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Multiple extra- and intracellular obstacles, including low stability in blood, poor cellular uptake, and ineffi-
cient endosomal escape and disassembly in the cytoplasm, have to be overcome in order to deliver nucleic
acids for gene therapy. This review introduces the recent advances in tackling the key challenges in achieving
efficient, targeted, and safe nonviral gene delivery using various nucleic acid-containing nanomaterials that
are designed to respond to various extra- and intracellular biological stimuli (e.g., pH, redox potential, and
enzyme) as well as external artificial triggers (e.g., light and ultrasound). Gene delivery in combination
with molecular imaging and targeting enables diagnostic assessment, treatment monitoring and quantifica-
tion of efficiency, and confirmation of cure, thus fulfilling the great promise of efficient and personalized
medicine. Nanomaterials platform for combined imaging and gene therapy, nanotheragnostics, using
stimuli-responsive materials is also highlighted in this review. It is clear that developing novel multifunc-
tional nonviral vectors, which transform their physico-chemical properties in response to various stimuli in
a timely and spatially controlled manner, is highly desired to translate the promise of gene therapy for the
clinical success.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Achievingmultiple key milestones in gene delivery, including high
gene transfer efficiency, cell targeting specificity, facile regulation of
gene expression, and acceptable vector safety is indispensible for re-
alizing the promise of gene therapy [1]. The safety concerns (e.g., im-
munogenicity and mutagenesis) of engineered viruses, which were
the first type of gene carriers to meet these challenges, have motivat-
ed the exploration for safer nonviral alternatives utilizing lipids and
polymers [2,3]. Nonviral gene delivery systems offer molecular tun-
ability of their physico-chemical properties, stability for long-term
storage and reconstitution, and unlimited capacity of delivered gene
sizes [4,5]. As a result, clinical attempts to treat inherited and ac-
quired human diseases using nonviral vectors have been increasing
[4].

Pharmacokinetic properties (e.g., distribution, circulation, and clear-
ance) and gene transfer conditions (e.g., nucleic acid concentration,
presence of serum, transfection time, and post-transfection time for
gene expression) concomitantly affect the gene delivery efficiency of
both viral and nonviral vectors [6,7]. Viruses have evolved to obtain op-
timized receptor-mediated internalization, efficient cytosolic release,

directed and fast intracellular transport toward target compartments,
and readily disassembly. In contrast, nonviral vectors must overcome
multiple extracellular and intracellular barriers: 1) adhesion on the
cell surface, 2) cellular entry (internalization), 3) escape from the endo-
some (cytosolic release), and 4) release of the nucleic acids into their in-
tracellular target sites, mainly mimicking viruses [8,9]. According to the
studies over last few decades, it is clear that a number of design factors
for nonviral vectors, including size, surface charge and chemistry,
chemical components, degradability, and, most notably, stimuli-
responsiveness, comprehensively affect cellular uptake pathways and
intracellular trafficking of nucleic acids, hence, determine gene delivery
efficiency [10,11]. Nonviral vectors transforming their physico-
chemical properties in response to various extra- and intracellular stim-
uli can achieve increased gene delivery efficiency by stimuli-triggered
cellular uptake, endosomal escape and cytosolic release, and release of
their payloads at the target intracellular locations (Fig. 1). Examples of
the most widely utilized extra- and intracellular stimuli in nonviral
gene delivery include pH, redox potential, temperature, and enzyme
[12–14]. In addition to intrinsically occurring biological stimuli, artificial
stimuli (e.g., light, ultrasound, and magnetic field) have also been
employed to externally trigger key nonviral gene delivery pathways

Fig. 1. Various stimuli-responsive approaches to overcoming multi-dimensional (extra- and intracellular) barriers in nonviral gene delivery.
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