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Abstract: Within the different applications of nanomedicine currently being developed, nanogene delivery 
is appearing as an exciting new technique with the possibility to overcome recognised hurdles and fulfill 
several biological and medical needs. The central component of all delivery systems is the requirement for 
the delivery of genetic material into cells, and for them to eventually reside in the nucleus where their 
desired function will be exposed. However, genetic material does not passively enter cells; thus, a delivery 
system is necessary. The emerging field of nano-gene delivery exploits the use of new materials and the 
properties that arise at the nanometre-scale to produce delivery vectors that can effectively deliver genetic 
material into a variety of different types of cells. The novel physicochemical properties of the new delivery 
vectors can be used to address the current challenges existing in nucleic acid delivery in vitro and in vivo. 
While there is a growing interest in nanostructure-based gene delivery, the field is still in its infancy, and 
there is yet much to discover about nanostructures and their physicochemical properties in a biological 
context.   
We carried out an organised and focused search of bibliographic databases. Our results suggest that despite 
new breakthroughs in nanostructure synthesis and advanced characterization techniques, we still face 
many barriers in producing highly efficient and non-toxic delivery systems. In this review, we overview 
the types of systems currently used for clinical and biomedical research applications along with their 
advantages and disadvantages, as well as discussing barriers that arise from nano-scale interactions with 
biological material.  

In conclusion, we hope that by bringing the far reaching multidisciplinary nature of nano-gene delivery 
to light, new targeted nanotechnology-bases strategies are developed to overcome the major challenges 
covered in this review.  

medicine, nanomedicine.  

1. INTRODUCTION  

During the delivery of DNA or RNA, foreign genetic 
material is transferred intracellularly into target cells where it 
elicits a desired function. Delivery systems involve the use of 
either membrane-disruption or membrane-penetration in 
order to achieve delivery. Membrane-disruption involves 
induction of membrane permeabilization and the generation 
of gaps of sufficient size to allow passive passage through the 
mem-  
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brane to the cytosol. Membrane-disruption systems are 
primarily physical, (Physical Systems) which induce transient 

discontinuities in the plasma membrane via mechanical, 
electrical, thermal, or optical means. These approaches can be 
thought of as permeabilization or uncoupled delivery systems. 
Alternatively, membranepenetration or coupled delivery 
systems (Biological and Chemical Systems) employ solid 
carriers to concurrently penetrate the membrane and introduce 
genetic material. Carrier-based approaches are comprised of 
viral and chemical systems, both of which have dimensions 
comparable to the molecular nano-scale of the components of 
target cells. Compared to viral vectors, nonviral gene delivery 
vectors are characterized by having low intrinsic 
immunogenicity, which is important for preventing a severe 
immune response in a clinical setting. In addition, nonviral 
vectors provide higher loading capacity and ease of 
fabrication [1,2].  

Nanotechnology-based gene delivery is the division of 
nanomedicine concerned with the synthesis, characterization, 
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and functionalization of nanomaterials for their use in 
targeted-gene delivery applications [1]. The field of 
nanotechnology has been active since before the year 2000, 
however it is only in the last few years that publications have 
begun appearing demonstrating the practical application of 
this technology showing results for both drug and gene 
delivery systems (Fig. 1). Significant progress in 
Nanotechnology and its application for drug and/or gene 
delivery has been made as a result of the converging efforts 
from different scientific disciplines (Fig. 2). Nanoparticles, 
the building blocks of nanotechnology, have been broadly 
defined as having at least one dimension at 100 nm or less. 
For biomedical applications, this definition has been 
expanded to include particles greater than 100 nm, such as 
liposomes, in order to encompass particle sizes that take 
advantage of anatomical considerations, such as vascular gaps 
surrounding tumours [3-5].   

Nanoparticles are solid structures prepared from natural or 
synthetic materials which are considered as good candidates 
as scaffolds for gene delivery systems for the following 
reasons: (1) they exist with a size comparable to cellular 
components such as proteins, lipids, and nucleic acids; (2) 
they have large surface to volume ratios which allow for the 
ability to have large numbers of surface functional groups; (3) 
they possess the ability for controllable absorption and release 
of small molecules and organic molecules; (4) nano-scale 
allows scientists to not only work at ever smaller dimensions 
but also utilize the unique physical, chemical, mechanical, and 
optical properties of materials that naturally occur at that the 
nano-scale. Nanoparticles, such as the quantum dots, gold 
nanoparticles and carbon nanotubes are particles generated to 
exploit the size-related properties inherent in the nano-scale 
(e.g.  
conductivity, spectral properties, bio-distribution) [4,6].  

Until now, intracellular-delivery methods are typically not 
high-throughput, do not consistently disrupt cells, cause 
significant cellular injury and death, and are not very effective 
when delivering large or charged particles, such as DNA [7]. 
There are also a series of significant challenges which require 
overcoming, especial in a clinical setting, when considering 
the development of new delivery systems for genetic material.  

These include synthesis, comparability and stability with 
extracellular compartments, transport and targeting, 
intracellular trafficking and final delivery to the point of 
action.  

This review article gives an overview of current gene 
delivery systems, including physical, chemical, and 
biological. We describe recent advances with nanoscale 
delivery systems based on lipids, polyplexes, and other 
inorganic nanoparticles, as well as discussing emerging 
properties of nano-scale materials. Finally, we discuss the 
recognised challenges and current attempts to overcome and 
how novel combinations of approaches and materials may 
help to solve them.  

2. NANO-GENE DELIVERY SYSTEMS   

Nano-gene delivery systems take advantage of a host of 
different methods and delivery vectors to deliver genetic 
material into target cells. To be able to better understand the 
hurdles associated with the current generation of delivery 
systems as well as understand how to better improve them, it 
is necessary to first give a concise overview of the current 
delivery systems.   

Gene delivery systems can broadly be split into those 
which are viral based, and those which are not (Table 1). Viral 
systems as the name suggests are ones which co-opt naturally 
occurring viruses such as lentivirus and adeno-associated 
virus for delivery of genetic material. The non-viral systems 
can be subdivided into physical systems (such as 
electroporation) and chemical systems, these, can be further 
separated into organic nano systems (e.g. polyplexes) and 
inorganic nano systems (e.g. gold nanoparticles).  

Among the presented delivery methods, there are several 
ways to classify them. Viral and chemical systems, 
particularly organic ones, can be classified as nanoparticles 
due to their nano-scale size. However, despite being nano-
scale the majority of the established systems do not benefit 
from the emergent nanoproperties which are present within 
the inorganic nano systems. For the purpose of this review 
organic and inorganic chemical systems but not viral systems 
will be considered as nano-gene delivery systems Table 1.  

2.1. Physical Delivery Systems  

The first delivery systems we will discuss are the non-nano 
physical systems. These systems take advantage of various 
physical properties for driving the entry of genetic material 
into cells. With genetic material in close proximity to cells, 
the plasma membrane is dis- 
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Fig. (1). Nanotechnology, Nanoparticles, drug delivery and gene delivery number of Publications per Year in the SCI 2000-2016. Data 
generated from Web of Science, an online search. Using a “title-abstract” search in SCI database for nanotechnology by keywords A-Analysis: 
document types: (article) 19,861 records. TOPIC: (Nanotechnology). Refined by: document types: (article) and topic: (nanoparticles) timespan: 
2000-2016, 17441 records Refined by: document types: (article) and topic: (drug delivery) timespan: 2000-2016. 2734 records C-Refined by: 
document types: (article) and topic: (gene delivery) timespan: 2000-2016. 639 records indexes: sci-expanded, ssci, a&hci, cpci-s, cpci-ssh, bkci-
s, bkci-ssh, esci, ccr-expanded, ic.  

  
Fig. (2). Major Nanotechnology Research areas based on number of publications in the SCI 2000-2016. Data was generated from an online 
search in the Web of Science using a “title-abstract” search in SCI database for nanotechnology by keywords A-Analysis: document types: 
(article) and topic: (nanotechnology)19,861 records. B-Refined by: document types: (article) and topic: (nanoparticles) timespan: 2000-2016, 
17441 records. C-Refined by: document types: (article) and topic: (drug delivery) timespan: 2000-2016, 2734records. D- Refined by: document 
types: (article) and topic: (gene delivery) timespan: 2000-2016, 639records. indexes: sci-expanded, ssci, a&hci, cpci-s, cpci-ssh, bkci-s, bkci-
ssh, esci, ccr-expanded, ic.  
Table 1. Classification of current delivery systems covered in this review: Physical Systems, Chemical Systems and Biological Systems. 

Nano-gene delivery systems are included on Chemical Systems blue box.   
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 Non-Viral Gene Delivery Systems  Viral Gene Delivery Systems  

 Physical Systems  Chemical Systems  Biological Systems  

•  
•  

•  
•  

•  

•  
•  

Electroporation  
Sonoporation  
Magnetofection  
Hydrodynamic gene transfer  
Particle bombardment  
Needle injection  
Heat-shock transformation.  

Organic Nano Systems  

• Polyplexes  

• Lipolexes and LPD particles  
Inorganic Nano Systems  

• Gold nanoparticles (AuNPs)  

• Magnetic Nanoparticles  

• Carbon Nanotubes (CNTs)  

• Quantum Dots (QDs)  

• Silica nanoparticles  

• Upconversion nanoparticles (UCNs)  

Viral Systems  

• Lentivirus  

• Adeno-associated virus (AAV)  

• Adenovirus  

• Retrovirus  

• Vaccinia Virus  

• Poxvirus  

  

rupted while concurrently allowing for the migration of the 
genetic material into the cell’s cytosol. The most commonly 
used physical methods include the use of electric fields, sound 
waves, magnetic fields, high speed large volume delivery, 
direct high velocity force, direct injections, and heat shock.   

The first two of these methods, which use controlled 
induction of electric fields and of ultrasound waves, are used 
for electroporation and sonoporation. Both of these are similar 
in that they produce transient membrane disruption and 
permeabilization to allow genetic material entry into the cell 
[8-10]. The next method makes use of magnetic fields and is 
the basis of magnetofection. This method involves combining 
genetic material and magnetic particles, which, through the 
presence of a magnetic field draws the complexes towards the 
target cells [11,12]. There is also the use of more directed 
systems. High velocity particles for direct force delivery of 
genetic material to target cells is one such system [13]. This 
involves the coating of small metallic particles with genetic 
material which are fired at high velocity towards the target 
cells, these particles then break their way into the cells where 
the genetic material is released. The second direct method is 
needle injection, of which there are two scales, larger volume 
directed injection of a genetic material containing solution 
into tissues and small scale microinjections such as used with 
mouse or xenopus eggs [14,15]. While this approach can be 
efficient for intramuscular delivery, it is less so for other 
tissues and for tumours. Moreover, this approach lacks the 
ability to target specific cell types when used in tissues. The 
last method, heat shock, is frequently used when introducing 
genetic material into bacterial cells which have artificially 
been made competent [16]. Competency is generally achieved 
though exposure of bacterial cells to CaCl2. To introduce 
genetic material cells are mixed with, for example, a plasmid 

which adheres to the bacterial membrane. The heat shock step 
triggers uptake of the genetic material into the bacterial cell.  

These types of delivery systems avoid any possible 
problems with the immune-compatibility and present good 
tolerance from the body due to inherent low levels of toxicity. 
For these reasons, it will be beneficial to develop them further, 
and explore for new physical phenomena that could be 
exploited for gene delivery applications. In contrast to 
physical systems, chemical systems actively carry genetic 
material into their target cells. In order to reach their site of 
action, chemical methods use a carrier or vector which forms 
a complex with the genetic material. This complex provides 
protection for the cargo against nucleases, and helps actively 
gain access to the cytosol. There is a great research effort in 
the development of novel vectors as they can target tissues and 
specific cell types that are unreachable for physical methods.   

2.2. Chemical Delivery Systems  

For the purpose of this review we have broadly separated 
chemical systems, based on their components, into organic 
and inorganic nano systems. These systems have gathered 
incredible interest as they work at the nano-scale, and are safer 
and simpler options than viral vectors with distinct advantages 
such no limitations in transgene size. However, their delivery 
efficiency is low.   

2.3. Organic Nano Systems  

Polyplexes are nanoparticles that are created through 
chemical interactions between genetic material and various 
complexing molecules[17,18]. These molecules are often 
composed of specially designed polymers and cell-penetrating 
peptides, which make use of electrostatic interactions between 
positively charged moieties with negatively charged genetic 
material to induce the formation of nanoparticles[18,19]. The 
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process of complex formation involves pushing the genetic 
material into a state that is as highly condensed as possible. 
The stoichiometry between the carrier’s nitrogen content, the 
source for the majority of the positive charges, and the genetic 
material’s phosphate ratio (N:P) plays an important role 
during the formation of polyplexes[20]. It is also important to 
take into consideration the composition of the medium used, 
as other negatively charged molecules can complete with 
those on the genetic material and adversely affect the ability 
of the polyplexs to form and maintain their integrity. Over 
time and under physiological conditions, polyplexs can 
disassemble releasing their contents, which is necessary for it 
to be functional within the cell. However, polyplex 
disassembly can also occur before it reaches the cell’s cytosol, 
resulting in release and subsequent degradation of its contents 
in the medium[21]. Cationic particles have been used which 
reduced spontaneous disassembly, however, they can form 
aggregates after exposure to salts and biomolecules lowering 
their efficiency, extensive research is currently being 
undertaken to prevent this aggregation[22-24].   

Lipoplexes and LPD nanoparticles are delivery vectors 
produced by taking advantage of the selfassembling properties 
of amphipathic lipids and liposomes into large supramolecular 
assemblies[17]. When the assembly is allowed to proceed in 
the presence of negatively charged nucleic acids, they become 
protected by being enveloped and located between the 
different cationic lipid layers within multi-layer lipid 
polyplexs. Depending on the original structure of the 
monomers, various final structures can be built, for instance 
DOPE forms an inverted Hexagonal HII phase structure[17]. 
Lipid nanoparticles are produced in mixtures where the ratio 
of lipid per weight of genetic material is important for optimal 
delivery vector production. LPD differ from lipoplexes in 
terms of the physical state of the genetic material loaded 
within them, as it is condensed with polycations prior to 
encapsulation.   

There are similar challenges when using these organic 
systems. Polyplexes, lipoplexes, and LPDs are all prone to 
aggregation in biological fluids over time, significantly 
reducing the time they are fully active. The grafting of 
hydrophilic polymers, such as polyethylene glycol (PEG) or 
poly ethyl ethylene phosphate (PEEP), to the surface of the 
nanoparticles is one avenue which has been explored to 
increase the duration their stability[23,25]. The nanoparticle’s 
surface can also be functionalized with targeting moieties for 
improved pharmacokinetic properties. These organic nano 
systems have already proven their flexibility and clinical 
suitability, with lipoplexes and LPDs being used for the 
successful in vivo delivery of siRNA, RNA vaccines, and 
plasmid DNA which makes them attractive candidate for their 
continued used and development as delivery vectors [26-28]. 
Lipoplexes present low immunogenicity which is an attractive 
feature of their use, however, toxicity has been observed at 
high doses and they poses low transformation efficiency 

which subsequently requires larger amounts being used for 
efficient delivery[29].   

2.4. Inorganic Nano Systems  

Inorganic materials have recently emerged as a robust and 
versatile scaffold for nano-scale structures for use in gene 
delivery systems. These nanostructures are unique within the 
delivery systems we mention as they are generated from 
materials that at the nano-scale (3100 nm) have new 
physicochemical properties.   

It is in part due to these properties that inorganic 
nanoparticles are exciting candidates for the basis of gene 
delivery systems. These materials have also been 
demonstrated to have low inherent toxicity, are available in a 
wide range of sizes and shapes, and offer the possibility for 
real-time tracking by various spectroscopic techniques. 
Inorganic nanoparticles also offer an appealing set of 
properties for practical applications including scalability in 
synthesis, facile functionalization, chemical and thermal 
stability[30].   

There are three different strategies being employed for 
using inorganic nanoparticles as gene delivery vectors. The 
first is the use of positively charged inorganic nanoparticles to 
form complexes with negatively charged genetic material. 
The second strategy involves the direct conjugation of genetic 
material onto the inorganic nanoparticles via the use of a 
linker. And the third strategy involves the use of cationic 
amphiphilic polymers grown from the surface of the 
nanoparticles to help the formation complexes between 
inorganic nanoparticles and genetic material. Gold 
nanoparticles, magnetic nanoparticles, carbon nanotubes, 
quantum dots and silica nanoparticles are the most commonly 
used in these strategies[31].  

The use of nanoparticle systems confers several 
advantages such as short time of transfection, easy 
preparation, wide availability, rich functionality, high 
transfection efficiency, potential capability for targeted 
delivery and controlled release of the genetic material cargo. 
Although most of them are instable, toxic and non-
biocompatible [6,32].  

Gold nanoparticles (AuNPs) are highly versatile like all 
metallic nanoparticles. It has been shown that metallic 
nanoparticles are able to link with different type of molecules, 
including different types of polymers and genetic material 
such as oligos, siRNA, and plasmid DNA. Therefore they are 
good potential delivery systems with useful properties that 
rise from this particular metal[33].  

 Gold nanoparticles are currently the most widely used 
variety of inorganic nanoparticle. This is due to their 
versatility, in being able to be produced within a defined range 
of nanometre sizes and shapes, their photonic properties, 
highly tuneable surface chemistry, high biocompatibility, ease 
of synthesis, well-defined surface chemistry, and facile 
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molecular imaging by FRET. Gold nanoparticles can be 
functionalized easily with positive charges molecules such as 
amino acids, cationic peptides, and amine-containing 
molecules. These positively charged molecules act as a linker 
to improve DNA and RNA binding. Other methods to 
improve binding have explored the gold-thiol chemical bonds 
for conjugation genetic material. However, the major 
drawback of these methods is that the synthesis process 
requires multiple steps to generate surface functionalisation. 
To overcome this problem a controlled synthesis of 
polyethyleneimine (PEI) coated AuNPs (AuPEI-NPs) was 
achieved for siRNA  
delivery[34]. It has been found that in the case of AuPEI-NPs 
as a transfection vector, the smaller the size of the nanoparticle 
the lower the agglomeration state inside the cell and the faster 
endosomal escape is. While spherical nanoparticles generally 
exhibit poor performance as delivery vectors, nanorods have 
been found to be a more efficient vector. Understanding the 
beneficial properties of different nanoparticle sizes and 
morphology is a challenge that needs to be explored in order 
to design and generate the most effective delivery system. 
Currently, several studies are investigating different AuNPs 
functionalization strategies in order to improve the delivery 
efficiency of genetic material[31].   

Magnetic Nanoparticles (MNPs) such as those made 
with a magnetic iron (II, III) oxide (Fe3O4) core which is 
coated with a biocompatible layer and superparamagnetic iron 
oxide nanoparticles are commercially available. MNPs have 
been studied as potential delivery vectors for genetic material 
due to their small size which is capable of penetrating into 
cells and also because these nanoparticles can be used with 
high precision by the use of an external magnetic field. 
Superparamagnetic iron oxide nanoparticles (SPION) are 
small synthetic γ-Fe2O3 or Fe3O4 particles with a core size 
of <10 nm with an organic or inorganic coating. The term 
“superparamagnetism” is used to infer an analogy between the 
behaviour of the small magnetic moment of a single 
paramagnetic atom and that of the much larger magnetic 
moment of a nanosized magnetic particle which arises from 
the coupling of many atomic spins. When the magnetic field 
is removed, the nanoparticles do not show magnetic 
interaction; this quality makes them especially useful. 
Particles such as liposomes containing magnetic oxide 
particles in their cavities are called magnetosomes, whereas 
aggregates consisting of organic compounds (dextran, starch, 
etc.) in combination with nano-scale iron oxide particles are 
called superparamagnetic beads or agglomerates[35]. It has 
been described that to avoid potential toxic effects on cells, 
MNPs, can be coated with a shell of a stable and 
biocompatible material such as silica (SiO2)[3639]   

Protocols developing the use of novel magnetic vectors for 
gene delivery use different strategies. One of the most 
successful strategies in terms of enhanced efficiency of gene 
transfer uses the self-assembling properties of nanoparticles 
with viral and non-viral vectors[40]. Also, it has been shown 

that an oscillating magnetic field generated by magnets 
positioned below an in vitro cell culture plate promotes more 
efficient endocytosis via mechanical stimulation[41]. It has 
also been reported the nanoparticles fabrication of magnetic 
biomimetic contrast agents which have a dual function: 
effective for therapeutic gene delivery and magnetic 
detection. These nanoparticles are made of a functionalised 
iron oxide core and the shell can be made of an inert gold layer 
or silica. On top of that, the outmost corona is typically made 
up of targeting ligands attached to the inert metallic 
nanoshell[42].   

Carbon Nanotubes (CNTs) have been widely explored 
for potential biomedical applications since the first 
publication of CNTs in 1991[43]. These nanostructures are 
rolled-up sheets of carbon atoms. Carbon nanotubes can be 
either single-walled (SWCNTs) or multi-walled (MWCNTs), 
each of which is known to have a different electron 
arrangement and as a result, different properties. However, the 
shared unique properties of both types of CNT allow for their 
potential use in various biomedical devices and therapies. 
Some of the most common properties of these materials 
include the ability to absorb near-infra-red light and generate 
heat, the ability to deliver drugs in a cellular environment, 
their light weight, and chemical stability. However, toxicity of 
pure CNTs represents a major challenge for clinical 
application. Despite the drawbacks of in vitro studies, they 
have been invaluable in identifying important toxicity factors, 
such as size, shape, purity, and functionalisation, the latter of 
which can attenuate CNT toxicity. Functionalization of CNTs 
surface can be done by one of two different protocols: by 
oxidation of the CNT in acid conditions and 1,3-dipolar 
cycloaddition reaction obtaining covalently linked 
functionality, or, by hydrophobic stacking between the CNTs 
and another non-polar ring to produce noncovalent 
conjugates. The result is the generation of water soluble CNTs 
that can be used for biomedical applications. Both SWCNTs 
and MWCNTs have also been found to form stable complexes 
with plasmid DNA allowing their potential use as gene 
delivery vectors[31]. Their use in in vitro gene transfer has 
been investigated as CNTs are considered as excellent 
nanomaterials for gene and drug delivery as the offer an 
uptake pathway independent of endocytosis of mammalian 
cells[44].  

Quantum Dots (QDs) are semiconducting particles of 
only a few nanometres in size (radius of 1-20nm). Optical and 
electronic properties at their lower nanoscale size differ from 
those of larger particles. Many types of quantum dots will emit 
light of specific frequencies when electricity or light is applied 
to them. These frequencies can be precisely tuned by changing 
the dots' size, shape or material. For instance, larger QDs 
(radius of 5-6 nm) emit longer wavelengths resulting in 
emission colours such as orange or red. Smaller QDs (radius 
of 2-3 nm) emit shorter wavelengths resulting in colours like 
blue and green, although the specific colours and sizes vary 
depending on the exact composition of the QD[45].   
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The use of QDs as siRNA carries has proven to be one of 
the most efficient method to achieve siRNA delivery. Because 
QDs are luminous they can be used as fluorescent probes for 
living cells, and in vivo cancer targeting and diagnostic[31]. 
Although the cytotoxicity of QDs limits their biological 
application, several potential organic-hybrid modifications 
been reported to overcome this problem[46]. Also, Li et al. 
demonstrated that water-soluble and cysteamine protected 
(CdTe) QDs can form large complexes with plasmid DNA by 
electrostatic attractions which can be used as potential in vitro 
gene delivery vectors[46]. Studies on quantum dot toxicity are 
focused on cadmium containing particles which has yet to be 
demonstrated in animal models after physiologically relevant 
dosing[47]. In cell cultures studies, QD toxicity suggests that 
their toxicity may be derived from multiple factors including 
their physicochemical characteristics and environment. 
Assessing their potential toxicity is complex as these factors 
include properties such as QD size, charge, concentration, 
chemical composition, capping ligands, and also on their 
oxidative, mechanical and photolytic stability[48].   

Silica nanoparticles (SNP) can be found as pure silica, 
organically modified silica, hollow silica nanoparticles, 
nanotubes, and mesoporus silica nanoparticles (MSN). They 
are amenable to diverse polymerisation of, and 
functionalization with various polymers. Their flexible 
hydrophobic and hydrophilic properties make MSN a 
promising material for biomedical applications, such as 
delivering drugs or biological molecules (siRNA or DNA) to 
target cells or tissues. MSN have great accessibility in 
permeable structures for encapsulation of medications and 
genes. MSN have an extensive surface region to stack 
biomacromolecules and they are stable and biocompatible. It 
has been shown that MSN with small a pore size can be 
utilized for plasmid delivery and MSN with positive charges 
on their surface are suitable for siRNA delivery. Different 
functionalization of silica NPs of different morphology, size, 
and shape are currently being tested for potential cytotoxicity 
and gene transfection capabilities. Nanorods of 300nm length 
proved to be the most efficient as gene carrier[31].   

2.5. Biological Delivery Systems: Viral Gene Delivery  

Biological systems are those which involved hijacking of 
naturally occurring viruses for use as delivery vectors. Viral 
vectors are more efficient than non-viral vectors for DNA 
delivery but can present a significant risk to patients when 
used in a clinical setting, while non-viral carriers are 
inherently safer than viral carriers[6].   

Viruses are naturally occurring pathogenic nanoparticles 
that lack the ability to auto-replicate. In order to survive, 
viruses have to find and infect a host, after which it hijacks 
their molecular machinery to replicate. Viruses have 
developed very sophisticated mechanisms to inject their 
genome into target cells. Due to their ability to deliver their 

genome into different cells and tissues, viruses can be seen as 
biological gene delivery vectors.  

The vast diversity of viruses is reflected in the number of 
viruses with different tissue and cell tropism; infection 
mechanisms, toxicity and immunogenicity; genomic 
characteristics, and genetic material fate within the host. For 
example, there is growing interest in researching lentiviruses, 
adenoviruses, adenoassociated viruses, retroviruses, poxvirus, 
and vaccinia virus. This diversity can be exploited to produce 
vital nanoparticles that can specifically deliver, and transfer a 
gene of interest, after they are engineered to overcome their 
toxicity.   

There are currently many clinical trials using viral vectors 
for gene delivery, mostly adenoviruses and retroviruses; 
however, toxicity, and immunogenic issues are challenging 
their success[49]. In this review, we will focus on the two 
most commonly used viral vectors in research and with 
potential for gene delivery clinical applications.   

Lentivirus are retroviruses with the ability to infect 
dividing and non-dividing cells[49]. They exhibit desirable 
traits for gene delivery such as their ability to integrate their 
genome within the host’s chromosomes, preventing the 
transgene dilution after cell division. Lentiviruses are 
enveloped RNA viruses that encapsulate two copies of 
positive RNA within its capsid. The viral genome is retro-
transcribed into DNA by the viral reverse transcriptase and 
integrated in the host genome by an integrase.   

Transforming a lentivirus into a transgene delivery vector 
requires the separation of its viral cycle into two stages: the 
production of the essential proteins for the viral cycle, and the 
transfer of a defective viral vector to the nucleus. Transgene-
containing viral particles have the necessary proteins for wild 
type virus reconstitution removed, and replaced by the gene 
of interest. As the lentiviral vector lacks the necessary proteins 
for assembling the lentiviral particles, they have to be 
provided in trans. This can be accomplished via packaging 
cell lines which stably express the required viral proteins or 
transient transfection with multiple DNA plasmids.   

Lentiviral gene delivery vectors can be engineered to 
target different tissues. The envelope proteins determine the 
tropism of the virus. However, this can be changed by the 
expression of targeting ligands as well as pseudotyping, which 
consists of expressing other viral glycoproteins for altering the 
natural tropism[5052]. For instance, lentiviruses pseudotyped 
with the vesicular stomatitis virus’s glycoprotein  (VSVG)  are 
more stable, and can infect a large range of cell types, as seen 
in robust hematopoietic gene transfer[53,54].   

There are safety concerns with the use of lentiviral 
particles for gene delivery. It is known that they prefer to 
insert into regions of the genome which are actively 
transcribed, favouring regions downstream from regulatory 
sequences[55,56]. To prevent potential genotoxicity from the 
long terminal repeats’ (LTR) enhancer regions self-
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inactivating (SIN) vectors have been developed to prevent 
gene activation downstream the integration site[53]. Other 
approaches to deal with potential genotoxicity are the 
integration-deficient lentiviral vectors, whose integration 
abilities are abolished retaining their genome in episomes[57].  

Adeno-associated virus (AAV) are small, naked, single 
stranded DNA viruses without an associated human disease, 
despite infecting a large portion of the population[58]. These 
25 nm diameter viruses have a genome approximately 5kb in 
size which can be exchanged for a transgene, provided the 
LTRs are preserved. As their name implies, they require the 
presence of a helper virus, normally the adeno viruses, but it 
has been shown that herpesvirus or baculovirus can also play 
this role. Similarly, to lentiviral vectors, there have been 
efforts to avoid using virus coinfections, favouring multiple 
plasmid transfections as production methods. There are many 
AAV serotypes, AAV2 being the most studied. Consequently, 
AAV based vectors can be readily pseudotyped with other 
serotype’s proteins and engineered to increase their tissue 
selectivity[50,52,59,60]  

While viruses are very efficient for gene transfer, their 
repeated clinical use is limited due to their recognition by the 
immune system, transgene size restrictions or methylation-
driven silencing. Complement system can recognise and 
inactivate viruses. For instance lentiviruses are particularly 
sensitive to complement recognition, resulting in loss of 
infectivity[61]. There are less immune-sensitive alternatives 
such as adenoassociated viruses; however, they have a small 
capsid and viral titres drop sharply as the size of the transgene 
increases[58]. Transgene size is extremely limiting due to the 
large size necessary for human genes. Moreover, there are 
advantages to delivering large inserts. For instance, long-term 
transgene expression is close to endogenous levels when the 
whole genomic locus is used[62]. While the ability to 
integrate their genome is valuable, integrations events can 
result in lower expression levels when compared to their 
endogenous versions, due to methylation-driven 
silencing[56]. Viral delivery vectors are promising systems, 
but they are hindered by their immunogenicity, limited 
transgene encapsulation, and toxicity.  

3. CHALLENGES FOR CURRENT NANO-GENE 
DELIVERY SYSTEMS   

There are strengths and weakness to all delivery systems, 
some of the specifics have already been mentioned. However, 
there are also a host of obstacles which all delivery systems 
face and have to be overcome in order to successfully deliver 
genes. Taking these into account when considerations are 
made for designing new or improved delivery systems will be 
key for the development of future delivery systems. Here we 
describe several of gene delivery barriers from synthesis to 
eliciting a function. These challenges also apply to viruses; 
however, we will focus in nano-gene delivery systems.  

3.1. Synthesis  

Nano-gene delivery systems are complex to produce and 
require multiple steps. Depending on the type of vector, they 
face different challenges during production, especially in 
obtaining material at a sufficient scale for use. Scaling-up all 
aspects during production of a completed nano-gene delivery 
system is technically complex and is expensive[63]. New 
synthesis methodologies and strategies need to be devised in 
order to make these systems more accessible by bringing the 
cost down. For example, producing clinical-grade biological 
vectors, such as viruses, is expensive. Similarly, chemical 
methods, particularly inorganic vectors, are only stable at low 
concentrations; thus, large scale/volume nano-gene delivery 
system have to be produced for research or potential clinical 
applications[64,65]. However, manufacturing these vectors is 
not the only synthesis challenge, loading them with high 
efficiency with a gene of interest is not trivial.  

Efficiently introducing nucleic acids into cells using the 
delivery systems discussed above represents a major technical 
challenge. There is a correlation between size and loading 
efficiency, smaller genes more easily loaded and delivered 
than larger genes. However, as mentioned before, human 
genes are large, and this inherently lowers the efficiency with 
which they can be loaded. For example, AAVs have a finite 
genome size they can fit within their capsid, and increasing 
the transgene size beyond its optimal limit is associated with 
a sharp decrease in viral particle production[66]. While 
chemical methods can be loaded with nucleic acids with no 
theoretical size limit, their already low delivery efficiency is 
reduced further with increases in transgene size[67].   

Taking all this into consideration, developing new 
manufacturing methodologies, as well as loading strategies, 
will be crucial for the successful application of nano-gene 
delivery systems in both the bench and the clinic.[63-65,67] 
(Fig. 3.I).  

3.2. Biological Considerations  

Gene delivery systems have to reach their cellular target in 
order to deliver their content, and in doing so they will have 
to interact with many biological macromolecules, as well as 
cellular entities. These interactions arise from the content and 
biological properties of the environment, and the mechanism 
that govern particle recognition, uptake, and once in the 
cytoplasm intracellular trafficking [68]. Understanding these 
phenomena provides insights into the necessary 
considerations required for improving future design and 
formulations of nano-gene delivery systems. We will cover 
the most relevant biological barriers with the greatest impact 
on gene delivery.  

3.2.1. Extracellular Components  

Nanoparticles have a large surface to volume ratio with 
which they can interact with molecules in a solution; these 



Current Challenges with Nano-Gene-Delivery Systems  Current Medicinal Chemistry, 2018, Vol. 25, No. 00    9  

interactions can affect the stability of delivery systems. 
Solutes which come into contact with the nanoparticle’s 
surface experience a vast range of forces associated with the 
physicochemical properties of the particle’s surface [22]. 
Among many things, this can result in the unwanted 
accumulation of biomolecules on the nanoparticle. Proteins in 
solution can screen the nanoparticle’s surface and get 
adsorbed onto the nanoparticle. This phenomenon is known as 
protein corona formation, and it is highly dynamic, by which 
the composition of the protein layers on the nanoparticle 
changes over time. The physicochemical properties of the 
nanostructure and bio-molecules are modulated by the 
biological dispersant (an aqueous solution of biological origin 
in which the nanoparticles are dispersed in solution), which 
will have a great impact on the composition of the corona. 
Solvation forces, Van der Waals interactions, the 
nanoparticle’s and protein’s surface charges are involved in 
the corona formation  
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and dynamics. The nanoparticle decoration with proteins and 
biomolecules provides it with a “biological identity” which 
plays a major role in delivery performance, circulation and 
clearance by the immune system, and toxicity[69]. Moreover, 
these interactions can also trigger the aggregation of the 
nanoparticles, resulting in a physical state vastly different 
from the originally produced monodisperse nanoparticle with 
completely different physicochemical properties and delivery 
fate[24].  

This problem has been routinely tackled by shielding 
nanoparticles with hydrophilic polymers[23,25]. This 
approach increases their stability; however, at the cost of 
reducing the interactions between the nanoparticle and their 
target. Stimulus-responsive surface modifications have been 
created for the purpose of shedding the surface polymer when 
favourable conditions for interaction are met [70,71]. 
Exploring the dynamics of the corona and the effects on 
nanoparticle fate will be crucial for improving nanoparticle 
design (Fig. 3.II).  

3.2.2. Transport  

There are barriers to the use of systemicadministered 
nanoparticles that hinders their stability while circulating to 
finally reach their target tissue. The vascular endothelium is 
comprised of endothelial cells, which tightly adhere to one 
another, forming a difficult to penetrate barrier. For a delivery 
system to be useful in a clinical setting nanoparticles must be 
able to pass, intact, through this endothelial barrier[72]. This 
is challenging as endothelial cells are connected via adherens 
and tight junctions, leaving available only gaps of ~ 3 nm for 
cellular transport[73,74]. Transcytosis through caveolae 
vesicles is an alternative passing route. These trafficking 
vesicles are approximately 70 nm in size; however, they can 
also fuse to form channel-like structures known as Vesiculo-
Vacuolo Organelles (VVO), directly connecting both sides of 
the endothelial cell[75-77]. Not all fenestrations are the same 
size, the Blood-Brain Barrier (BBB) junctions are tighter, as 
small molecules like sucrose are not allowed through; and the 
liver, part of the reticuloendothelial system (RES) contains 
larger ones, resulting in the organ with the highest 
accumulation of nanoparticles[78-80]. Tumours are also 
known to have leaky vasculature with large fenestrations, 
which promotes the accumulation of nanoparticles[81,82]. 
This phenomenon is known as the enhanced permeability and 
retention (EPR) effect. These physical constraints and 
mechanisms would have to be exploited in order to pass 
through the vascular endothelium and our target tissues.  

Along with the problems associated with vascular 
endothelium, phagocytic cells from the RES are responsible 
for nanoparticle clearance from circulation. Kupffer cells 
from the liver sinusoids and splenic macrophages have 
developed highly sophisticated phagocytic abilities that allow 
them to internalize nanoparticles. These cells will need to be 
avoided in order to increase survival time during circulation 
before degradation[80]. Once the vascular endothelium is 

passed, nanoparticles need to diffuse through the Extracellular 
Matrix (ECM) in order to reach their target[83].  

There is an interest in elucidating all parameters that play 
a key role in nanoparticle circulation, and tissue accumulation 
(Fig. 3.III).  

3.2.3. Targeting  

Cellular surface markers are used to identify particular 
cells types of interest for targeting purposes. Depending on the 
nanoparticle’s mode of entry, it would be necessary to target 
receptors that are readily internalized upon targeting ligand-
receptor recognition. Many nanoparticles require endocytosis 
in order to reach the cell’s interior. Ideally, these receptors 
would be exclusive to the target of interest, they would be 
expressed in high enough numbers to ensure the interaction 
between the nanoparticle and the receptor, they will be 
internalized and recycled at a high rate, and they will have 
known high affinity ligands that can be exploited as targeting 
moieties. Unfortunately, no such receptors exist, and, 
generally, there is a trade-off between exclusivity and copy 
number [84].   

Modifying the surface of nanoparticles with antibodies 
against transmembrane proteins on target cells has proven 
effective for enhanced uptake. For instance, lipoplexes and 
LPDs grafted with PEG coronas can increase their interactions 
with cells of interest by functionalizing their surfaces with 
antibodies [67]. This strategy can help them overcome the low 
interaction abilities produced by their PEG coronas. There are 
many other targeting molecules available used for targeting a 
molecular payload, such as aptamers, sugars, small molecules, 
peptides, scFv or DARPins [85-90].  

As discussed above, it is challenging to identify surface 
markers that are exclusive; thus, functionalizing nanoparticles 
with targeting ligands will not result in total accumulation in 
the targeted site. The resultant accumulation will be 
determined by the nanoparticle’s ability to overcome all the 
barriers discussed in this section. Therefore, considering other 
aspects of nanoparticle design could yield higher nanoparticle 
accumulation in the intended site of action (Fig. 3.IV).  

3.2.4. Internalization and Trafficking  

Nanoparticles are required to undergo cellular 
internalization, so that their cargo can be released to exert their 
effect on cytoplasmic and nuclear targets. The majority of 
nanoparticles require internalization after they have 
successfully interacted with cells via their surface receptors. 
This triggers the nanoparticle internalization through 
endocytosis [91,92].   

Endocytosis comprises a series of complex molecular 
processes that coordinate the formation of invaginations of the 
cellular membrane, which results in the acquisition of fluid 
from the extracellular medium along with any nanoparticles 
attached to the membrane. There are several mechanisms 
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through which endocytosis occurs, internalization via 
clathrin-coated pits is the most studied. Caveolae dependent, 
CLIC/GEEC mechanism, and alternative endocytosis 
pathways are other processes available to the cell for 
internalization. Some bio-macromolecules are linked 
specifically to a particular internalization pathway; however, 
different entry routes can be used to accommodate the 
necessity of the cell at any given moment. Alongside 
endocytosis, macropynocytosis is another mechanism used to 
uptake large amounts of fluid, and particles[92,93].   

Once the nanoparticles have been internalized, they reach 
a complex network of membranous compartments used to sort 
the incoming material. These compartments are known as 
endosomes, and they are differ in size, and 
composition[94,95]. The journey starts at the cellular 
periphery in the early endosomes (EEs), and can then take 
paths towards one of two final destinations, the lysosomes, 
where the nanoparticles will be degraded, or the extracellular 
medium after they are recycled and shuttled back out, as they 
ride the vesicles used to return the receptors to the cell surface. 
As the nanoparticles travel further into the cell, they are 
carried to the perinuclear region into the multivesicular bodies 
(MVB). These compartments are filled with intralumenal 
vesicles (ILVs) formed from invaginations of the MVBs, and 
are released to the extracellular medium as exosomes, 
shuttling nucleic acids, and proteins with them into 
neighbouring cells[96]. Then, the nanoparticles are taken to 
the lysosomes for degradation. This is accomplished by the 
heavy presence of pH-activated hydrolases.   

The luminal pH on the different endocytic compartments 
becomes more acidic as the nanoparticles reach the 
lysosomes. EEs start at pH 6-6.5, whereas the lysosomes are 
at pH 4.5-5, a condition needed to activate the luminal 
hydrolases. Considering the highly degradative environment 
of the endosome/lysosomes after internalisation, recent work 
has been focused on strategies to promote endosomal escape 
or lysosomal avoidance. Membrane-destabilizing peptides, 
incorporation of cationic polymers in nanoparticles and/or 
enable their internalisation by caveolae-mediated endocytosis. 
The caveolae-mediated mechanism of endocytosis results in 
the formation of caveosomes of neutral pH, which in certain 
instances have been shown to bypass lysosomes[97]. 
Similarly, nanoparticles coated with cellular membranes have 
shown the ability to avoid lysosomes altogether[98]. It would 
be vital to understand how these mechanisms affect gene 
delivery so the relevant trafficking pathways for nanoparticle 
internalization and successful delivery of the gene cargo can 
be identified (Fig. 3.V).  

3.2.5. Endosomal Escape  

Genetic material needs to reach the nucleus in order to 
carry out its function, but before this can happen, delivery 
vectors need to escape the endosomal compartments to access 
the cytosol and move towards the nucleus[99]. It was noted 
that synthetic carriers would have poor transfections 

efficiencies due to their inability to escape the 
endosomes[100]. Polyplexes, lipoplexes and LPDs, and 
metallic nanoparticles have been engineered to disrupt the 
endosomal membrane and gain access to the cytosol; 
however, there are many strategies that can be used to 
accomplish it[23,100,101].   

Due to the vast chemical space available to create cationic 
polymers, it is widely known that polypexes can be 
engineered to escape the endosomes. The most common 
escaping strategy used is the “proton sponge” effect[23]. 
Cationic polymers with titratable groups buffer the entry of 
protons in the endosomal compartment as a result of 
maturation acidification. Consequently, the polymer behaves 
as a proton sponge. The normal proton influx is compensated 
by a complementary ion influx; however, the polymer is 
capturing protons from solution. As a result, the influx of 
compensating ions keeps increasing, until the solute 
concentration in the endosomal lumen produces an osmotic 
shock strong enough to transiently disrupt the compartment’s 
membrane. The proton sponge phenomenon is somewhat 
controversial as there are reports in the literature that 
Polyethylenimine (PEI) can escape without altering the 
endosome’s pH, which suggests alternative escaping 
mechanisms[102]. On the other hand, there are reports that 
state otherwise, and conclude that proton buffering is 
necessary for cationic dendrimers to escape the 
endosomes[103].  

An alternative escaping route for polymeric nanoparticles 
is through polymer solubilisation-drive osmotic 
shock[104,105]. Polymerics vesicles (polymersomes) made 
out of poly(2-(methacryloyloxy) ethylphosphorylcholine)-co-
poly(2-(diisopropylamino) ethylmethacrylate) (PMPC-
PDPA) disassemble in the endosomes due to the luminal 
acidification, which solubilises about half million ionic 
species. This translates into an osmotic shock that perforates 
the endosomal membrane.   

Other polyplexing molecules, such as cellpenetrating 
peptides, can even be classified according to their mechanisms 
to access the cells[19]. This variety of mechanisms brings to 
light the value of polyplexes, and allows choosing from a pool 
of possible carriers that could meet the requirements for gene 
delivery.   

Lipoplexes and LPDs generate membrane disruption 
through the mixing of their and the endosome’s lipids. The 
phase transition of some lipids enhances the disruption of 
endosomes. Lipids such as dioleoylphosphatidylethanolamine 
(DOPE) are known to arrange into an inverted hexagonal 
phase. This phenomenon is correlated with enhanced 
transfection efficiency; thus, many lipid-based carriers are 
designed to trigger the formation of such phase upon 
interaction with the anionic lipids present in the endosomal 
membrane[106]. While the geometrical structure of the lipids 
can influence the delivery efficiency, the charge density can 
as well[17]. Lamellar lipoplexes increase their transfection 
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efficiency as a function of charge density, most probably due 
to favourable DNA-lipid interactions, as well as the promotion 
of membrane fusion between the liposome and the endosomal 
membrane.  

Some inorganic nanoparticles, such as carbon nanotubes, 
can access the cytosol in an endosomeindependent 
manner[107]. Nevertheless, many types of inorganic 
nanoparticles have to be equipped with molecules that 
enhance endosomal escape in order to overcome this barrier 
[101] (Fig. 3.VI).  

3.2.6. DNA Release  

Once the endosomal barrier is overcome, it is crucial to 
release the genetic material from the carrier in order to be 
active [108,109].The release of the nucleic acid cargo is 
generally mediated by the interaction of the nanoparticle with 
other anionic species that compete for the carrier and 
positively charged ions that destabilise the condensed state of 
DNA [110]. Chemically modified polymers for inducing 
DNA release upon gaining access to the cytosol have been 
developed as candidates for controlled gene-release [21]. 
Nevertheless, keeping the DNA condensed in the cytosol 
results in higher movement rates towards the nucleus, and 
increased protection [111]. Many gene delivery platforms are 
cell-cycle dependent; in fact, it has been shown that many 
DNA molecules need to wait until the nuclear membrane is 
dissolved during mitosis to gain access to the nucleus [111]. 
The size of the condensed DNA molecule is generally too big 
to go through the nucleopore; however, it is still possible for 
it to access the nucleus, only with significant less efficiency 
[111,112] (Fig. 3.VII).  

CONCLUSION   

In summary, we have selectively reviewed the latest and 
most promising advances in nano-gene- delivery systems. To 
make significant progress in engineering the next generation 
of nano-gene delivery systems, we highlighted the advantages 
and challenges of the most recently developed systems. We 
also bring to light that although having lower efficiency in 
DNA transfection, chemical non-viral vectors are relatively 
easy to prepare, less immunogenic and oncogenic, are less 
prone to recombination events, and have no limitation on the 
size of a transferred gene. The capability to incorporate 
plasmid DNA into nanoparticles with low toxicity 
demonstrates a new era in pharmacotherapy for delivering 
genetic material selectively to tissues and cells. However, 
their use in clinical applications is still debatable. To date, the 
Food and Drug Administration (FDA) has not approved any 
nano-gene delivery system because of the unknown long-term 
toxicity and the low gene transfection efficiency of 
nanomaterials in vivo. To overcome these challenges, new 
nano-gene delivery systems will need to be sitting at the 
functional intersection of physical, inorganic/organic 
chemical, and viral systems taking the best aspects of all of 
them: efficiency, biocompatibility, nano-scale size, and 
adaptable physicochemical properties. While also, 
incorporating new designs for working towards specific cell 
and/or tissue targeting and overcoming several of the 
aforementioned challenges.   

There is a great need for further development of gene-
delivery vectors. In gene therapy, for instance, there are 
enough scientific evidences indicating that the lack of a full 
gene delivery systems is one of the major steps hindering 
progress towards successful treatment of a diseases including 
correcting genetic disorders. 
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Fig. (3). Current Challenges on Nano-gene delivery vectors: Top box. Challenges associated with the production of nanogene delivery 
systems and their stability in biological media. I. Synthesis challenges. It highlights the problems with scaling-up vector production, and nucleic 
acid loading. II. Challenges in the biological medium. Nano-gene delivery systems can aggregate and become useless due to bio-macromolecule 
surface adsorption. Middle box. Current biological challenges that has to be overcome in order to reach specific cells. III Nano-gene delivery 
system transport to their target site. Transcellular transport from circulation to tissues is limited to small particles; thus, cellular transport 
mechanisms have to be exploited. Furthermore, nano-gene delivery systems have to evade the RES in order to avoid clearance. IV. Targeting 
challenges. There are no unique molecular targets at the cell’s surface that can be used to specifically reach one cell type. Other cell-types may 
express those same receptors, resulting impartial, non-targeted accumulation of the nano-gene delivery system. Bottom box: Challenges 
associated with intracellular cargo trafficking towards the nucleus. V. Internalization pathways. There are several pathways for nano-gene 
delivery system for entering the cell. After internalization in the endosomal compartments, nano-gene delivery systems have to avoid recycling 
to the extracellular medium, as well as degradation in the lysosomes. VI. Endosomal escape into the cytosol. Nano-gene delivery systems have 
to bring their cargo into the cells cytosol, and they have to escape from the endosomal compartments to accomplish it. There are several strategies 
for disrupting temporarily the endosome’s membrane, providing an escaping route for the nano-gene delivery system. VII. Cytosolic release of 
the nucleic-acid cargo and transport to the cell’s nucleus. Nano-gene delivery systems have to free their cargo in the right cellular compartment 
in order to allow the nucleic acid molecule to reach their final destination.  

  The most suitable vector must be able to deliver genes to 
the appropriated tissue or cells in the body in a specific, safe 
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and effective manner. In addition, nanogene delivery is also 
currently being developed for in vivo real time 
characterization of genetic activity of selected genes with the 
hope to provide a better understanding of the biological 
mechanisms involved in different diseases.  

We have summarised in this review the first steps and the 
most relevant up-to date designs at the nanoscale. However, 
nanotechnology and its application to gene delivery is still in 
its infancy. Emerging nanomaterials with versatile properties 
such as optical, piezoelectric, thermal, electrochemical, 
enzyme mimicking etc. are still being developed. With the 
proper combination of novel properties, nanotechnology will 
bring to us new and exciting tools to explore the design of 
innovative, efficient, accurate, stable in different biological 
fluids and/or different temperatures and most importantly, low 
toxicity nano-gene delivery vectors.   

Beyond the outline of recent advances summarized in this 
paper, it is easy to imagine that a deeper development of 
nanotechnology, nanomaterials and nanogene-delivery will, 
undoubtedly, make a significant impact on biomedical 
research and translational medicine.  
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