the
gene-delivery pathway is necessary. These steps include
cellular localization and binding, internalization, sub-
cellular trafficking, endosomal escape, unpacking and
release and nuclear translocation (figure 1). Each
must be studied individually and in concert, as changes
in the structure of a polymeric vector designed to
increase unpacking could adversely influence its behav-
iour during another step up- or downstream. Without
considering each step independently and systematically,
advances will remain phenomenological and stochastic.
Once each step is understood, the knowledge can be
integrated towards the rational design of polymeric
gene carriers that address multiple barriers.

There are many excellent reviews covering all the
barriers to non-viral gene delivery (Pack et al. 2005;
Read et al. 2005; Wong et al. 2007). This review
attempts to focus on one particular aspect, namely
the conflicting requirement of protection and release
of DNA. One crux of the non-viral gene-delivery path-
way is the release of intact nucleic acids from the
polymer into the cytoplasm or nucleus of a target cell.
If release occurs too slowly or not at all, the DNA will
not be accessible to the transcriptional machinery and
will eventually be lost or diluted out by processes
including exocytosis and mitosis. If release occurs
too readily, or if the polyplex is not compact enough
to resist enzyme penetration, the DNA is susceptible
to degradation prior to reaching the nucleus. Various
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vector design strategies have been tried to achieve release
at the right time and place. So far, the competing
functionalities of protection and efficient release have
proved difficult to engineer into polymeric gene carriers.
Fortunately, recent advances in imaging modalities,
microscopy and complex tissue models have begun to
help elucidate the barriers encountered by a polyplex
on the path to transfection. Both live and fixed cell ima-
ging have advanced such that single particles can be
tracked intracellularly in the spatio-temporal domain.
Polyplexes can be tagged and tracked to determine
their uptake kinetics and subcellular localization at
specific time points, as well as their dissociation status.
The ability to resolve structure—function relationships
at the subcellular, single-particle level provides valuable
information for the rational design of the next generation
of polymeric gene carriers. This review examines the cur-
rent rational design strategies to effect appropriate DNA
release at the optimal time and place while maintaining
adequate DNA protection, as well as the most important
imaging techniques and engineering tools that allow for
the characterization and evaluation of these gene car-
riers. Systematic studies using state-of-the-art imaging
techniques and models will enable the rational design
of polymeric gene carriers that address the tradeoff
between protection and efficient release of DNA, helping
to close the gap between engineering phenomena and
therapeutic success.

2. RELEASE AS A RATE-LIMITING
BARRIER

It is intuitive that polyplexes must dissociate in order for
the bound DNA to be processed within a target cell.
Early computational models of non-viral gene delivery
using an integrative systems approach identified the effi-
cient release of DNA from its carrier as a critical step in
the transfection process. A first-order mass-action
model predicted a biphasic dependence of transgene
expression on the rate of vector unpacking, which was
validated with in vitro transfection data (Varga et al.
2001). An optimal intermediate value for the release
rate constant was computed when the model was popu-
lated with values for polylysine gene carriers taken
from the literature. The model predicted a dissociation
threshold rate constant of 10~ min~', above which
transfection efficiency is significantly increased. A more
recent and comprehensive model arrived at the same con-
clusion (Dinh et al. 2007). Some of the data used to create
the model were borrowed from an earlier report that pro-
posed vector unpacking as a potential rate-limiting
barrier to non-viral gene delivery. In that study, Schaffer
et al. (2000) found that fluorescently labelled 180-residue
polylysine (MW approx. 28 kDa) remained colocalized
with plasmid DNA in the nucleus and perinuclear
region of transfected fibroblasts. In contrast, 36- and
19-residue polylysines delivered free plasmid to the
nucleus. In vitro transcription assays showed that the
shorter polycations freed plasmid more readily for tran-
scription, and cell transfection studies showed that the
intermediate polymer length resulted in the highest trans-
gene expression levels. The authors explained that
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