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1. ABSTRACT 
 

This review focuses on polymer- and liposome-
based nanoparticles used in targeted delivery of bioactive 
molecules, from drugs to siRNA to pDNA. The perspective 
centers around commercial and clinical successes, and a 
rationalization of these successes. Microparticulate systems 
are not covered, and only those applications that truly 
utilize the advantages of nano size are covered. “Stealth” 
systems dominate in this review, as most of the clinical 
successes are for passive targeting rather than for active 
targeting of tissue. The relevance of nano size to gene 
delivery is also discussed with relevant examples.  

 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

In this review, we will focus on the status of 
research and development of polymer and liposome-based 
nanoparticles, as carriers for therapeutic drug delivery, and 
more specifically for targeted drug delivery. For the 
purposes of this review, a nanoparticle is defined as having 
dimensions below 1 micron; consequently, we will not 
discuss particles much larger than a micron. In addition, we 
will not discuss the use of ceramic or metallic particles, 
which have their own niche in this field. The review thus 
covers polymer- based nanoparticles including self-
assembling systems such as micelles and liposomes. 
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We begin by noting that no polymeric 
nanoparticle, other than liposomes, has been approved by 
the FDA for therapeutic use. Particles in the nano range 
have been approved, but these are nanocrystalline drug 
molecules (1) or drug molecules conjugated to protein (2), 
which are not strictly polymeric carriers. Several liposomal 
carriers have in fact been approved (3), although it is not 
clear that all these are carriers in the nanometer range. A 
survey of the literature from 1990 onwards, shows that 
approximately 5000 articles feature nanoparticulate drug 
carriers, with approximately 700 of them being of 
polymeric origin: prolific by any yardstick. Similarly, a 
total of 1960 patents have been approved in the field of 
nanoparticulate drug delivery. So this is an extremely 
fertile field of research, and will continue to be fertile for 
the foreseeable future. Translation into products appears to 
be slow but steady. 

 
Microparticulate systems have been around for a 

while, starting with the biodegradable Lupron-Depot® 
formulation of PLGA (Poly lactic acid and galaic acid 
copolymer) microspheres containing leuprolide acetate, for 
prostate cancer therapy. These are “solid” microparticles, in 
which the drug is dispersed in a matrix of a biodegradable 
polymer: the drug releases through a diffusional 
mechanism.  In fact, such formulations are now common 
place, with the main advantage being the ability to carry 
reasonable amounts of drug, and being easily formulated 
into injectable (i.e., of acceptable viscosity) formulations.  

 
In general, nanoparticles are touted to have 

advantages over microparticles. The most important advantage 
appears to be that of extravasation and of cellular penetration. 
There are two approaches to producing nanoparticles: 
communition of larger particles by milling or other grinding 
techniques; and by the conventional “synthetic” processes of 
emulsification/dialysis/lyophilization.  Generally, processes 
such as spray-drying cannot produce particles in the nano 
range. For liposomal particles, ultrafiltration is frequently 
employed to weed out larger particles. 

 
This review will focus on nanoparticulate 

systems in various stages of development: approved, in 
clinicals, in pre-clinicals and in an early research phase.  
 
3. NANOPARTICULATES: STRUCTURE, 
PREPARATION AND CHARACTERIZATION 
 

The different particle types are usually made by 
different processes, and have distinctive structures.  In the 
following, we trace the broad outlines of these processes 
and structures. 
 
3.1. Polymeric nanoparticles 
3.1.1. Milling 

Milling (which is basically a grinding process) in 
conjunction with filtration has been used to prepare 
polymeric nanoparticles. In the milling process, cryo-
milling is generally needed if the polymer Tg (glass 
transition temperature) is below ambient. Spray-dried 
particles may be used as the starting particles, for drugs that 
are stable to spray-coating conditions. Otherwise, the 

starting particles may be from emulsion techniques.  
Milling generally leads to non-spherical particles, but this 
is acceptable from a drug delivery standpoint.   
 
3.1.2. Emulsion methods 

This is by far the preferred approach to obtain 
drug-incorporated polymeric nanocarriers. Hydrophobic 
drugs are incorporated by dissolving drug and polymer in 
an organic solvent, and then emulsifying this in water 
containing surfactant to obtain an oil-in-water emulsion. 
Evaporation of solvent followed by lyophilization is 
typically used to obtain drug-containing polymeric 
particles. Size ranges tend to be in the micron range, so 
further size reduction is indicated via milling or filtration 
methods. 

 
To incorporate a hydrophilic drug, it is dissolved 

in water first, followed by emulsification into an organic 
polymer solution. This mixture is then emulsified into 
water containing surfactant to produce a water/oil/water 
(w/o/w) emulsion. Solvent drying followed by 
lyophilization leads again to micron-sized particles in 
general. 

 
In both cases, controlling the homogenization 

during emulsification appears to be a key step.  There is 
agreement that in the production of hydrophobic polymer 
particles, the size decreases with increasing homogenizer 
speeds (4) and with increasing amounts of surfactant (5). 
Speeds of approximately 10,000 rpm were required to bring 
sizes of PLGA (Poly (D,L-lactic acid and Glycolic acid 
copolymer) particles down to below 1000 nm, while 
PVA(Poly vinyl Alcohol) concentrations of greater than 
5% did not further decrease PLA (Poly L-lactide) particle 
sizes below 120-150 nm. 

 
Variations on the emulsion method have been 

proposed. For example, Quintanar-Guerrero et. al (5) have 
prepared both nanospheres and nanocapsules by the use of 
an oil in the organic phase. In this scheme, to prepare 
nanocapsules, a polymer, oil (miglyol) are first dissolved in 
ethyl acetate (EtAc)/water, and then emulsified into a PVA 
solution in water/EtAc mixture. When water is added to 
this emulsion, EtAc diffuses out into the water, forming 
nanosized structures, which are then solidified by solvent 
removal followed by ultracentrifugation. Nanospheres of 
about 400nm can be made by eliminating miglyol from the 
mixture, while nanocapsules of sizes 180-300 nm are made 
by addition of varying amounts of miglyol. Presumably the 
“skin” of the capsules was made of the polymer. This 
method allows for greater loading of hydrophobic drug in 
the core of the nanocapsule. 
 
3.2. Polymeric Nanomicelles 

Polymeric nanomicelles are made in an entirely 
different manner. Generally, an amphoteric molecule is 
first synthesized (typically, PLA-PEG copolymer), then its 
critical micellar concentration (CMC) is determined. 
Following this, the polymer and drug are dissolved first in 
an organic solvent (if drug is hydrophobic), then the 
mixture is dialyzed against water. The concentration of the 
polymer in the final amount of water is adjusted to be well 
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Figure 1. Depiction of different types of polymeric nanoparticles, and associated functionalities. Surface modifiers, targeting 
molecules (ligands) and incorporated agents are also shown. 

 
above the CMC. Following dialysis, the 

“particles” may be isolated by centrifugation and/or freeze-
drying. Reconstitution in water or saline should regenerate 
the micellar structure, as long as the micelles are stable in 
an ionic medium. Typically, the CMC is increased by the 
presence of ionic species. 

 
Hydrophilic drugs cannot be easily incorporated 

into simple spherical micellar structures. For this we need 
to go to another type of self-assembling system, the 
liposomes (Figure 1). 
 
3.3. Liposomes 

Generally, known amounts of lipids, with and 
without cholesterol, are dissolved in ethanol at 60oC. Based 
on the desired concentration of the liposome formulation a 
certain amount of buffer is usually added at a temperature 
above the transition temperature of the lipid mixture. This 
allows for formation of multi lamellar vesicles (MLV); 
however, these have sizes in the range of 0.5 microns to 5 
microns. These are downsized to about 70-500 nm (uni 
lamellar vesicle, or ULV) by extrusion through membrane 
filters at high pressures (6).  Drugs are loaded either by 
passive or active loading methods. For passive loading, 
lipophilic drug is dissolved in the organic phase, while 
hydrophilic drug is dissolved in the aqueous phase.  
However, passive loading generally does not yield high 
encapsulation efficiency. For this reason, active methods 
such as a pH gradient (7) or an electrochemical gradient (8, 
9) are employed for different drug types. 

3.4. Dendrimers 
These are a unique class of nanostructures that 

hold some promise for drug delivery. Specifically, these are 
hyperbranched structures (polymers), with sufficient 
packing space in their core to hold drug. However, control 
of release from such structures is not straight-forward, as 
we will see in the examples below. These dendrimers are 
typically prepared by a very specific reaction sequence, 
usually starting with an amine-terminated molecule. Such a 
molecule is reacted with an acrylate ester, and then 
subsequently with ethylene diamine to yield a ‘full-
generation” dendrimer (10). Repetition of the above 
reactions yields a highly branched structure with internal 
‘cavities’ that may hold metal atoms or other guest 
molecules by virtue of the presence of amine groups. 
Molecules may be conjugated to the interior groups as well 
as the ‘surface” groups and these molecules may be drug, 
peptide, antibody or PEG.  This versatility opens up 
possibilities for targeted delivery (Figure 1), and sizes are 
controllable by reaction sequence and extent.  
 
4. APPLICATIONS I: TARGETED CANCER 
CHEMOTHERAPY 
 

We now review the applications of the above 
classes of nanopartculate carriers in different therapies. By 
far, the greatest attention has been paid to targeting tumor 
tissue, as nanoparticles have the ability to traverse easily 
out of blood vessels into tumor tissue in comparison to their 
microparticulate cousins. In addition, surface modification 
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of nanoparticles for evasion of the reticulo-endothelial 
system (RES) as well as for penetration of selected tissue, 
is no less feasible for nanoparticles.  So in what follows, we 
discuss the relative successes of the different particle types 
in targeting tumor tissue. 
 
4.1. Active and passive targeting 

Two concepts have been used for targeting 
cancer tissue. Passive targeting involves injectable drug 
carriers that have been surface-modified (Figure 1) to evade 
the RES such that their blood lifetime is relatively long. 
Long-lived particles have a much greater chance of 
reaching the blood vessels surrounding solid tumors, and 
then extravasate by virtue of their size. Once in tumor 
tissue, the relative lack of lymphatic drainage allows for 
slow release of the payload into the surrounding tissue. The 
whole effect goes by the name of Enhanced Permeation and 
Retention (EPR).  
 

Active targeting relies on conjugating a targeting 
ligand (usually an antibody) to the surface of the particle 
such that the ligand targets cancerous tissue only. Most of 
the work to date has focused on folate and transferrin 
receptor targeting; these two receptors are over-expressed 
in cancerous cells. Others have tried to exploit the presence 
of a tissue-specific antigen (TSA) whose antibody may be 
used for the targeting. In this approach, the nano size is not 
as critical, although it still helps in facile extravasation. 
 
4.2. Liposomal Delivery 
4.2.1. Doxil  

Liposomal delivery systems have been by far the 
most successful of the nanoparticulate carriers. No less than 
4 pharmaceutical products that use lipsomes as a carrier 
have been approved: of these, Doxil® was approved in 
1995 for the treatment of ovarian and other cancers. 
Another two systems, one for lung cancer (Introgen) and 
another for solid tumours (Synergene Therapeutics) are in 
clinical trials.  
 

Doxil is formulated as a “stealth” liposome for 
passive targeting (Figure 1), using a PEG molecule 
attached to one end of the liposome. The liposome is made 
from distearoyl-phosphatidyl-ethanolamine (DSPE) 
conjugated at its amine end to a 1900-Mw mPEG molecule 
(11). Doxorubicin is present at 20 mg or 50 mg loading in a 
10mL or 30mL vial.  Cholesterol is also added in the 
liposomal formulation to control the efflux of doxorubicin 
through the bilayers of lipid molecules. Most of the drug 
(90%) is claimed to be inside the liposomes. Such high 
loadings are generally only possible with what are called 
active loading methods. This uses a salt, such as 
ammonium sulfate, inside the core of the liposome, to bind 
to the drug molecule as drug-sulphate and precipitate which 
then drives the influx of drug to the liposome core (8).  

 
The liposomal particles are claimed to be in the 

size range of 80-100 nm (12). It is further claimed that 
extravasation is possible only for particles less than 600 nm 
in size. The particles have a blood half-life of 15.2 h 
compared to about 3 hours for the particles without the 
PEG attached (12). Clinically, this is highly significant 

because, accumulation in liver and spleen is considerably 
reduced for the stealth particles, and this translates directly 
to tumor size reduction and its maintenance over 100 days, 
compared to free drug injections; also to a substantial 
improvement in the survival rate of mice with colon 
carcinoma.  
 

Doxil® was a pioneer in the field of passive 
targeting.  Its success prompted a frenzy of research into 
the concept of stealth particles, using polymeric and non-
polymeric cores.   
 
4.2.2. Liposomal systems in pre-clinical and clinical 
phases 

Since the success of Doxil®, many liposomal 
systems have gone through animal testing and clinical 
trials. One such is for lung cancer targeting using the tumor 
suppressor p53 gene. The first paper on this approach was 
in 2001 by researchers from the M. D. Anderson cancer 
Center in Houston and it reported successful suppression of 
primary and metastatic lung tumor growth (13) in animal 
studies. Co-authors included employees of Introgen, which 
subsequently seemed to have abandoned liposomal delivery 
in favor of adenoviral carriers for delivering the gene (14). 
The liposome that was the optimum for gene transfection of 
the p53 and the FHIT genes [as well as the FUS1 gene, 
reported subsequently (15)] was the DOTAP:Cholesterol 
combination, which consisted of dioleyl trimethyl 
ammonium methyl sulfate (DOTAP) mixed in equimolar 
ratio with cholesterol. This liposome was extruded through 
filters to reach sub-micron sizes, then complexed with the 
plasmid DNA containing the appropriate gene to form 
particles in the 300 nm range (15).  In mice bearing the 
experimental human lung metastatis A549, it was shown 
that the DOTAP:Chol liposomal vector with FUS1 gene 
suppressed tumor nodules and increased survival rates 
significantly. There is no mention of a targeting ligand 
attached to the liposomal vector, neither is there any 
PEGylation, hence this is not an example of either passive 
or active targeting. It success must be attribute then solely 
to fact that the only cells likely to be affected are the ones 
that lack the suppressor genes, namely the cancerous ones. 

 
Although Phase I trials were announced, by 

November 2008, Introgen was bankrupt. It is not clear if 
the trials were successful or whether another company 
bought the patent rights.  

 
Another company that had reported clinical trials 

with a liposomal vector was SynerGene Therapeutics based 
in Washington D.C., USA. As of May 2009, the Phase I 
trials have not been completed, although the trial started in 
2007. From various company reports, this appears to be a 
liposomal vehicle with targeting ligands, presumably a 
folate receptor targeting ligand. The payload is likely to be 
a p53 gene also. Details are sketchy. A patent (16) 
describes an “immunoliposome” which is based on the 
liposome component DOPE (dioleyl phosphatidyl 
ethanolamine) incorporating a transferrin-receptor targeting 
ligand. The immunoliposome is complexed with p53 wild 
type genes and targets the transferrin receptor, which is 
over-expressed in many tumours.  
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To sum up, then, despite the success of Doxil for 
treating ovarian cancer, other lipsome-based products are 
still struggling to make it through the clinic. 

 
4.3. Polymeric nanomicelles 

Liposomes can be driven towards unilamellar 
(SUV) and multilamellar (MLV) structures with 
encapsulation of bioactives in the core of the vesicle. 
Polymeric nanomicelles in fact can spontaneously form 
under the appropriate conditions in aqueous or non-aqueous 
media depending on the molecular structure and extent of 
amphiphilic character. 

 
 In terms of papers and patents, nanomicellar 

drug delivery has been a fertile field. For polymeric 
molecules to self-assemble to spherical micelles or lamellar 
structures, amphipathic structures are needed. For this 
purpose, block copolymers are ideal, with one block being 
hydrophilic and the other hydrophobic. Tri-blocks, diblocks 
and even 4-armed blocks have been used (17, 18).  Relative 
to liposomes, success in the clinic has been harder to come 
by, but, there are some notable exceptions, as we will see in 
the next section.  

 
4.3.1. Clinical candidates 

Years of exploratory work has led to the 
development of three promising nanomicellar formulations, 
containing paclitaxel (NK105), doxorobucin (NK911) and 
cisplatin (NC-6004). The work was spearheaded by the 
National Cancer Center Hospital/Research Institute East, in 
Chiba, Japan, in conjunction with University of Tokyo 
researchers, and some companies.  
 
4.3.1.1. NK105 

The polymer is a diblock copolymer of PEG and 
modified polyaspartate (19) where half of the aspartate 
groups are converted to 4-phenyl 1-butanolate. Presumably 
this modification is required to bring down the CMC. The 
overall Mw of the polymer used was 20,000, of which 
the PEG block was 12,000 and the aspartate block was 
8000. Approximately 20% of the polymer weight can be 
loaded with paclitaxel, held in the micellar core by 
hydrophobic self-association. The micelles obtained in 
water or aqueous media were lyophilized to obtain 
particles, which upon re-constitution yielded micelles of 
average diameter about 85nm, with size ranging from 20 
to 430 nm. 
 

Paclitaxel is a potent anti-cancer drug that suffers 
from poor bioavailability due to its low solubility. In 
addition, systemic injection with a solubilizer such as 
Cremaphore EL induces hypersensitivity reactions. 
Moreover, peripheral neuropathic reactions as well 
neutropenia have been reported with repeated use of 
paclitaxel (20). For all these reasons, a better delivery 
system that can at least partially target tumours is highly 
desirable for paclitaxel. 
 

In a (colon 26 tumour bearing) CDF1 mice 
study, NK105 particles were detected in blood 72 hours 
after injection (19). The half-lives of NK105 were ~ 5-6 
hours in comparison to paclitaxel drug whose half-life was 

around 1 hour. This differential in half life was enough to 
enhance tumour concentrations by a factor 2-3 while 
tumour half-lives were enhanced by a factor of 10. 
Tumor suppression was notably more efficient with NK 
105 compared to paclitaxel drug, using a BALB/1 
mouse model bearing a colonic tumour. 

  
Following these promising animal data, a 

Phase 1 trial was conducted in 2007 on 19 patients (21), 
who had solid tumors refractory to conventional 
chemotherapy. Escalating doses of NK105 were 
administered every 3 weeks, and clinical parameters 
including neuropathy and PK parameters, were 
evaluated. NK105 showed slow clearance, and 
comparable t1/2, indicating retention in tumors. 
Neuropathy was not observed. Hypersensitivity was also 
negligible, even without co-administration of steroids. 

 
The maximum tolerated dose was determined 

from the study and suggested for a Phase 2 study, for 
which recruitment is currently under way. The 
encouraging consequence of the tolerability and 
pharmacokinetics (PK) study was the response seen in a 
patient with metastatic pancreatic tumor, where a 90% 
reduction in liver metastasis size was seen. Clearly these 
are highly promising signs for a partial targeting model 
for NK105.  
 
4.3.1.2. NC-6004 

Cisplatin (a Pt (II) complex with cis-
dichlorodiamine) is another anti-cancer drug that suffers 
from various limitations, including nephrotoxicity and 
neuropathy, with repeated use (22). A novel micellar 
system using PEG and poly(glutamate) has been 
developed to incorporate cisplatin via complexation of 
the glutamate unit to Pt(II) (23). This is a novel way to 
improve cisplatin loading, and control its release. In fact 
in vitro release of cisplatin into saline is triggered by 
chloride substitution for glutamate in the complex, and 
shows no burst, but sustained release over 150h. The 
sizes of the particles remained steady, at about 30 nm 
over 72 hours, and presumably decreases beyond that 
due to micellar dissociation into unimers.  

 
Clearance and tissue distribution are superior 

for the micellar formulation of cisplatin compared to 
free cisplatin. In the mouse study (23), tumour 
accumulation over 24 hours is roughly 5-10 fold higher 
than free cisplatin, depending on tumour location. 
Tumour inhibition was demonstrably superior with the 
micellar formulation, for mice bearing colon 
adenocarcinoma. 

 
Based on these animal results, a Phase I study was 

carried out in 2008 (24), with more encouraging results. 
Although the patient size was small 17, the study results 
clearly indicated that the micellar formulation of cisplatin was 
much better tolerated, with very few adverse effects reported, 
including very little nausea (no anti-emetics were 
administered). The best patient response was stabilization of 
disease; however, a Phase II study is planned with 
recommended dosing for mono and combined therapy.
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Figure 2. These 3D confocal images show the effect of size of block copolymer particles on uptake by the chief phagocytic cell 
of the RES, the monocyte.  The larger-sized particles or micelles made from P(dl)LA-PEG (250-350nm) are tagged with a red 
fluorescent dye, while the smaller-sized particles (90-150nm) are tagged with a green dye. The top and bottom sets are from 
different positions of a cell collection, after incubating the particles with human monocyte cells for several hours. The leftmost 
image shows only the red (larger) particles, the middle one only the green, and the right image shows the “overlay” of red and 
green. Clearly the red dots are more numerous relative to the green dots, confirming that larger particles (in this range) are taken 
up more readily by phagocytic cells, and therefore will have shorter blood lifetimes. 

 
4.3.1.3. NK911 

A similar micellar system was developed for 
doxorubicin (25). Based on PEG-polyaspartate copolymer 
(PEG Mw = 5000; polyaspartate has 30 repeats), 
Doxorubicin (dox) was conjugated to the aspartate moiety 
for greater loading efficiency. The conjugated drug confers 
sufficient hydrophobicity to enable formation of stable 
micelles. This enhanced hydrophobicity allows more 
packing of “incorporated’ dox (as distinct from 
‘conjugated” dox). The conjugated dox is not active, and is 
not released from the micelle, while the incorporated dox is 
released slowly over 24 hours. The mean diameter of the 
micellar particles is 42 nm, after freeze drying of the 
micellar solution. 

 
Using mice models of various cancers, efficacy 

of treatment and accumulation was greatly enhanced for the 
micellar dox compared to free dox. A Phase I study was 
initiated in 2003 with this micellar (26) formulation. A total 
of 23 patients with various cancers were enrolled, with 
pancreatic cancers being actively recruited. Patients were 
infused (over 1 to 12 min) with the micellar dox. Escalating 
doses starting from 6mg were administered over 6 cycles. 
The clearance times, half-lives and volume of distribution 
all seemed to confirm that the micellar dox circulates 
longer in blood and accumulates preferentially in tumor 
tissue. Patients showed disease stabilization with cycle 4, 
and one patient showed a therapeutic response after cycle 6. 

 
An interesting comparison with Doxil (the 

liposomal dox) shows the micellar dox to be cleared 400 
times faster than Doxil (26). However, it is not clear that 
this longer blood lifetime translates into greater 

accumulation in tumour tissue, as the volume of 
distribution for doxil appears higher than that for micellar 
dox. Further studies are required to compare the efficacies 
of micellar dox and Doxil. 
 
4.3.2. Other nanomicelle systems and studies 

There is an excellent review of the large amount 
of research in the field of micellar nanocarriers (27). The 
major polymeric systems studied appear to be block 
copolymers of hydrolysable polyesters with PEG. The 
hydrolyzable polyesters include poly (caprolactone) 
(28,29), poly(L-lactide) (17,18)  and Poly(L-lactide-co-
glycolides) (30). In addition, ‘stealth” entities other than 
PEG have been studied as micelles, including Poly(vinyl 
pyrrolidone) or PVP and poly(vinyl alcohol) or PVA. 
However, no other entity has been shown to work as well 
as PEG.  

 
There are works on the optimum PEG length 

and configuration needed for stealthiness (31).  In our 
study, we synthesized triblock PLA-PEG-PLA 
copolymers (ABA type) as well PEG-PLA-PEG 
copolymers (BAB type), with varying lengths of PEG 
and PLA, and measured uptake by blood cells in vitro. 
We also compared the uptake behavior of triblocks with 
diblocks of PEG-PLA. The lower the uptake greater is 
the stealthiness” or longer the blood lifetime. The 
confocal image of Figure 2 shows that as the size of the 
nano particle increases (marked red) the phagocytic 
uptake increases compared to the smaller particle 
(marked green). In general, uptake was greater for ABA 
triblocks compared to diblocks and BAB triblocks of 
similar PEG and PLA lengths; in addition, it was found that 
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the PEG segment length had to be above 5000 Mw in order 
for any effect to be seen for uptake reduction by blood 
cells. Surface concentration of PEG was not the only 
determinant factor for reducing uptake; the surface 
conformation of the PEG was important as well. More 
free PEG molecules (i.e. with conformational freedom) 
exerted a bigger effect compared to more constrained 
molecules.   We have attempted to correlate the in vitro 
results to in vivo blood lifetimes. Generally, the 
correlation is good, with some notable exceptions, 
which we plan to explain in a forthcoming paper. 

 
In general, loading of hydrophobic drug is 

easier for these micellar constructs. However, even for 
hydrophobic drugs, loadings are typically in the range of 
5-20%. To increase loading further, specific interactions 
with the core molecule is needed. This approach has 
been successfully tried out with core molecule 
modification (32). In this case, PEG was copolymerized 
with PCL, or glycidyl methacrylate (PGMA) or a 
diisopropylamino ethyl methacrylate (PDPA). 
Indomethacin (and its derivatives) contains a carboxylic 
group; hence, by acid-base interaction with the amine 
group, loadings of 100% were achieved using the PEG-
PDPA copolymer. It follows that the drug release is also 
a function of pH: at pH=7.2, release is by diffusion 
kinetics with almost 100% of drug released in 24 hours. 
At lower pH, release is instantaneous, as the protonated 
core molecules force disassociation of the micelle. So in 
practical terms, although high loadings are achievable, 
release rates are also too high. 

 
A slightly different situation exists for 17 β-

estradiol loading in PCL-PEG micelles. In this case, 
loadings of 200% were achievable by simple 
micellization in the presence of the drug (33). Here the 
authors attribute the high loading is due to hydrophobic 
interactions, as well as the relatively large number of 
molecules/micelle (reported to be 125 for PCL20-b-
PEO44). This large number of PCL entities ties up about 
4000 17 β -estradiol molecules, based on a 190% 
loading. This sort of association is unusual, and not 
expected for the large majority of drug molecules. 

 
Loading of more hydrophilic drug and control 

of its release requires special techniques, including drug 
conjugation. Fortunately, most of the anti-cancer drugs 
tend to be fairly hydrophobic. This is in fact the main 
reason that these aqueous micelles have been 
predominantly studied for anti-cancer therapy. Loading 
of antibiotics, for example, will not be high, and loaded 
drug may release quicker than other drug types.  

 
One example of hydrophilic drug loading is in 

the example shown above, for cisplatin, using poly 
glutamate as a conjugating agent (NC6004). Cisplatin is 
moderately hydrophilic, and the loading can be 
increased to 35-40% by conjugation.  Although other 
approaches have been proposed, including the so-called 
“core surface-crosslinked” micelles (34), it is not clear 
that these increase loading to any higher amount without 
the accompanying increase in release rate. 

4.3.3. A comparison of liposomes and nanomicelles: 
areas for future research 
 

In comparing these systems, we can ask the 
following questions: 
 

• Which system has greater blood 
lifetimes? 

 
• Does this translate to greater tumour 

tissue accumulation? 
 

• Are drug loading and drug release well-
controlled and optimum? 

 
• Is bioactivity enhanced by liposomal 

and micellar encapsulation? 
 

To answer these questions, we note first of all 
that only liposomal drug delivery systems have been 
successfully introduced for cancer therapy to date. 
Nanomicellar systems are in advanced clinical stages, but 
yet to be submitted for regulatory approval in the major 
economies. What is the reason for this discrepancy? One 
possible explanation is the relative “stability” of liposomal 
formulations compared to micellar ones. Lasic, one of the 
pioneers in the liposome field, argues (35) that liposomes 
do not form unilamellar or multilamellar structures 
spontaneously, unlike micelle formation from block 
copolymers. This means that the lamellar structures are not 
thermodynamically favored. Yet, paradoxically, once they 
are formed (by extrusion process i.e. external energy input), 
these structures tend to be more stable, due to what Lasic 
calls “kinetic trapping”. This kinetic trapping is essentially 
caused by hydration of the polar heads, and thus it results in 
lack of penetration of the lipid cores by water. In spite of 
this meta-stability, liposomal preparations are still freeze-
dried (with cryoprotectants), stored at cold temperatures 
and reconstituted just before use. This is to prevent 
excessive loss of trapped drug. 
 

Micelles are thermodynamically favored 
structures for block copolymers in solvent (i.e. good 
solvent for one of the constituents). Thus an amphipathic 
molecule can form micelles in water as well as so-called 
“reverse micelles” in organic solvents. However, all of 
them have a critical micelle concentration (CMC). The 
lower the CMC, the greater is the tendency for these 
micelles to form, and of course, greater the resistance to 
structure breakdown upon dilution. Another complication is 
that added salts generally increase CMCs, and hence break 
down existing micelles structures. Since, micellar 
formulations are naturally diluted upon injection into the 
bloodstream, it is speculated that they tend to become 
monomeric entities upon injection; this leads to immediate 
drug release, which is undesirable for targeted drug 
delivery. Liposomes are not susceptible to this, as the 
kinetic entrapment ensures that dilution has very little 
effect on the liposome. In other words, water penetration 
into the core of a liposome is not enhanced by adding more 
water, hence the apparent stability of liposomes following 
injection. Incorporation of cholesterol in liposomal 
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formulations is also believed to enhance this kinetic 
stability. 
 

The comparison of cisplatin formulations of 
liposome and micelles, however, is very interesting in this 
regard. SPI-077 is a cisplatin-encapsulating liposomal 
formulation, which is also PEGylated. It contains 14 µg of 
cisplatin per mg of liposome in 100nm particles (36).  A 
Phase I-II study in 18 patients with inoperable head and 
neck cancer (for whom free cisplatin is effective), showed 
no efficacy of liposomal cisplatin.  This was in contrast to 
mice studies which showed superior tumors size reduction 
and prolonged blood lifetimes for the liposomal cisplatin 
(37). The authors of the clinical study attributed the lack of 
efficacy to much slower release of cisplatin from the 
liposome, resulting in concentrations in the tumour that 
were below the minimum effective concentration required. 
Here, the enhanced stability of the liposome appears 
responsible for decreased efficacy! As noted earlier, 
micellar formulations of cisplatin (NC6044), release 
cisplatin rather rapidly in comparison, by a novel 
mechanism of chloride displacement of conjugated 
polymer. Thus at least for cisplatin a relatively rapid release 
may be a prerequisite for efficacy. 

 
In general, (while noting specific deviations such 

as cisplatin) the answer to the 4 questions posed above is 
this: whichever entity has greater stability in blood, will 
probably have enhanced blood lifetimes, greater tumor 
tissue accumulation (although this one can be influenced by 
other factors such as size and distribution in specific 
tissues), better control of drug release and enhanced 
bioactivity. Thus, in our opinion, research into micelles 
should focus on introducing “kinetic trapping”; for 
example, by means of cross linking of the core polymer 
post-micelle formation. How feasible this is remains to be 
seen. This kinetic entrapment refers mainly to stabilization 
of the micellar structure and should not result in slow 
release of entrapped drug.  It may turn out that these are 
mutually incompatible requirements, and that micelles may 
work for a certain class of drugs while liposomes may work 
for another. 
 
4.4. Nanoparticles with dispersed drug 

We now turn to drugs dispersed in solid 
nanoparticles or dissolved in nanocapsules. Solid 
nanoparticles are defined as matrix formulations whereby 
the drug is either dissolved or dispersed in a polymer that is 
processed into a nanoparticulate form (other than vis self-
assembly), whereas nanocapsules are core-shell particles, 
made with two different types of polymers or with lipids as 
cores and polymeric shells. Of the two, it appears that 
nanocapsules are rare, as most core-shell particles tend to 
have micron dimensions. Thus most of the discussion 
below relates to matrix-type nanoparticles. 

 
The main advantage for using these particles in 

preference to micelles and liposomes are simplicity of 
manufacture, greater stability and better control over 
release of drug. Disadvantages are relative difficulty in 
attaching PEG or ligands to the particle. As mentioned 
above, matrix microparticulate drug delivery systems have 

been around for a long time, but nanoparticulate ones are 
rare. As far as we are aware, none of the FDA-approved 
nanosystems are based on solid nanoparticles (Table 1). 

 
Most of the work in this area has focused on 

biodegradable nanoparticles, particularly Poly (lactide-co-
glycolide) or PLGA particles. This focus, at least partially, 
is due to the success of PLGA microparticles in drug 
delivery with products such as Lupron-Depot ® (TAP 
Pharmaceuticals) having enjoyed success for at least 2 
decades as an approved product; another product using 
similar micron-sized particles was Nutropin Depot®, which 
was approved in 1999 but removed from the market in 
2004, with the company citing expensive manufacturing as 
the reason. 

 
PLGA particles can be made using a variety of 

ways, from emulsion techniques to spray-drying. More 
usually, however, the emulsion technique is preferred with 
the use of special dispersion techniques such as ultrasound. 
In a variation of the emulsion technique, called the 
spontaneous emulsification solvent diffusion (SESD) 
method, a mixed solvent system is used for the polymer 
solution, which is then emulsified into an aqueous medium 
containing a surfactant. To minimize agglomeration of the 
particles, a low-Mw PVA surfactant is used, and two 
completely water-miscible solvents can be used for the 
polymer phase (38). This technique produces non-
aggregating particles in the size range 100-200 nm that 
remains stable even after freeze-drying. 

 
Such particles can incorporate a wide range of 

drug molecules, from low-Mw hydrophobic molecules (39) 

to proteins (40) and even plasmid DNA (41).  As 
mentioned earlier, such nanoparticles may again be surface 
modified, but it requires special techniques to do so. For 
example, a surfactant called Polysorbate 80 (the hydrophilic 
part is essentially PEG, while the lipophilic part is an oleic acid 
derivative), has been used to coat polycyanoacrylate particles 
(42), and one assumes that this method may be applicable to 
other polymeric particles. PLGA has also been coated with 
PEG and PEG-like molecules, including the surfactant 
molecule, PEG-PLA-PEG (43).  Grafting of PEG molecules to 
surfaces of already-formed nanoparticles is seldom reported, 
most of the “chemically-bound” PEG nanoparticles relying 
instead on copolymerization with PLA (44) or PLGA (45) or 
even poly cyanoacrylate (46). 

 
So are particles coated with PEG as good as 

micellar particles of PEG block copolymers? In an 
interesting study, Mosquiera et. al. (47) found that if a 
PEO/PPO copolymer is coated on to a PLA nanoparticle, 
the mean residence time in blood (after intravenous 
injection into mice) increases to 70 minutes from a few 
seconds for the uncoated PLA particle. When a diblock 
copolymer of PLA and PEG is injected (presumably at 
concentrations well above CMC), the mean plasma 
residence time increases to about 140 minutes. A triblock 
(PLA-PEG-PLA) on the other hand, shows a reduced 
residence time, presumably because of configurational 
constraints on the PEG block, in agreement with our own in 
vitro results (35).  
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Table 1. List of nanoparticle-based products at various stages of research and development 
Lipid systems 
Product Type of nanoparticles or drug Indication FDA Company 
AmBisome® Liposomal/amphotericin B Fungal infections Approved 1997  Gilead Sciences 

Doxil® PEGylated liposome/doxorubicin 
hydrochloride 

Ovarian cancer, AIDS-related Kaposi 
sarcoma Approved 1995 Ortho Biotech 

Diprivan® Lipid emulsions/Propofol Anesthetic 
 

Approved 1989 
 

Astra Zeneca Pharmaceuticals 
 

INGN-401 Liposomal/FUS1 Lung cancer Phase I study 
terminated 

Introgen  
(company is no longer listed) 

SGT-53 Liposome/p53 gene Solid tumors Phase II in progress SynerGene Therapeutics 
Dendrimer systems 

Vivagel® 

Dendrimer/microbicide  
(not clear that nanoparticles are 
involved/needed) 
 

Topical microbicide for sexually-
transmitted diseases 

FDA fast 
track(Phase II) 

StarPharma 
Holdings 
 
 

Nano micellar systems 

NK105 Diblock copolymer micelles/ paclitaxel 
(PEG-modified Poly aspartate) 

Solid tumours  
(pancreatic, gastric, bile) Phase 1 completed National Cancer Centre East, 

Japan 

NC 6004 Diblock copolymer micelles/ cisplatin 
(PEG-poly(glutamate)) 

Solid tumours  
(pancreatic, esophageal) Phase 1 completed NCC East, Japan 

NanoCarrier Ltd, Japan 

NK 911 Diblock copolymer micelles/ Doxorubicin 
((PEG-Poly aspartate) Metastatic solid tumours Phase 1 completed NCC East, Japan 

Nippon Kayaku Co, Japan 
Conjugated/Bound/Coated Nanoparticles 

Abraxane® Nanoparticulate albumin/paclitaxel Various cancers Approved in 2005  American Pharmaceutical 
Partners 

Cyclosert® PEG-lated β-cyclodextrin conjugated to  
camptothecin Solid tumors Phase I/II Insert Therapeutics/ Calando 

Pharmaceuticals 
Lipid systems 
Product Type of nanoparticles or drug Indication FDA Company 
AmBisome® Liposomal/amphotericin B Fungal infections Approved 1997  Gilead Sciences 

Doxil® PEGylated liposome/doxorubicin 
hydrochloride 

Ovarian cancer, AIDS-related Kaposi 
sarcoma Approved 1995 Ortho Biotech 

Diprivan® Lipid emulsions/Propofol Anesthetic 
 

Approved 1989 
 Astra Zeneca Pharmaceuticals 

INGN-401 Liposomal/FUS1 Lung cancer Phase I study 
terminated 

Introgen  
(company is no longer listed) 

SGT-53 Liposome/p53 gene Solid tumors Phase II in progress SynerGene Therapeutics 
Dendrimer systems 

Vivagel® 
Dendrimer/microbicide  
(not clear that nanoparticles are 
involved/needed) 

Topical microbicide for sexually-
transmitted diseases 

FDA fast 
track(Phase II) 

StarPharma 
Holdings 
 

Nano micellar systems 

NK105 Diblock copolymer micelles/ paclitaxel 
(PEG-modified Poly aspartate) 

Solid tumours  
(pancreatic, gastric, bile) Phase 1 completed National Cancer Centre East, 

Japan 

NC 6004 Diblock copolymer micelles/ cisplatin 
(PEG-poly(glutamate)) 

Solid tumours  
(pancreatic, esophageal) Phase 1 completed NCC East, Japan 

NanoCarrier Ltd, Japan 

NK 911 Diblock copolymer micelles/ Doxorubicin 
((PEG-Poly aspartate) Metastatic solid tumours Phase 1 completed NCC East, Japan 

Nippon Kayaku Co, Japan 
Conjugated/Bound/Coated Nanoparticles 

Abraxane® Nanoparticulate albumin/paclitaxel Various cancers Approved in 2005  American Pharmaceutical 
Partners 

Cyclosert® PEG-lated β-cyclodextrin conjugated to  
camptothecin Solid tumors Phase I/II Insert Therapeutics/ Calando 

Pharmaceuticals 
 
So in terms of stealth properties, the micellar 

particles appear superior. However, coatings of nanoparticles 
with PEG copolymers appear to work as well: coated particles 
have the advantage that the core polymer type may be changed 
to accommodate various drug types. Nevertheless, we find few 
reports of solid, coated nanoparticles making it to the clinic for 
passive targeting. Liposomal and micellar particles are the 
particles of choice in such applications.  

 
In what follows, we focus on those applications 

where stealthiness is not that important an attribute. 
 
5. APPLICATIONS II: INTRACELLULAR 
DELIVERY  
 

The other application where nano size becomes 
important is in delivering into cells. These include delivery

 
of low-MW drugs (for anti-restenosis or anti-thrombotic 
effects), as well as genes for gene therapy and siRNA for 
anti-sense therapy. Here the blood lifetime is no longer a 
predominant requirement, as the mode of administration 
may be via infusors at the site of delivery.  

 
One such important application is in treating 

thrombus formation and restenosis following angioplasty. 
Several infusors, such as Dispatch® and Infiltrator®, have 
been approved by the FDA for catheter-based drug 
delivery. The Dispatch® device, for example, was given a 
501K approval in 1996 for delivery of anti-thrombotic 
agents such as heparin and urokinase following 
angioplasty. Since then the device has been used in a 
variety of preclinical and clinical studies. The interesting 
feature of this indwelling catheter is that it is designed to 
deliver drug intra-arterially for up to 4 hours without 
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blocking blood flow.  This makes it an ideal delivery 
mechanism for various bioactive molecules from drugs to 
proteins to plasmid DNA. 

 
Since the infused drug usually is in a liquid 

(either suspended or dissolved), the delivery of 
nanocrystalline drugs and particles becomes easy, without 
having to worry about agglomeration effects or rapid 
clearance that usually accompanies intravenous 
administration. Sustained and localized delivery is possible, 
but surface modification of particles appears to be critical 
for cellular uptake. Song et. al. have developed an ex vivo 
model for measuring arterial uptake, using an explanted 
canine femoral artery prefused with the drug solution for 30 
seconds at 37ºC (48). 

 
In a study of PLGA nanoparticles (49), whose 

surfaces were modified via chemical and physical means, it 
was found that a cationic detergent 
(didodecyldimethylammonium bromide, DMAB) 
adsorbed at 5% onto the PLGA particle, yielded the 
highest arterial uptake, approximately 40 times that of 
the unmodified PLGA particle. Other cationic 
adsorbents similarly increased arterial uptake, 
presumably due to the charge and size combination. The 
sizes of these particles were reported to be about 100 
nm. These findings were translated into positive results 
in a rat study, to confirm cellular delivery of 
dexamethasone incorporated in PLGA particles (50).  
The study involved an artery injury model, with “local” 
infusion of the drug-containing nanoparticles, over a 3-
minute period in the carotid artery. The local infusion is 
accomplished by closing off the arterial segment, 
creating a closed arterial space into which the drug 
suspension is infused. The study, clearly demonstrates 
that these nanoparticles (without any surface 
modification) were able to penetrate the luminal, the 
medial and the adventitial layers, with sufficient 
dexmethasone being delivered. Although the authors 
claim that the infused drug inside the nanoparticles is 
able to reduce stenosis by 31% compared to 
intraperitoneally delivered dexamethasone. It has to be 
admitted that this is a non-conventional animal model 
for restenosis, and such studies need to be extended to 
the standard porcine models. 

 
Larger animal studies of this concept do not 

appear in the literature, neither is there any first-in-man 
(FIM) study reported. We suspect that the concept has been 
superseded by the emergence of the drug-eluting stents, 
since stenting is accepted for arterial stenosis. Overcoming 
the roughly 20-30% restenosis caused by the use of bare 
metal stents was demonstrated to be possible by the 
localized delivery of two anti-proliferative drugs, 
rapamycin (51) and paclitaxel (52). Although other issues 
have cropped up with the use of drug-eluting stents, notably 
late-stage thrombosis, these are being addressed with the 
use of fully biodegradable stents (53) and another concept, 
drug-eluting balloons. However, it is possible that the use 
of nanoparticles in localized delivery will see other 
applications, including siRNA and plasmid DNA delivery, 
which we discuss below. 

5.1. Gene Delivery  
Non-viral vectors for delivering genes has been 

of interest for some time, since the reports of leukemia 
being induced in children undergoing viral gene therapy for 
severe combined immune deficiency syndrome, or SCID 
(54).  Such reports have fuelled research into alternative 
non-viral vectors, but with limited success to date. 

 
The accepted “gold standard” in transfection 

vectors (non-viral) is a liposome-based vector, 
Lipofectamine®, sold by Invitrogen as a reagent for 
laboratory studies.  Although the composition of the 
liposome is proprietary, it is believed to be a mixture of two 
cationic lipid molecules, dioleyl phosphatidyl ethanolamine 
(DOPE) and 2,3-dioleoyloxy-N-
[2(sperminecarboxamido)ethyl]-N,N-dimethyl-1-
propanaminium trifluoroacetate (DOSPA). These lipids 
form lipsomes believed to be multilamellar. The multi-
lamellarity in this case appears essential for complexing 
with plasmid DNA, with the supercoiled plasmid DNA 
being sandwiched between lipid lamellae via electrostatic 
interactions of the cations with the anionic DNA segments 
(55).  

 
The size of this complex is reportedly around 

300-400 nm, via light-scattering analyses, but the size 
depends on the medium as well. Neutralization of the 
excess positive charge (due to the cationic liposomes being 
present in molar excess) leads to aggregation which must 
be minimized for transfection.  Nevertheless, these so-
called lipoplexes are excellent transfection reagents, mostly 
due to the ease of entry into cells via the positive charge 
and the small size, as well as to some degree of survival in 
the cytoplasm due to the protection by the liposomal cover 
on the complexed pDNA. 

 
Cryo-TEM has shown that these structures (the 

complexes) are essentially circular in diameter, but perhaps 
with an elongated tail in some cases (56). The pDNA (in 
super-coiled form) is sandwiched between lipid bilayers, 
such that there is almost complete coverage of the pDNA 
by the lipid bilayers. The size is a function of the lipid-to-
pDNA ratios (56), going through a maximum at a 
lipid/pDNA ratio of ~5 (weight to weight, quoted for a 
mixed neutral/cationic lipid system). Sizes on either side of 
the maximum are around 100-250 nm.  siRNA is supposed 
to behave in similar fashion, but with some notable 
differences. Principally, the difference is due to the much 
smaller size of siRNA (21-23 nucleotide units) compared to 
the minimum pDNA size of 400 nucleotides required for 
condensation (57). A study of liposomal “condensation” of 
siRNA using a cationic diamine (CDAN) mixed with 
DOPE showed that the size of the siRNA lipoplex is 
essentially insensitive to the lipid to siRNA ratio over a 
range of about 7-15 (58). This size at neutral pH is about 
300 nm, and decreases at lower pH. Transfection efficiency 
depends on the ratio of CDAN to DOPE, but it appears 
difficult to separate “non-specific” transfection from 
siRNA-induced knockdown, in this model of a galactose 
protein expression/down regulation. (Non-specificity in this 
context refers to random knockdown of protein production 
in the cell, which is not desirable). 
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As mentioned in Sec 4.2.2., tumor suppressor 
genes have been successfully encapsulated in liposomal 
complexes and delivered via intravenous injection. That 
liposome was based on DOTAP-Cholesterol, and the data 
in a mouse model of disseminated human lung cancer was 
extremely promising. The promise does not appear to have 
been fulfilled in human studies, however. 

 
 Other cationic agents used for plasmid DNA 

complexation include poly (L-lysine), although it suffers from 
cellular toxicity at levels needed for efficient transfection (59).  
Other cationic polymers have been tried, including chitosan, 
with limited success. Encapsulated pDNA, on the other hand, 
appears to show greater promise for sustained delivery. In an 
interesting study of pDNA encapsulated in PLGA 
nanoparticles of size approximately 500-600 nm, it was found 
(41) that these particles sustained the release of pDNA in intact 
form over 28 days in vitro. The particles were prepared by a 
double emulsion method, starting with emulsification of the 
pDNA in aqueous solution into a PLGA organic solution, 
followed by emulsification into a PVA-containing aqueous 
medium. Addition of Ca2+ ions in the second aqueous medium 
increased the pDNA loading in the particles.  
 

In vitro analysis showed sustained release into 
buffer of the pDNA, with more than 50% being released on 
day 1. In vivo studies were carried out on rats using intra 
muscular injection of the particles and of naked pDNA into the 
tibialis muscle. Efficiency of transfection was followed by 
monitoring alkaline phosphatase expression in the muscle 
tissue. Up to day 7 following intramuscular administration, the 
injected pDNA showed better transfection than the NP-DNA. 
However, on day 28, the NPs showed significantly higher 
transfection. This could be due either to better “protection” of 
the pDNA by the particle from DNAses (most likely) and 
subsequent release of the pDNA extracellularly. It is unlikely 
that the enhanced transfection on day 28 alone is due to 
enhanced cellular penetration as this would have manifested 
itself on days 3 and 7 as well. So the role of the nanoparticle in 
this instance is merely to encapsulate the pDNA, protect it, and 
sustain its release over time. As such, perhaps microspheres 
would have worked just as well. 

 
In the same paper, it is claimed that liposomal 

complexation of pDNA does not work as well as polymeric 
encapsulation, based on comparing a liposomal injection at the 
same site into the rats (both DOTAP/DOPE and 
DOSPA/DOPE liposomes were used, but in vivo transfection 
on day 7 was markedly inferior to either naked pDNA or 
pDNA-NP. Reasons for this are not addressed by the authors, 
who do claim that in general, liposomal transfection 
efficiencies are usually much higher in vitro than in vivo.  

 
We have studied the sustained release of 

lipoplexes (60), polyplexes (61) and naked pDNA in vitro 
from biodegradable matrices. It was found that bioactivity 
(as measured by transfection) was reduced with time of 
release, possibly due to aggregation of the released 
complexes. In the case of fast-degrading polymers (62), the 
released pDNA or compelxed pDNA loses its activity much 
sooner, possibly due to co-released negatively-charged 
oligomeric PLGA.  

5.1.1. Status  
In general, it must be admitted that non-viral 

vectors have not proven to be as efficient as viral vectors. 
Given the less stringent demands made of these vectors for 
siRNA delivery, it is more likely that non-virals would 
enjoy more success for this application than for pDNA 
delivery. We expect liposomes and solid particles to be 
studied more intensively in the coming years with siRNA 
delivery in view. Again, current understanding of the 
effects of liposomal or synthetic polymer encapsulation of 
genetic material does not allow us to forecast sustained 
pDNA or siRNA delivery from a single injection or 
implantation. That area is still in its infancy, as more 
attention has been paid to improve transfection efficiencies 
rather than sustaining it over time.  
 
6. OTHER APPLICATIONS AND PROGNOSIS 

 
Nanoparticles have been intensively studied for 

penetration of the blood-brain barrier (42, 63) with varying 
degrees of success. This is an important hurdle for drug 
delivery products to cross. It appears that active ligand-
mediated transport may be essential for success here (64). 
In our opinion, future successes for nanoparticle-based 
delivery systems will come in these 4 areas: 

 
a. Passive and active targeting of solid tumours 
b. SiRNA delivery 
c. Ligand-mediated delivery of anti-infectives and low-MW 
drugs across the BBB and to the back of the eye 
d. Localized infusion therapy involving intracellular 
delivery  
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