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Abstract. Nanotoxicology evaluates the relationship between the structure prop-
erties of nanoparticles and toxic hazard, which is of considerable importance prior to
clinical application of nanosystems. In spite of the introduction of nanotoxicology in
regulatory affairs and the elucidation of some physicochemical structure — toxicity
relationships by means of in vitro and in vivo research of nanomedicines, the acquired
knowledge still does not allow the prediction of chronic toxicity, especially subtle ways
of cell function impairment such as carcinogenesis in humans. This review focuses on
potential nanoparticle toxicity after dermal or inhalation exposure. Special emphasis is
given to intravenous administration of nanoparticles and the related hematotoxicity.
Here, we discuss the main factors, affecting the toxicity of nanoparticles for medical
application, namely size, surface charge, chemical composition and the interaction with

biological matrices.
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1. Nanotoxicology

The safety evaluation of nanomaterials
includes investigation of all possible toxicity
mechanisms no matter if they are due to
nanoscale-specific ~ or  scalable  proper-
ties(1).Nanotoxicology seeks to correlate the
structure properties of nanoparticles (NPs) to
toxic hazard. As for nanotherapeutics, this
knowledge is of paramount value, as proper
safety assessment is mandatory for a medicine’s
future.

Clinical data on acute and chronic toxici-
ty of nanopharmaceuticals is still scarce (2).
Most of them are delivery systems of cytotoxic
drugs and the carrier materials are safe and
biocompatible, forming relatively simple struc-
tures. So, in the clinical setting it is hard to
distinguish the toxicity of the drug carrier alone.
Moreover, they are administered intravenously,

usually under medical supervision and acute
overdosing is unlikely. However, if such a situa-
tion occurs, it may be beneficial to be aware of
some basic rules about the changes in kinetics
(distribution volume etc.), and the most import-
ant physicochemical determinants of the nano-
pharmaceutical type(3).

1. Structure-toxicity relationship

The risk of NP toxicity is a function of
exposure and hazard at all levels of structural
organization of biomatter. For example, at the
cellular level it depends on the ability of the
particles, their fragments or aggregates to reach
the susceptible cell compartment. The toxicody-
namic principle may be a chemical interaction, a
physical (mechanical) interaction or both
(Fig.1). The toxic effects of nanosystems depend
on the combination of all physicochemicalfac-
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tors. The major properties of nanoparticles
which might be related to toxic effects include
their chemical composition, solubility, impuri-
ties, size, surface area, agglomeration state,

shape, surface properties (chemistry, charge,
hydrophobicity, topology)(4).
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Figure 1. Mechanisms of toxicity of nanoparticles.

The chemical structure of nanoscale drug
carriers determines their in vivo behavior. If
nanoparticles under go dissolution or degrada-
tion in biological media, the source of toxicity
might be the resulting solutes (e.g. mono-
mers)(4). If the site of toxicity is subcellular,
then both cellular uptake of particles and solutes
matters. In the case of inert particles, the mecha-
nism of toxicity may predominantly be of a
mechanical nature depending mainly on the
particle’s size and shape (5). Steric hindrance,
disabling physiological functions of tissues and
cells is an example of physically induced toxici-
ty of nanoparticles.

Decreasing size corresponds to a propor-
tionate increase in surface area. At the
nanoscale, the surface area is immensely
increased. The percentage of surface atoms is
drastically high and is commensurate to that of
atoms in the core. Surface atoms have different
coordination chemistry and reactivity. When

toxicity is due to chemical reactions at the parti-
cle surface, surface area is an appropriate toxici-
ty dose-metric (1). For example, the production
of reactive oxygen species (ROS), considered to
be a major cause of NP toxicity, occurs at
surface defects that serve as catalytic sites (6).
However, dose metrics should be chosen in a
case-by-case fashion depending on the mecha-
nism of toxicity. When it is not clear, all
dose-metrics should be taken into account.

As NPs have an intermediate size
between that of biological macromolecules and
the smallest cells, they are processed by organ-
isms in a similar fashion. The biological identity
of particles is determined by their surface
adsorption of biological macromolecules,
mainly proteins, which form a “biocorona”
(Fig.2). The quantity, type and conformation of
adsorbed proteins are influenced by particles’
surface hydrophilicity, charge and topology (7).
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Figure 2. The biological identity of nanoparticles is formed by their interaction with biological media
(alveolar fluid, blood plasma, extracellular matrix etc.) in the human organism.

The “biocorona” forms specific epitopes
and affects a particle’s biological identity or how
it will be recognized and processed by cells (8).
Different exposure routes of the same nanoparti-
cles are characterized by different biocoronas,
which influence biodistribution and toxicity (9,
10). Size, shape and surface modification of
nanoparticles also influence their biological
identity. Biocoronas can affect the degree of
aggregation/disaggregation of NPs in biological
matrices (11).

The majority of NP toxicity factors have
been revealed by colloid science and biochemis-
try almost half a century ago. However, the com-
plexity NPs introduce is an obstacle to the
successful translation of knowledge into prac-
tice. A lot of scientific data on potential nano-
pharmaceuticals is of limited use because of
poor physicochemical characterization and inad-
equate toxicity assay adaptation (12). Address-
ing this issue laid the foundations of nanotoxi-
cology (11). The interdisciplinary physicochem-
ical and toxicological characterization was
shown to be effective in dissipating the uncer-
tainty and doubts. The Nanotechnology Charac-

terization Laboratory (NCL) by the National
Cancer Institute (NCI) in the USA (US-NCL) is
an example for the practical value of this
approach and hopefully its European analogue
(EU-NCL) will broaden its success.

2. Exposure routes and corresponding pathol-
ogy

To illustrate the complexity of nanoparti-
cle toxicity mechanisms, several examples of
pathologies are presented. As previously men-
tioned, the toxicokinetics of NPs depend on the
exposure route.

Dermal exposure

Ultrafine particles may penetrate the skin
and potentially exert toxic effects at distinct
organs. A study of NP occupational dermal
exposure hazard concludes that the NPs which
can release toxic ions are the primary object of
concern (13). Data on skin penetration and
permeation studies show that NPs smaller than 4
nm penetrate intact skin, those between 4 and 20
nm potentially can penetrate intact and damaged
skin, those from 21 to 45 nm can penetrate
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damaged skin, and NPs larger than 45 nm don’t
permeate and penetrate the skin (13). Notewor-
thy, a subchronic study of rats, exposed repeat-
edly to up to 1000 mg/kg ZnO NPs (20 nm) via
dermal route, didn’t reveal toxicity. Silver NPs
with different shapes differ in their diffusion
coefficients and the rate, depth of penetration
and overall permeability through mouse skin
(14). An example of toxicity after dermal expo-
sure to ultrafine particles is the disease endemic
non-filarial elephantiasis known as podoconio-
sis. It occurs in countries in tropical Africa, Cen-
tral America and northwest India, where irritat-
ing volcanic soils can be found. The local bare-
foot populations gradually develop the patholo-
gy (15). The detailed pathogenesis mechanism is
not fully understood, but there are findings of
ultrafine particles (of the oxides of aluminum,
silicon, magnesium and iron) absorbed through
the foot skin, phagocytosed by macrophages and
retained in lower limb lymph nodes. The illness
progresses slowly for decades and usually mani-
fests for the first time in the second decade of life
(15). It starts with itching and burning sensations
(16) and subendothelial edema and progresses
with collagenization of afferent lymphatics
which narrows and obstructs the lumen. Later,
two types of swelling occur: soft and fluid (‘wa-
ter-bag’ type); or hard and fibrotic (‘leathery’
type)(17). There are acute episodes with hyper-
pyrexia and the foot is warm and painful (15).
The pathological changes may progress with
fusion of the interdigital spaces and ankylosis of
the interphalangeal or ankle joints. Use of foot-
wear is a sufficient means of prevention.

Inhalation exposure

Historically, most of the concerns of
particle toxicity have been associated with the
inhalation of ultrafine particles. The first pathol-
ogy known to be caused by inhaled particles with
high length to width ratios is malignant mesothe-
lioma. Asbestos is the major cause. It consists of
naturally occurring fibrous silicate minerals that
can easily split in long, thin fibers (18). Two
forms of asbestos are most abundant: long, thin
fibers known as amphiboles (blue asbestos) and

feathery fibers called chrysotile (white asbestos).
Amphibole is much more toxic than chryso-
tile(19). A DNA virus, Simian virus 40 (SV40),
is believed to be a cofactor in the etiology of
malignant mesothelioma (20). Mesothelial cells
readily proliferate in case of injury and in the
presence of growth factors (21).Several process-
es are believed to be involved in asbestos-in-
duced mutations in the mesothelium. Asbestos
fibers’ length to width ratio facilitates their pene-
tration deep in the lung where they irritate the
pleura. This may result in the formation of scars
(plaques) or a malignant process (mesothelioma)
(22). Asbestos fibers may also disturb the mitotic
spindle of cells and disrupt mitosis, causing
chromosomal damage and irregularities (23).
Asbestos is associated to ROS induction which
may cause DNA damage (24). It may also
activate the expression of early-response
proto-oncogenes (25). When a phagocyte
attempts to engulf a fibre longer than thelength it
can completely enclose, “frustrated phagocyto-
sis” occurs. It is accompanied by spillage of
phagolysosomal enzymes which induce inflam-
mation and cytokine release that encourages
macrophage fusion and giant cell formation (26).

Podoconiosis and mesothelioma are
proof that nanoscale particles can pose a threat to
the organism. Noteworthy, the described diseas-
es are caused by particles with different physico-
chemical characteristics and different exposures.
For podoconiosis to develop, a systemic expo-
sure to large doses is needed while for mesotheli-
oma to occur, a single dose of asbestos is enough
providing it reaches the pleura. A common
feature of both the diseases is that when particles
cross the outer biological barriers, it is the
immune system and macrophages that attempts
to clear them. In both occasions it fails and at
some point of the disease, inflammation and
fibrosis may occur. Though the experimental
assessment of NP risk should be realistic in
regard to expected exposure levels, these two
examples prove that the emphasis should be put
on mechanisms of toxicity which could be of
complex nature.
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Intravenous application

All of the approved drug-delivery
systems and contrast agents that qualify for the
definition of nanopharmaceuticals are applied
for the intravenous therapy or diagnostics of
cancer. For the proper delivery of the active prin-
ciple, the nanoscale system should remain invisi-
ble for the immune system and evade renal and
hepatic clearance, circulating long enough for
passive targeting to the tumor to occur. Howev-
er, the longer circulation leads to bigger proba-
bility of interactions with blood cells. Moreover,
the nanopharmaceutical shouldn’t interfere with
the physiological functions of other blood cells
because such events also lead to the activation of
mechanisms of clearance by the immune system.
There are various pathways for NP uptake by
immune cells (27). So, hemocompatibility needs
to be tested and characterized early in the devel-
opment of a nanopharmaceutical. Dobrovolskaia
et al. narrowed down the basic categories of NPh
ematotoxicity: hemolysis, thrombogenicity and
complement activation (28).

Hemolysis
Hemolysis occurs when erythrocytes are

damaged and hemoglobin leaks out of them,
with potential life-threatening consequences as
anemia. Erythrocytes are the most abundant cells
in blood and, because of their huge surface area,
are the most probable cell type to interact with
NPs introduced via the venous route.A NP may
induce hemolysis via direct erythrocyte mem-
brane interactions or specific antibody-mediated
mechanisms. Then, NPs may adsorb hemoglobin
or cell debris, changing their biological identity
(Fig. 2) in a way that makes them a likely target
for phagocytosis, mediated via scavenger recep-
tor and phosphatidylserine (29). Surface proper-
ties (surface charge) have been recognized as the
decisive factor for direct erythrocyte membrane
interactions. Studies on fullerenes of similar size
but different surface charge, showed that the
negative charge didn’t causehemolysis, and an
increase in the number of cationic surface groups
corresponded to increased hemolysis. A recent
study reported that the use of copolymer,

possessing short cationic PDMAEMA chains
(PDMAEMA,-PCL, -PDMAEMA)) as a carrier
for nanomicelles did not provoke oxidative
stress in rats after intraperitoneal administration
(30).Neutralizing the cationic surface charge by
blocking the primary amino groups resulted in a
great decrease in hemolysis (31). Furthermore,
polyethylene glycol (PEG) surface coating,
which is hydrophilic but uncharged, reduced
hemolytic activity.

Thrombogenicity

Thrombogenicity is a material’s likeli-
hood to induce blood clotting. A relationship
between NP thrombogenicity and phagocytosis
by macrophages exists(32). An early study by
Movat et al. clearly demonstrated platelets can
also phagocytose NPs which is a potential mech-
anism for NP clearance by redistribution to a
blood clot (32). It has been shown that positive
surface charge of particles tends to induce plate-
let aggregation and activation, and PEG coating
prevents it (33). A study of carbon-based materi-
als with different sizes suggested that they
induce platelet aggregation by different signal
transduction pathways depending on particle
size and unlike classical platelet aggregation, are
independent of thromboxane A, which suggests
that anticoagulant therapies may be of reduced
efficiency in cases of NP-mediated platelet
aggregation (34).

Complement activation

The complement is a biochemical
cascade of proteins which “complements”
cell-mediated and humoral immunity by nonspe-
cifically removing pathogens from the body.
Induction of the complement by NPs may result
in complement receptor-mediated phagocytosis
by mononuclear cells and rapid clearance of the
nanoscale delivery system (35).

Complement activation after systemic
administration of NPs may lead to hypersensitiv-
ity (allergic) reactions or anaphylaxis, which
could impose a life-threatening situation. How-
ever, local activation of the complement by NPs
may be desirable as it enhances antigen
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presentation and improves vaccine efficacy. NP
surface charge has been indicated to be of signif-
icance for the propensity of a NP to activate the
complement cascade. Charged NPs activate
thecomplement system to a greater degree than
neutral ones (36-39). Furthermore, PEG coat-
ings were shown to reduce complement activa-
tion (37, 40). A link between the specific poly-
mer conformation of dextran and chitosan coat-
ings of the same chemical composition and
thickness, and the propensity of NPs to either
inhibit or enhance complement activation has
been found (41). Accordingly, complement
activation is very sensitive to the physicochemi-
cal properties of surface coatings. Approved
liposome nanotherapeutics as Doxil® are
considered biocompatible and biodegradable,
but they alsocan promote activation of the innate
immune system (42, 43). Acute hypersensitivity
reactions of anaphylactic nature of liposomes
and other lipid excipient-based therapeutic prod-
ucts have been reported, pointing to the activa-
tion of the complement cascade as the probable
underlying cause (44). Lamellarity, large size
and high amounts of cholesterol are likely
involved in complement activation and anaphy-
lactic reactions (42).

Phagocytosis
Phagocytosis is another important

process, which determines the kinetics, biodistri-
bution, effective targeting and potential organ
toxicity of intravenously administered nanophar-
maceuticals. It is widely recognized that the
major obstacle to sufficient circulation times and
effective targeting is the clearance of NPs by the
mononuclearphagocytic system (MPS) located
primarily in the liver and spleen (45-48). One
strategy to solve this problem is grafting NPs
with hydrophilic polymers such as polyethylene
glycol (PEG) and poloxamer. However, PEGcan
sensitize the immune system and lose efficacy
upon repeated dosing (49). Depending on the
biodegradability of the particles, clearance by
the or mononuclear phagocytic system (MPS)
imposes a risk of chronic toxicity to the organs
of deposition. A study on 30 nm colloidal gold

NPs injected in rats resulted in rapid accumula-
tion in the liver and spleen, and after a month
gold was still present in these organs. However,
PEGylation of the same NPs avoided MPS clear-
ance(50).

Despite the avoidance of MPS is a
desired effect, in some cases the longer circula-
tion of nanoparticles may create untypical for the
conventional form toxic effects. In the case of
Doxil, the most severe side effects are mucositis
and the hand-foot syndrome (palmar plantar
erythrodysesthesia, PPE)(51). PPE, which is a
critical dose- and schedule-limiting toxic effect
(52), is unique to Doxil® and does not manifest
with free doxorubicin.This is attributed predomi-
nantly to the long circulation time of the lipo-
somes and tendency to accumulate in the skin
(53). For comparison, the liposomal doxorubicin
preparation Myocet® has a bigger liposome size
and doesn’t escape the MPS but contrary — it is
readily deposited there and reenters the circula-
tion like a slow infusion (54). Just as Doxil®,
Myocet® exhibits reduced cardiotoxicity, but
lacks the specific for Doxil® toxic side effect
PPE (55).

3. Conclusion

In order to assess the complex mecha-
nisms of nanotoxicity, one should first under-
stand the properties of the particles at the
nanoscale. Only the proper physicochemical
characterization of nanoparticles in toxicological
research will quell doubts and allow for the
unconstrained development of the new genera-
tion of nanopharmaceutical systems for drug
delivery.
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