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1. The emergence of nanotechnology and 
nanotoxicology
 The term “nanotechnology” was first 
coined in 1974 in a publication of Norio Tanigu-
chi on the adjustable properties of materials at 
nanometer dimensions (1). The development of 
high-resolution imaging techniques in the 70’s 
and 80’s (2, 3) gave the tools to visualize the 
atomic structure of materials and empowered 
molecular and supramolecular scale engineering 
(4), which led to achievements in many practical 
fields as electronics, catalysis, imaging, material 
science and pharmacy (5). 
 In the beginning of 21st century, nano-
technology was recognized by government orga-
nizations as an economically perspective field. 
Long term strategies for innovation and imple-
mentation were created and centralized coordi-

nation bodies were launched. Nanotechnology 
became an intensively developed and socially 
recognizable topic. In 1999 the U.S. federal 
research agencies were the first to establish an 
Interagency Working Group on Nanotechnolo-
gy. The highly influential National Nanotechnol-
ogy Initiative (NNI) was founded in 2000 аs an 
interagency structure, coordinating the activities 
of 20 departments and independent agencies. 
With the launch of NNI, the cooperation of 
colloidal drug delivery and nanotechnology was 
encouraged, laying the foundations of nanomed-
icine. The work on colloidal drug delivery had 
started several decades ago and applied knowl-
edge of biochemistry and colloid science. What 
it shared with nanotechnology were the imaging 
techniques (6).
 U.S. initiatives were shortly followed 
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by analogical action in the European Union. The 
European Commission’s sixth framework 
program which funded European Research and 
Technological Development from 2002 to 2006 
was the first to include nanotechnology as one of 
its seven thematic priorities. In 2004, the Euro-
pean Science Foundation (ESF) defined nano-
medicine as the science and technology of diag-
nosing, treating and preventing disease and trau-
matic injury, of relieving pain, and of preserving 
human health using molecular tools and molecu-
lar knowledge of the human body (7, 8). In 2009, 
nine years after NNI, a European Integrating 
Technology and Innovation Platform on nano-
technology, called NANOfutures was launched. 
It is intended to coordinate innovation and com-
mercialization in the field of nanotechnology 
(9).
 The first reports addressing the increased 
risk of particles at the nanoscale emerged in 
1990 and covered the occupational risk of ultraf-
ine particle inhalation (10, 11). In 2004 scientifi-
cally sound safety concerns were raised by a 
Swiss reinsurance company (12) and the UK 
Royal Society and Royal Academy of Engineer-
ing (13). It was in the same year that the term 
“nanotoxicology” appeared in a publication of 
Donaldson et al. (14). However nine years later 
Donaldson and Poland argued that the connec-
tion between nano-specific properties and parti-
cle hazard is exaggerated and the concept of 
step-change toxicity is unjustified. Anyway, 
they didn’t deny the necessity to do research on 
hazard, related to nanoscale particle properties 
and toxicokinetics (15).
 The launch of Nanotechnology Charac-
terization Laboratory (NCL) by the National 
Cancer Institute (NCI) in 2004 aimed at support-
ing the translation of research to the clinics. It 
emerged as the leading institution of its kind, 
showing the need to tightly coordinate proper 
physicochemical and toxicological characteriza-
tion for the successful design and translation to 
clinical trials of nanopharmaceuticals. It keeps 
abreast of the latest developments in nanotech-
nology and nanotoxicology and implements 
them in rigorously validated assay protocols for 

the preclinical characterization of nanotherapeu-
tics. The NCL aids regulators and developers in 
harmonizing their work with clinical standards 
and advances in nanotechnology. For nine years 
during which some 300 nanomaterial formula-
tions were studied, the NCL has helped seven 
medicines get into clinical trials (16). In 2015, 
with the partnership of NCL, a European Nano-
technology Characterization Laboratory 
(EU-NCL) was launched, funded by the Europe-
an Union’s Horizon 2020 research and innova-
tion programme. Unlike U.S. NCL, the Europe-
an one is not focused only on cancer nanothera-
peuticals, but supports several nanomedicine 
areas (17, 18). In september 2017, at the 
EU–USA Community of Researchers annual 
meeting there was a proposal to create a Com-
munity of Research in Nanomedicine between 
NNI and the European Commission (19).

2. Why nanomedicine?
 At the nanoscale, some specific proper-
ties, not observed in the molecules or bulk mate-
rial of the same chemical composition, emerge 
(20). Such are the so called quantum effects – 
size dependent and tunable magnetic and optical 
properties, which change rapidly with changes in 
the size and shape of particles. They are possibly 
useful in medical imaging diagnostics. These 
properties emerge roughly in the interval 
between 1-100 nm and so this is the basis on 
which most definitions for “nanoparticle”  have 
been coined (5, 21–23). However, this size defi-
nition was created for regulatory purposes (24). 
Furthermore these quantum effects have not 
been proven to be of major importance in parti-
cles’ biological interactions, which are dominat-
ed by scalable properties, resulting from the 
huge surface area and comparable size to 
biomolecules and anatomical structures (25). 
Accordingly, in medical applications of nano-
technology, the nanoparticle (NP) is recognized 
not only as an isolated material object, but also 
from the perspective of its interactions with cells 
and biomolecules. So, the basic nanoparticle 
definitions have been modified for nanopharma-
ceuticals and the size cut-off is extended to 
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300 nm or more – an optimal size, characterized 
by decreased clearance, longer circulation life 
and passive tumor targeting. These effects have 
been shown to be of primary importance for 
nanopharmaceuticals (26–29). Furthermore, 
over 60% of all investigational and commercial 
nanotechnology-based medicines have particles 
larger than 100 nm (26).

3. Nanopharmaceutical design strategies
 Nanotechnology has been employed in 
finding solutions for a variety of problems in 
pharmaceutical formulation and pharmacokinet-
ics (30). So far the most utilized approaches are 
to diminish size in order to improve the solubili-
ty of a drug substance, create a stable dispersion 
or integrate it in a nanocarrier system, making it 
dependent on the colloid system’s pharmacoki-
netics (31). As cancer treatment with chemother-
apeutic agents is usually associated with debili-
tating toxicities and problematic pharmacokinet-
ics, having in mind the social burden of this type 
of diseases, a pressing need to improve selectivi-
ty exists (32). Consequently most of the research 
and development in nanotherapeutics is aimed at 
cancer therapy and diagnostics so far. Drug 
delivery strategies, utilizing nanotechnology 
have been successfully applied to all routes of 
administration: inhalatory, dermal, ocular, nasal, 
oral, intravenous. 
 The typical classification of nanoparticu-
late drug delivery systems could be made 
depending on the carriers. In particular, the 
nanosized delivery systems could be divided 
mainly in two types: inorganic and organic.

3.1. Inorganic nanopаrticles
 Metal NPs (gold, platinum) and metal 
oxides (iron oxides, titanium oxide) are used 
mainly for their optical and magnetic properties 
(33). Fullerenes (single-walled or multiwalled 
carbon nanotubes) possess huge surface area and 
are susceptible to chemical modification and 
drug loading (34). Silica NPs are of interest 
because of the possibility to synthesize porous 
structures with controllable parameters (35). The 
application of quantum or magnetic properties is 

typically associated with inorganic particles.
 
3.2. Organic nanopаrticles
 Lipid NPs are among the first colloidal 
drug delivery systems. Their major advantage is 
biocompatibility and relatively easy synthesis. 
Polymer NPs offer an infinite diversity of possi-
ble structures. They allow the synthesis of highly 
defined structures with specific biological reac-
tivity and defined properties as core, coating, 
specific stimuli-reactive structures that undergo 
physicochemical transitions etc. Some of the 
most widespread types are: polymer nano-
spheres, polymer micelles, polymerosomes, 
dendrimers, nanocapsules.
 Combined nanoscale systems are often 
preferred in pharmaceutical research and clinical 
application as they integrate the advantages of 
different materials. For example metal oxide 
NPs used as contrast agents are coated with poly-
mer layers that influence their pharmacokinetics. 
One of the promising nanopharmaceutical 
approaches is “theranostics” (therapy and diag-
nostics), which combines targeted drug delivery 
and simultaneous visualization of the location of 
the system (36). Such systems allow a personal-
ized approach by preselection of the patients 
who are susceptible to a therapy (37).

4. Clinical application of nanopharmaceuti-
cals
 A discussion exists whether all applica-
tions of nanotechnology in pharmacy lead to 
creating nanomedicines or only engineered 
systems, ensuring selectivity should be defined 
as such (38). Two sets of criteria have been 
narrowed down by Weissig et al. to define a drug 
as a true nanopharmaceutical: first, a major part 
of the manufacturing process should be nanoen-
gineering and second, the nanomaterial should 
be fundamental for the therapeutic activity or 
introduce unique properties to the active ingredi-
ent (38).
 Despite the decades of intensive research 
translation into practice still lags behind (39). 
Discussing the causes for the small number of 
approved nanopharmaceuticals, Venditto and 
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Szoka found some interesting correlations. It 
turns out that in the cases of the most successful 
high-tech medicines, there are very few publica-
tions prior to FDA approval and in all cases even 
fewer publications prior to clinical trials (39). 
Still the hardest obstacles are safety evaluation 
and moving new inventions to the manufacturing 
scale. However, the first nanopharmaceuticals 
have been in clinical use for almost two decades 
and their efficacy has become evident.
 
4.1. Liposomes: Doxil® (Caelyx®) (16)
 In 1995 the anticancer Doxil® was the 
first FDA-approved nanopharmaceutical. It is 
made of pegylated liposomal doxorubicin 
approximately 100 nm in size. In Europe it is 
registered as Caelyx®. It is used in the therapy of 
AIDS-related Kaposi’s sarcoma and multiple 
myeloma. The great advantage of Doxil over 
doxorubicin HCl is its drastically decreased 
cardiotoxicity. Today, two decades later, it 
remains the gold standard of injectable nano-
pharmaceuticals (40). Doxil has a prolonged 
drug circulation time and avoids the reticuloen-
dothelial system (RES) due to the polyethylene 
glycol (PEG) coating (40, 41). Liposomes are 
effectively loaded with doxorubicin crystals and 
remain stable in vivo (40, 42). Doxil is passively 
targeted to tumors (42), owing to the enhanced 
permeability and retention effect (EPF) which 
utilizes fenestrated, leaky tumor vasculature 
endothelium combined with a lack of lymph 
drainage vessels.
 
4.2. Protein–drug conjugates: Abraxane® (16)
 Abraxane® is the first protein-based 
nanopharmaceutical approved by the FDA in 
2005 and in 2008 by EMA. It is albumin-bound 
paclitaxel with a mean particle size of approxi-
mately 130 nm (43). It is currently approved as a 
therapy for metastatic breast cancer, non-small 
cell lung cancer, and metastatic pancreatic 
cancer. Abraxane® is a passively targeted 
drug-delivery system, utilizing the EPR effect 
and supposedly albumin-associated cell uptake 
mechanisms. Moreover it overcomes the poor 
water solubility of paclitaxel and eliminates the 

need for cremophor/ethanol vehicle (in Taxol®) 
which is associated to toxic reactions. As a result 
its safety is significantly increased (43). Note-
worthy, patients who have been found to be 
refractory to other taxanes could still respond to 
Abraxane (16). Abraxane improves clinical 
outcomes even in historically non-taxane–sensi-
tive tumors such as pancreatic cancer. In vitro 
results from the NCL demonstrated that conven-
tional paclitaxel but not Abraxane results in 
strong complement activation. It triggers hyper-
sensitive reactions and anaphylaxis that are 
observed clinically with the conventional pacli-
taxel therapy.

4.3. Inorganic: SPIONs:  Feridex® (En-
dorem®), Resovist® (44)
 Feridex® was approved by FDA in 1996 
for intravenous administration as a magnetic 
resonance imaging (MRI) contrast media for the 
detection and characterization of cancer lesions 
in the liver and spleen. It is made of superpara- 
magnetic iron oxide NPs (SPION) formulated as 
an aqueous colloid solution. The diameter of the 
metal particle core is around 5 nm, and the exter-
nal hydrodynamic diameter of the dextran coated 
particle is up to 150 nm (44). It utilizes the affini-
ty of RES to phagocytose particles in the system-
ic circulation and accumulate them primarily in 
the liver and spleen. In contrast to them, malig-
nant transformed cells have only a very limited 
ability to do uptake SPIONs which allows their 
differentiation using magnetic resonance imag-
ing (MRI). The resulting effect is an image with 
improved contrast between the tumor (bright) 
and the surrounding tissue (dark). Two SPION 
products have been clinically approved: feru-
moxides (Feridex® in the USA, Endorem® in 
Europe) with a sizes of the particles from 120 to 
180 nm, and ferucarbotran (Resovist®) with a 
sizes of about 60 nm (45).The production of 
Feridex® was discontinued in 2008. Unlike 
Resovist®, Endorem® and Feridex® show some 
side effects such as cardiovascular problems and 
lumbar pain, and Resovist® appears to have a 
more favorable safety profile (45).
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4.4. SPIONs for thermal ablation: NanoTher-
m® (38)
 NanoTherm® was approved in Europe in 
2003 as SPION for local thermal ablation of 
glioblastoma, prostate, and pancreatic cancer. It 
is comprised of 15 nm aminosilane-coated 
SPIONs, which are injected into the solid tumor 
mass. By exerting magnetic field which changes 
its polarity 100,000 times per second the parti-
cles start to vibrate and significantly increase 
their core temperature. Depending on the expo-
sure time to the magnetic field, the intratumoral 
temperatures that are achieved vary and either 
destroy tumor cells (ablation) or sensitize them 
for chemotherapy. Following treatments are 
possible because most of the NPs stay at the 
treatment area.

4.5.  Other nanoscale targeted pharmaceutical 
systems (38) 
4.5.1. Ligand-toxin conjugates
 Kadcyla® is a conjugate of the cytotoxic 
agent emtansine and trastuzumab. Ontak® was 
an engineered protein combining interleukin-2 
and diphtheria toxin.

4.5.2. Polymer-based
 Opaxio® is made of water-soluble, 
biodegradable polyglutamate polymer linked 
with paclitaxel. Zinostatin Stimalamer® is a 
copolymer of styrene-maleic acid and the antitu-
mor antibiotic neocarzinostatin.

4.5.3. Gene-therapies using viral vectors
 Gendicine® is the first approved for use 
gene therapy and is an adenovirus, engineered to 
kill infected tumors by making them overexpress 
the wild type-p53 gene. Rexin-G® is a retroviral 
vector with cytocidal cyclin G1 construct.

5. Nanopharmaceuticals in clinical trials
 After the success of passively targeted 
nanopharmaceuticals, the next generation seeks 
to upgrade the EPR effect and apply active 
targeting principles in order to further improve 
selectivity.

 5.1.  CYT-6091 is a preparation of 
TNF-α labeled gold nanoparticles aimed to over-
come tumor resistance mechanisms when in 
combination therapy (16). Successfully passed 
phase I clinical trials (46).
 5.2.  NCT02033447 is a magnetic 
nanoparticle injection for prostate cancer ther-
mal ablation in phase 0 (47).
 5.3.  BIND-014 is a prostate-specific 
membrane antigen targeted polymeric nanoparti-
cle containing docetaxel currently in phase II 
clinical trial (48).
 5.4.  ThermoDox® is a liposomal formu-
lation designed for thermoresponsive release of 
doxorubicin, currently in phase III clinical trials 
(49).
 A difficulty in the process of clinical 
trials is the greater interpatient variability in 
pharmacokinetics compared to the respective 
conventional small-molecule drugs (50). This 
could be explained with processes not concern-
ing small molecules, but influencing nanosys-
tems as saturation of liposomal clearance medi-
ated by the RES (50).

6. Conclusion
 Visualizing and engineering at the 
nanoscale made the idea for colloidal drug deliv-
ery systems seem possible. It was three decades 
ago when this promise started to materialize. 
However there is a scientific gap, concerning 
safety issues, which hampers the process of 
translating basic research to the bedside. This 
uncertainty is a major reason for the slow rate at 
which nanomedicines appear on the market or 
enter clinical trials.
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