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CONS P EC TU S

N anomaterials offer opportunities to construct novel compounds for many
different fields. Applications include devices for energy, including solar

cells, batteries, and fuel cells, and for health, including contrast agents and
mediators for photodynamic therapy and hyperthermia. Despite these promising
applications, any new class of materials also bears a potential risk for human
health and the environment. The advantages and innovations of these materials
must be thoroughly compared against risks to evaluate each new nanomaterial.
Although nanomaterials are often used intentionally, they can also be released
unintentionally either inside the human body, through wearing of a prosthesis or
the inhalation of fumes, or into the environment, through mechanical wear or
chemical powder waste. This possibility adds to the importance of understanding
potential risks from these materials.

Because of fundamental differences in nanomaterials, sound risk assess-
ment currently requires that researchers perform toxicology studies on each new nanomaterial. However, if toxicity could be
correlated to the basic physicochemical properties of nanomaterials, those relationships could allow researchers to predict
potential risks and design nanomaterials with minimum toxicity.

In this Account we describe the physicochemical properties of nanoparticles (NPs) and how they can be determined and discuss
their general importance for cytotoxicity. For simplicity, we focus primarily on in vitro toxicology that examines the interaction of
living cells with engineered colloidal NPs with an inorganic core. Serious risk assessment of NPs will require additional in vivo
studies. Basic physicochemical properties of nanoparticulate materials include colloidal stability, purity, inertness, size, shape,
charge, and their ability to adsorb environmental compounds such as proteins. Unfortunately, the correlation of these properties
with toxicity is not straightforward. First, for NPs released either unintentionally or intentionally, it can be difficult to pinpoint these
properties in the materials. Therefore, researchers typically use NP models with better defined properties, which don't include the
full complexity of most industrially relevant materials. In addition, many of these properties are strongly mutually connected.
Therefore, it can be difficult to vary individual properties in NP models while keeping the others constant.

1. Introduction
The definition of nanoparticulate materials is relatively

broad, and thus, to simplify, this Account focuses on en-

gineered colloidal nanoparticles (NPs) with an inorganic

core. However, in particular in biological environments

(e.g., waterbodies, cell culture media, body fluids such as

blood, plasma, interstitial fluid, urine, etc.), these NPs are

hybrid materials with an inorganic core and an organic
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coating. In biological media, constituents of the media will

generally adsorb to the NP surface, thus leading to NPs with

an organic shell (cf. section 6).1 Also for in vivo scenarios,

such as abrasion of nanoparticulate material from pro-

sthesis,2 the original NPs (i.e., the wear debris) may be of

purely inorganic nature, but in contact with body fluids, they

will be covered with organic molecules, in particular pro-

teins, the so-called protein corona (cf. section 6).3 At any rate,

any NP will comprise an (in this review) inorganic core and

an (in general complex) organic shell. A sketch of the NP

geometry is given in Figure 1. The hybrid nature of NPs

involves several fundamental challenges in defining basic

properties of NPs, such as dose (cf. section 2) and size

(cf. section 4), which will be discussed later. In addition, cyto-

toxic effects of the NPs can potentially arise from the core

and/or from the surface coating. Though the surface coating

interfaces the NP with its biological environment and thus

controls, for example, the pathway of cellular internalization

of the NP, toxicity can arise from the core and/or the shell.

Both may change over time, the core mainly by corrosion (i.

e., leaching of ions, cf. section 3) and the organic shell by

biodegradation (in particular after cellular uptake) and/or

rearrangement of the protein corona (cf. section 6).4 In

particular, in vitro or in vivo internalization may significantly

alter NP properties and thus influence cytotoxic effects,

which so far has been only poorly investigated. For this

reason it does not make any sense to claim that NPs of a

certain inorganic material are toxic or nontoxic, as toxicity

will also depend on the surface coating and not only on the

material of the inorganic core. A simple example is CdSe NPs

(so-called quantum dots), where toxicity for NPs with iden-

tical inorganic CdSe cores is strongly influenced by the

surface coating.5 Also shape-controlled elongated Au NPs

capped by cetyl trimethylammonium bromide (CTAB) are

toxic due to the shell of CTAB and not due to the inorganic

Au core.6 In turn, it would be wrong to say that toxicity is

determined by the surface coating, which ultimately me-

diates interaction with cells. Experiments with NPs with dif-

ferent cores (Au, FePt, no core) but the same surface coating

(a carboxy-terminated polymer) gave an example in which

the core (Au, FePt), but not the surface coating (i.e., polymer

micelles without inorganic core inside), was responsible for

cytotoxic effects.7 Thus, for any cytotoxicity study the hybrid

nature of NPs must be taken into account, and by suitable

control experiments the origin of toxic effects needs to be

determined, which can be the inorganic core and/or the

organic surface.

2. Dose and in Vitro/in Vivo Models
Already in the medieval ages, Paracelsus pointed out that

toxic effects dependon the administered dose. As nowadays

many researchers are looking for cytotoxic effects, inglo-

rious examples can be found in the literature in which the

mass of NP material injected in an animal virtually has the

same mass as the blood of the animal itself, whose conse-

quent death certainly does not qualify for claiming theseNPs

to be cytotoxic. This example visualizes the importance to

quantify the administered dose of NPs, which due to their

hybrid properties (cf. section 1) is no trivial task. The easiest

way of quantifying NP doses is via mass concentrations, i.e.

the mass of NP material per solution volume (in mg/L).

Assuming the NP solution is purified and does not contain

anything but the NPs (cf. section 3), the mass of the NPs

dispersed in a solution of certain volume can be determined

by evaporating the solvent and weighting the NPs. The

intrinsic problem of mass concentrations comes into play

when toxicities of NPs with different surface coatings are to

be compared. This could involve a comparison of NPs with

identical inorganic cores but with different surface coatings.

One surface coating could be a monolayer of surfactants,

while the other surface coating would involve, in addition to

the monolayer, large attached polymers. Due to the NPs'

FIGURE1. Geometryof aNPas characterizedby its core diameter rc and
hydrodynamic diameter rh. The inorganic core (drawn in light gray) can
be coated by organic ligands (drawn in black, scenarios (1) and (2)). At
any rate, counterions from solution (drawn as small points in dark gray)
are attracted by the NP. In biological media, molecules such as proteins
adsorb to the NP surface (drawn in dark gray, scenarios (2) and (3)).
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hybrid nature, the mass of the second type of NPs thus is

bigger than the one of the first type of NPs. This effect can be

quite dramatic due to the high surface-to volume ratio of

small NPs. For instance, one naked Au core with a diameter

of 4 nm has a mass of ca. 65� 10�23 kg, whereas the same

core conjugated with 15 molecules of polyethylene glycol

(PEG) withmolecular weight of 20 kDa (mass of the PEG shell

of ca. 50� 10�23 kg) wouldhaveamassof ca. 115� 10�23 kg,

which is a significant change. In other words, in case com-

parison of toxic effects is performed with solutions with the

samemass concentration, solutions of theNPswith polymer

would comprise fewer NPs in number than solutions with

NPs without the polymer. Alternatively, the dose can be

given in terms of concentrations, i.e. in moles of NPs or

number ofNPs per volumeof solution (inmol/L or L�1).Mass

concentration (mg/L) and concentration (mol/L) are corre-

lated by themolecular weight of one NP as a proportionality

factor. Thus, the mass of NPs could be converted into the

number of NPs, in case the molecular weights of the NPs

were known. Unfortunately, the hybrid nature of NPs

(cf. section 1) makes a determination of the molecular

weight (which would involve the contribution of core and

shell) quite cumbersome. Instead of quantifying NPs by their

concentration, also the number of inorganic atoms (from the

core) per volume of solution (in mol/L or L�1) can be

specified. The number of inorganic atoms per NP core (and

thus the correlation factor between both entities) can be

experimentally estimated by deriving the volume Vc of the

NP core from the NP's dimensions (e.g., for a spherical

geometry, the core diameter dc) as determined by imaging

techniques such as transmission electron microscopy (TEM).

Knowing Vc and the density F of the NP core material, the

mass of one NP core can be calculated as mc = FVc. Con-

sidering an inorganic core of the composition AxBy (e.g.,

Fe2O3), the mass of one molecule mm of AxBy can be

calculated as x-times the atomic mass of element A and

y-times the atomic mass of element B (e.g., mm(Fe2O3) =

2mm(Fe) þ 3mm(O) = 2.6 � 10�25 kg). The number of atoms

A or B per NP of AxBy thus is x-times or y-times the coefficient

mc/mm (e.g., each Fe2O3 NP with dc = 11 nm core diameter,

F(Fe2O3) = 5.25 g/cm3, comprises ca. 28000 atoms of Fe).

The atomic concentration of one element in solution (mol/L)

can be determined for example by inductively coupled-

plasma mass-spectrometry (ICP-MS),8 and thus by knowing

the number of atoms per NP, the NP concentration can be

derived. Alternatively, for corrosive NPs (such as CdSe and

Ag, cf. section3)which release toxic ions from their inorganic

core, the number of surface atoms (i.e., the atoms on the

surface of the inorganic core which are most likely released

upon corrosion) can also be specified.5 In some special cases

(such as quantum dots and plasmonic NPs), NP concentra-

tions (mol/L) can be determined from absorption measure-

ments.9,10 Knowing about the different approaches to spe-

cify doses, to allow comparison among studies, the way NP

concentrations have been determined should be precisely

described. Logically also, the in vitro/in vivo model used

highly influences experimental results. In vitro and in vivo

nanotoxicity is generally triggered by the induction of oxi-

dative stress by free radical formation, i.e. the creation of

radical oxygen species (ROS), following the administration of

NPs. A detailed list of cytotoxic effects of NPs (involving

besides ROS also others such as membrane disruption) can

be found in ref 11. In the case of in vivo sequestration of NPs

by phagocytic cells in the organs of the mononuclear pha-

gocyte system, organs such as liver and spleen are the main

targets of oxidative stress. Other organs exposed to high

blood flow, such as the kidneys and lungs, are also subject to

oxidative stress. Toxicity certainly is correlated with NP

uptake. A great risk is that NPs can accumulate in vivo and

stay in animals over extended periods of time. Also in vitro,

there are first studies which demonstrate that NPs which

have been incorporated by cells are more harmful than

those remaining in the surrounding medium.12 In fact,

different uptake routes of different cell types affect the

toxicity of NPs.13 Internalized CdTe NPs have been for

example demonstrated to be more toxic than the corre-

sponding amount of free Cd2þ ions in an in vivo model.14

Besides the type of cells,13 toxic effects depend also on the

state of cellular differentiation.10 Coming back to the pro-

blemof defining administeredNP doses, the geometry of NP

exposure also plays a role in vitro. In particular, whenNPs are

not homogeneously dispersed in the medium but sediment

on the cells due to low colloidal stability (cf. section 3), a thin

film of medium over a big area of cells will have a different

effect than a high filmofmediumover a small area of cells.15

Thus also, the interplay between NP concentration and the

cellular density depends on the exposure geometry and has

to be considered.

3. Colloidal Stability, Purity, and Inertness
Arguably, colloidal stability is the key physicochemical param-

eter of NP dispersions, as it influences most of the other

parameters, and thus has a great effect on cytotoxic effects.16

NPs tend to agglomerate due to van der Waals attraction.

To introduce repulsion, NP surfaces typically are modified

with charge or with polymer brushes. These organic coatings
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provide colloidal stability by electrostatic (equally charged

NPs repel each other) or steric (polymer brushes cannot

completely penetrate each other) repulsion. The inorganic

cores of NPs can be synthesized from a large variety of

materials, and many different surface coatings for provision

of colloidal stability have been reported.10 The quality of the

surface coating for providing colloidal stability can be rela-

tively easy probed by measurements of the hydrodynamic

diameter of the NPs (cf. section 4).17 Dramatic deviations of

the hydrodynamic diameter (dh) relative to dc can be ascribed

typically to agglomeration. Importantly, colloidal stability

probed only in water is not a sufficient indicator. Salts screen

charges on the NP surface and thus reduce electrostatic

repulsion, as well as proteins from biological environ-

ments will adsorb on the NP surface (cf. section 6).18,19 Thus,

measurements of dh should beperformed in themediawhich

the NPs experience after administration.20 Again, the dy-

namic nature of the NP hybrid geometry (cf. section 1) needs

tobepointedout,which involves that colloidal stability ofNPs

may change during their life cycle.21 It is a rule of thumb that

NPs which possess poor colloidal stability and which are

agglomerated will remain irreversibly like that. Obviously

agglomeration increases the effective size of NPs (cf. section 4).

Agglomeration due to limited colloidal stability can thus

smear out effects of different NP sizes.22 Also ζ-potential

measurements, which are typically used to quantify the

surface charge of NPs (cf. section 5) are strongly affected

by agglomeration.17 Colloidal stability is also paramount for

purification of NP solutions from residual reactants or lea-

ched constituents. Cytotoxicity studies should be performed

with pure NP solutions to make sure that effects are related

with the NPs and not with impurities. Ultrafiltration, size

exclusion chromatography, (gel) electrophoresis, and flow

field fractionation are established methods for NP

purification.23,24 However, in the case of limited colloidal

stability, the NPs may irreversibly precipitate upon purifi-

cation, for example due to partly stripping off the organic

surface layer or by screening of surface charge in the

required buffer solutions. Considering pure NP solutions,

the inorganic NP cores can trigger cytotoxic effects in two

ways, either due to reaction of their surface with the

environment or by leaching toxic ions, which in both cases

leads to the production of ROS.13 Corrosion of NPs leading

to the release of toxic ions to solution has been reported

for several NP materials, such as Ag,25 CdSe,5 Cu and CuO,

NiO,26 and ZnO.27 In these cases, cytotoxicity (e.g., the

ability to generate ROS) has been correlated with the

corrosiveness (i.e., the rate of dissolution) of the NPs. Thus,

controls are required to determine whether toxicity is due

to released ions or the NPs by themselves.

4. Influence of Size and Shape
Due to their hybrid character, the size of NPs is not a trivial

issue (cf. section 1). The NP core size (e.g., dc in a spherical

geometry) can be determined by TEM. This is due to the fact

that the organic shell around the core provides at best low

contrast in TEM images, and thus, the core can be unequi-

vocally identified. In solution the hydrodynamic diameter dh
can also be determined. This is technically derived from

measurements of the diffusion constant D and the Stokes�
Einstein equation D = (kBT)/(3πηdh), where kB and η are

the Boltzmann constant and the viscosity of the solvent,

respectively. Typical techniques for determining dh in this

way are dynamic light scattering (DLS)17 or fluorescence

correlation spectroscopy (FCS). Though DLS is among the

most used techniques for particle sizing, it is generally

considered a ``low resolution'' method17 and is limited to

thorough filtering to avoid spurious signals, the possible

interference when the sample absorbs the laser light, or

the practical impossibility to reliably measure sizes below

10 nm. The hydrodynamic radius comprises the organic sur-

factant layer (cf. Figure 1), intentionally attached molecules

(bioconjugation; cf. section 1), the adsorbed protein corona

(cf. section 6), and the cloud of attracted counterions, and

thus, it is always is bigger than dc. In comparative studies in

which size is kept constant and other parameters are varied,

it is important to discuss which diameter (dh or dc) is kept

constant. Typically, the cytotoxicity ofNPs is size-dependent,

and in general, the smaller the NP, the higher its cyto-

toxicity.28 This effect can originate from an increasing reac-

tive surface area of smaller NPs, though in some cases also

from a size-dependent uptake rate. As the size of a NP

decreases, its surface area-to-volume ratio increases and

also allows a greater proportion of its atoms or molecules to

be exposed to the exterior. Shrinkage in size may create

discontinuous crystal planes that increase the number of

structural defects, aswell as itmay disrupt thewell structured

electronic configuration of the material, so as to give rise to

altered electronic properties. This could, for example, estab-

lish specific surface groups that could function as reactive

sites. Therefore, it is more appropriate in some cases

to quantify NP dose in terms of reactive surface area

(i.e., number of surface atoms) rather than in number of

NPs (i.e., total number of atoms; cf. section 2).28 In case

cytotoxicity takes place in the intracellular space, it will be

dependent on the NP uptake rate.29 In general, bigger NPs
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are less efficiently andmore slowly incorporated by cells. To

investigate this, not only EC50-values (i.e., themean effective

concentration atwhichhalf of the cells are impaired) but also

the kinetics of uptake (i.e., how fast are theNPs incorporated)

should be determined. Extensive in vitro studies of size-

dependent uptake have been performed for Au NPs30 and

SiO2 NPs.31 Also, the mechanism for cytotoxic effects can

change with NP size.32 In vivo NP size influences the biodis-

tribution of administered NPs.33 Many organs of the human

body act as size-dependent filters. Large NPs (>200 nm) will

be easily detected by the immune system, removed from the

blood, and delivered to the liver and the spleen.34 Very small

NPs (<5�15 nm) can be excreted through the kidneys by

renal filtration.35 Therefore, for example, the optimal NP

size for intravenous (i.v.) delivery ranges between 10 and

100 nm, as these NPs will have (provided an appropriate

surface chemistry) the longest blood circulation time. How-

ever, the values for threshold NP sizes have to be interpreted

with care, and they are valid only for nonagglomerated NPs.

NP shape can also influence NP uptake36 and toxicity.37

5. Role of Charge
Charge can warrant for colloidal stability (cf. section 3) and

thus prevent NP agglomeration. Charge also regulates inter-

action of NPs with the biological environment, such as

adsorption of serum proteins (which may trigger uptake by

endocytic pathways,13 or it even may change the protein

conformation38 (cf. section 6)) and NP incorporation by cells

(i.e., uptake rate and pathway of internalization).39 Practi-

cally, charge is often quantified in terms of ζ-potential [mV].

The Poisson equation for electric fields relates charge [C] and

electric potential [mV]. However, ζ- potentials cannot be

trivially converted into surface charge densities. This is first

due to the complex hybrid geometry of NPs (cf. section 1)

and second due to what can be experimentally detected

(ζ-potential). NPs in solution can absorb ions (Helmholtz layer),

and charged objects in electrolytic solution are in addition

screened by counter charges (i.e., diffusive ions).40 Whereas

the surface potential is the electric potential at theNP surface

(and thus directly corresponds to the surface charge), the

ζ-potential is the electric potential in the distance of the

screening length (i.e., the decay length of the diffusive cloud

of counterions) from the NP surface. As ions can absorb to

the NP surface, the NP surface charge depends on the

medium in which the NPs are dispersed (e.g., the surface

charge of carboxyl terminated NPs will depend on pH due to

the equilibrium �COOHT �COO� þ Hþ). As in addition the

screening length of the diffusive ion cloud depends on the

ion concentration and the ion valency, the ζ-potential is

strongly influenced by the surrounding medium. In the

context of in vitro studies, cationic NPs are believed to be

more toxic to cells than their neutral or anionic coun-

terparts.11 As the cellular lipid bilayer carries a net negative

charge, it is easier for cationic NPs to attach to the cellular

surface and thus to be internalized.41 It is quite possible, for

this reason, that higher cytotoxicity of positively charged

(cationic) NPs is often a simple effect of higher uptake rate.

However, details are more complex.42 Distinct mechanisms

have been proposed to explain the cytotoxicity of cationic

NPs, such as strong interaction of cationic NPs with the cell

membrane, leading to hole formation, membrane thinning

and/or erosion,42 damage to the acidifying endosomal

compartments by the proton sponge effect, followed by

mitochondrial injury,13 increase of intracellular Ca2þ con-

centration followingmembrane depolarization,41 or release

of cytotoxic surfactants such as the widely used CTAB

(cf. section 3).6 However, as pointed out repeatedly, most

physical�chemical parameters are entangled. Effects of

charge may be correlated with size-dependent uptake, and

additional surface coatings such as PEG introduce complex-

ity. PEGylated neutral NPs, for example, show nearly no

interaction with some cells.43 Also, in vivo studies show that

PEGylated NPs have a longer retention time in blood than

their charged counterparts and the biodistribution of

charged NPs in organs, tissues, and excretion is also charge

dependent.44 This is thought to be connected with reduced

interaction of PEGylated NPs with serum proteins, which

makes them “invisible” to the phagocytic system.43

6. Adsorption of Environmental Molecules (in
Particular Proteins) to the NP Surface and
Sterilization
NPs in physiological media will absorb proteins, forming the

so knownprotein corona, in particular, if they do not possess

passivating surface coatings such as PEG.19 By this process

the mononuclear phagocyte system can recognize easily

intruded NPs in the body. In general, if a NP is not well-

passivated by a surface that prevents nonspecific protein

adsorption, opsonization occurs, and most probably the

complement system will be activated, producing an immu-

nological response against them.45 Typically, this immuno-

logical response will lead to accumulation of NPs in the liver

and spleen. The surface charge and size of NPs influences

interaction with proteins of the physiological medium.18,46

Adsorption of proteins can directly trigger cytotoxic effects,

or indirectly by enhancing NP uptake.30,38 Concerning NP
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uptake, the adsorption of serum proteins can hide the

synthetic organic layer of the NP surface and lead to non-

specific uptake of the NPs into cells by receptor mediated

endocytosis. Protein adsorption onto nanoparticles can also

adversely affect the function and structure of proteins.38,47

Also, special attention should be paid to sterilization tech-

niques of colloidal solutions containing NPs, as these can

prevent the presence (absorbed or coexisting) of microbial

life in solutions of NPs. Before challenging NPs with any

living organism, these should be sterile. Otherwise, toxicity

results might be misleading (i.e., toxicity and/or infection

resulting from coexisting microbial life).48

7. Conclusions
Nowadays it is still not possible to reliably break down the

cytotoxicity of NPs to their physicochemical properties, as

they are strongly interconnected. Model NPs in which ex-

clusively only one parameter can be varied are very hard to

synthesize on a general basis. As different cell types have

different function, also their interaction with NPs can differ

significantly. As a general rule of thumb, small positively

charged NPs are more toxic than big negatively charged

ones, though this may not be true under particular condi-

tions. Themost promisingdirections in the futurewill include

high throughput screening assays which allow for large

scale comparison of huge sets of well-defined model NPs

in which properties are systematically varied.

Parts of this work have been funded by the BMBF (Grant UMSICHT
toW.J.P.) and by the EC (Grant Namdiatream toW.J.P.). Supported
by Chinese Academy of Sciences visiting professorship for senior
international scientists. Grant No. 2012T1J0021.

BIOGRAPHICAL INFORMATION

Pilar Rivera-Gil graduated in Pharmacy at the Universidad de
Sevilla (Spain) in 2001 and obtained her Ph.D. degree at the Freie
Universit€at Berlin (Germany) in 2007. She then joined the group of
Prof. Wolfgang Parak as a researcher in Marburg (Germany). She is
currently finishing her Habilitation under the supervision of Prof.
Thomas Kissel.

Dorleta Jimenez de Aberasturi graduated in Environmental
Sciences at the University of the Basque Country (UPV/EHU) in
2006. Since 2009 she has been doing her Ph.D. work in the
Inorganic Chemistry Department of UPV/EHU.

Verena Wulf graduated in Chemistry at the University of Mar-
burg in 2011. She is now doing her Ph.D. in the Department of
Inorganic and Analytical Chemistry at the University of Frankfurt.

Beatriz Pelaz graduated in Chemistry at the Universidad de
Valladolid (2005) and in Biochemistry at the Universidad de

Zaragoza (2011). She obtained her Ph.D. degree at theUniversidad
de Zaragoza (2012).

Pablo del Pino graduated in Physics fromUniversidad de Sevilla
in 2002 and obtained his Ph.D. degree at Technische Universit€at
M€unchen (Germany) in 2007. He then joined the group of Wolf-
gang Parak as a postdoctoral fellow at the Ludwig-Maximilians-
Universit€at M€unchen (Munich, Germany). Since 2009, he has been
a junior scientist at Universidad de Zaragoza, Spain.

Yuanyuan Zhao graduated in Applied Chemistry. She obtained
her M.S. in Physical Chemistry and Ph.D. in Polymeric Chemistry
and Physics at Jilin University in 2010. Since 2011 she has been
doing her Postdoctoral studies on design and application of
nanoscale biomaterials in Prof. Xing-Jie Liang's group.

Jes�us M. de La Fuente graduated in Chemistry from the
University of Cordoba 1998, obtained his Ph.D. at University of
Seville in 2003. He joined the group of Prof. Adam Curtis as
postdoctoral fellow at the University of Glasgow (U.K.). Since
2008, he has been group leader at the Instituto Nanociencia de
Arag�on (University of Zaragoza, Spain).

Idoia Ruiz de Larramendi received her Ph.D. in Chemistry in
2007 from the University of the Basque Country (UPV/EHU). She
undertook internships at CINSO;CONICET (Argentina) and the
Institut de Chemie de laMati�ere Condens�ee;CNRS (France). She is
currently working as lecturer in Inorganic Chemistry at (UPV/EHU).

Te�ofilo Rojo received his Ph.D. from the University of the Basque
Country in 1981. Since 1992 he has been a Full Professor of
Inorganic Chemistry at the UPV/EHU. Since 2010 he has been the
Scientific Director of the CIC-Energigune.

Xing-Jie Liang got his Ph.D. at the National Key Lab of Bioma-
cromolecules, IBP, CAS, and finished his PostDoc with Dr. Michael
M. Gottesman at LCB, CCR, NCI. He worked as a Research Fellow at
the Surgical Neurology Branch, NINDS, and returned to Beijing in
2007 as deputy director of CAS Key Lab for Biomedical Effects of
Nanomaterials and Nanosafety.

Wolfgang J. Parak obtained his Ph.D. at the LMU M€unchen,
Germany (1999), in the group of Prof. Dr. Hermann Gaub. After a
postdoctoral stay at the University of California, Berkeley, CA, USA,
in the group of Prof. Dr. Paul Alivisatos, he returned to Munich in
2002 as Assistant Professor. Since 2007 he has been Full Professor
at the Philipps Universit€at Marburg, Germany.

FOOTNOTES

*Telephone: þ49(0)64212824161. E-mail: wolfgang.parak@physik.uni-marburg.de.
The authors declare no competing financial interest.

REFERENCES
1 Stark, W. J. Nanoparticles in Biological Systems. Angew. Chem., Int. Ed. 2011, 50, 1242–

1258.
2 Papageorgiou, I.; Brown, C.; Schins, R.; Singh, S.; Newson, R.; Davis, S.; Fisher, J.;

Ingham, E.; Case, C. P. The effect of nano- andmicron-sized particles of cobalt�chromium
alloy on human fibroblasts in vitro. Biomaterials 2007, 28, 2946–2958.

3 Cedervall, T.; Lynch, I.; Lindman, S.; Berggard, T.; Thulin, E.; Nilsson, H.; Dawson, K. A.;
Linse, S. Understanding the nanoparticle-protein corona using methods to quantify
exchange rates and affinities of proteins for nanoparticles. Proc. Natl. Acad. Sci. U.S.A.
2007, 104, 2050–2055.

4 Pfaller, T.; Colognato, R.; Nelissen, I.; Favilli, F.; Casals, E.; Ooms, D.; Leppens, H.; Ponti, J.;
Stritzinger, R.; Puntes, V.; Boraschi, D.; Duschl, A.; Oostingh, G. J. The suitability of different



Vol. 46, No. 3 ’ 2013 ’ 743–749 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 749

Colloidal Nanoparticles and Their Cytotoxicity Rivera-Gil et al.

cellular in vitro immunotoxicity and genotoxicity methods for the analysis of nanoparticle-
induced events. Nanotoxicology 2009, 4, 52–72.

5 Kirchner, C.; Liedl, T.; Kudera, S.; Pellegrino, T.; Mu~noz Javier, A.; Gaub, H. E.; St€olzle, S.;
Fertig, N.; Parak, W. J. Cytotoxicity of Colloidal CdSe and CdSe/ZnS Nanoparticles. Nano
Lett. 2004, 5, 331–338.

6 Qiu, Y.; Liu, Y.; Wang, L.; Xu, L.; Bai, R.; Ji, Y.; Wu, X.; Zhao, Y.; Li, Y.; Chen, C. Surface
chemistry and aspect ratio mediated cellular uptake of Au nanorods. Biomaterials 2010,
31, 7606–7619.

7 Lehmann, A. D.; Parak, W. J.; Zhang, F.; Ali, Z.; R€ocker, C.; Nienhaus, G. U.; Gehr, P.;
Rothen-Rutishauser, B. Fluorescent�Magnetic Hybrid Nanoparticles Induce a Dose-
Dependent Increase in Proinflammatory Response in Lung Cells in vitro Correlated with
Intracellular Localization. Small 2010, 6, 753–762.

8 Fern�andez, B.; Costa, J.; Pereiro, R.; Sanz-Medel, A. Inorganic mass spectrometry as a tool
for characterisation at the nanoscale. Anal. Bioanal. Chem. 2010, 396, 15–29.

9 Liu, X.; Atwater, M.; Wang, J.; Huo, Q. Extinction coefficient of gold nanoparticles with
different sizes and different capping ligands. Colloids Surf., B 2007, 58, 3–7.

10 Zhang, H.; Xia, T.; Meng, H.; Xue, M.; George, S.; Ji, Z.; Wang, X.; Liu, R.; Wang, M.;
France, B.; Rallo, R.; Damoiseaux, R.; Cohen, Y.; Bradley, K. A.; Zink, J. I.; Nel, A. E.
Differential Expression of Syndecan-1 Mediates Cationic Nanoparticle Toxicity in Undiffer-
entiated versus Differentiated Normal Human Bronchial Epithelial Cells. ACS Nano 2011,
5, 2756–2769.

11 Nel, A. E.; Madler, L.; Velegol, D.; Xia, T.; Hoek, E. M. V.; Somasundaran, P.; Klaessig, F.;
Castranova, V.; Thompson, M. Understanding biophysicochemical interactions at the nano-
bio interface. Nat. Mater. 2009, 8, 543–557.

12 Brandenberger, C.; M€uhlfeld, C.; Ali, Z.; Lenz, A.-G.; Schmid, O.; Parak, W. J.; Gehr, P.;
Rothen-Rutishauser, B. Quantitative Evaluation of Cellular Uptake and Trafficking of Plain
and Polyethylene Glycol-Coated Gold Nanoparticles. Small 2010, 6, 1669–1678.

13 Xia, T.; Kovochich, M.; Liong, M.; Zink, J. I.; Nel, A. E. Cationic Polystyrene Nanosphere
Toxicity Depends on Cell-Specific Endocytic and Mitochondrial Injury Pathways. ACS Nano
2007, 2, 85–96.

14 Ambrosone, A.; Mattera, L.; Marchesano, V.; Quarta, A.; Susha, A. S.; Tino, A.; Rogach,
A. L.; Tortiglione, C. Mechanisms underlying toxicity induced by CdTe quantum dots
determined in an invertebrate model organism. Biomaterials 2012, 33, 1991–2000.

15 Cho, E. C.; Zhang, Q.; Xia, Y. The effect of sedimentation and diffusion on cellular uptake of
gold nanoparticles. Nat. Nano 2011, 6, 385–391.

16 Wick, P.; Manser, P.; Limbach, L. K.; Dettlaff-Weglikowska, U.; Krumeich, F.; Roth, S.;
Stark, W. J.; Bruinink, A. The degree and kind of agglomeration affect carbon nanotube
cytotoxicity. Toxicol. Lett. 2007, 168, 121–131.

17 Roebben, G.; Ramirez-Garcia, S.; Hackley, V.; Roesslein, M.; Klaessig, F.; Kestens, V.;
Lynch, I.; Garner, C.; Rawle, A.; Elder, A.; Colvin, V.; Kreyling, W.; Krug, H.; Lewicka, Z.;
McNeil, S.; Nel, A.; Patri, A.; Wick, P.; Wiesner, M.; Xia, T.; Oberd€orster, G.; Dawson, K.
Interlaboratory comparison of size and surface chargemeasurements on nanoparticles prior
to biological impact assessment. J. Nanopart. Res. 2011, 13, 2675–2687.

18 Lundqvist, M.; Stigler, J.; Elia, G.; Lynch, I.; Cedervall, T.; Dawson, K. A. Nanoparticle size
and surface properties determine the protein corona with possible implications for biological
impacts. Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 14265–14270.

19 Monopoli, M. P.; Walczyk, D.; Campbell, A.; Elia, G.; Lynch, I.; Baldelli Bombelli, F.; Dawson,
K. A. Physical�Chemical Aspects of Protein Corona: Relevance to in Vitro and in Vivo
Biological Impacts of Nanoparticles. J. Am. Chem. Soc. 2011, 133, 2525–2534.

20 Maiorano, G.; Sabella, S.; Sorce, B.; Brunetti, V.; Malvindi, M. A.; Cingolani, R.; Pompa,
P. P. Effects of Cell Culture Media on the Dynamic Formation of Protein-Nanoparticle
Complexes and Influence on the Cellular Response. ACS Nano 2010, 4, 7481–7491.

21 Casals, E.; Pfaller, T.; Duschl, A.; Oostingh, G. J.; Puntes, V. Time Evolution of the
Nanoparticle Protein Corona. ACS Nano 2010, 4, 3623–3632.

22 Goodman, C. M.; McCusker, C. D.; Yilmaz, T.; Rotello, V. M. Toxicity of Gold Nanoparticles
Functionalized with Cationic and Anionic Side Chains. Bioconjugate Chem. 2004, 15, 897–
900.

23 Sperling, R. A.; Liedl, T.; Duhr, S.; Kudera, S.; Zanella, M.; Lin, C. A. J.; Chang, W. H.;
Braun, D.; Parak, W. J. Size determination of (Bio)conjugated water-soluble colloidal
nanoparticles: A comparison of different techniques. J. Phys. Chem. C 2007, 111,
11552–11559.

24 Bolea, E.; Jim�enez-Lamana, J.; Laborda, F.; Castillo, J. Size characterization and quantification
of silver nanoparticles by asymmetric flow field-flow fractionation coupled with inductively
coupled plasma mass spectrometry. Anal. Bioanal. Chem. 2011, 401, 2723–2732.

25 Kittler, S.; Greulich, C.; Diendorf, J.; K€oller, M.; Epple,, M. Toxicity of Silver Nanoparticles
Increases during Storage Because of Slow Dissolution under Release of Silver Ions. Chem.
Mater. 2010, 22, 4548–4554.

26 Lin, S.; Zhao, Y.; Xia, T.;Meng, H.; Ji, Z.; Liu, R.; George, S.; Xiong, S.;Wang, X.; Zhang, H.;
Pokhrel, S.; M€adler, L.; Damoiseaux, R.; Lin, S.; Nel, A. E. High Content Screening in

Zebrafish Speeds up Hazard Ranking of Transition Metal Oxide Nanoparticles. ACS Nano
2011, 5, 7284–7295.

27 Xia, T.; Zhao, Y.; Sager, T.; George, S.; Pokhrel, S.; Li, N.; Schoenfeld, D.; Meng, H.; Lin, S.;
Wang, X.; Wang, M.; Ji, Z.; Zink, J. I.; M€adler, L.; Castranova, V.; Lin, S.; Nel, A. E.
Decreased Dissolution of ZnO by Iron Doping Yields Nanoparticles with Reduced Toxicity in
the Rodent Lung and Zebrafish Embryos. ACS Nano 2011, 5, 1223–1235.

28 Nel, A.; Xia, T.;M€adler, L.; Li, N. Toxic Potential of Materials at the Nanolevel. Science 2006,
311, 622–627.

29 Verma, A.; Stellacci, F. Effect of Surface Properties on Nanoparticle�Cell Interactions.
Small 2010, 6, 12–21.

30 Chithrani, B. D.; Chan, W. C. W. Elucidating the Mechanism of Cellular Uptake and Removal
of Protein-Coated Gold Nanoparticles of Different Sizes and Shapes. Nano Lett. 2007,
7, 1542–1550.

31 Napierska, D.; Thomassen, L. C. J.; Rabolli, V.; Lison, D.; Gonzalez, L.; Kirsch-Volders, M.;
Martens, J. A.; Hoet, P. H. Size-Dependent Cytotoxicity of Monodisperse Silica Nanopar-
ticles in Human Endothelial Cells. Small 2009, 5, 846–853.

32 Carlson, C.; Hussain, S. M.; Schrand, A. M.; K. Braydich-Stolle, L.; Hess, K. L.; Jones, R. L.;
Schlager, J. J. Unique Cellular Interaction of Silver Nanoparticles: Size-Dependent
Generation of Reactive Oxygen Species. J. Phys. Chem. B 2008, 112, 13608–
13619.

33 Schipper, M. L.; Iyer, G.; Koh, A. L.; Cheng, Z.; Ebenstein, Y.; Aharoni, A.; Keren, S.;
Bentolila, L. A.; Li, J.; Rao, J.; Chen, X.; Banin, U.; Wu, A. M.; Sinclair, R.; Weiss, S.;
Gambhir, S. S. Particle Size, Surface Coating, and PEGylation Influence the Biodistribution of
Quantum Dots in Living Mice. Small 2009, 5, 126–134.

34 Chomoucka, J.; Drbohlavova, J.; Huska, D.; Adam, V.; Kizek, R.; Hubalek, J. Magnetic
nanoparticles and targeted drug delivering. Pharmacol. Res. 2010, 62, 144–149.

35 Soo Choi, H.; Liu, W.; Misra, P.; Tanaka, E.; Zimmer, J. P.; Itty Ipe, B.; Bawendi,
M. G.; Frangioni, J. V. Renal clearance of quantum dots. Nat. Biotechnol. 2007, 25, 1165–
1170.

36 Meng, H.; Yang, S.; Li, Z.; Xia, T.; Chen, J.; Ji, Z.; Zhang, H.; Wang, X.; Lin, S.; Huang, C.;
Zhou, Z. H.; Zink, J. I.; Nel, A. E. Aspect Ratio Determines the Quantity of Mesoporous Silica
Nanoparticle Uptake by a Small GTPase-Dependent Macropinocytosis Mechanism. ACS
Nano 2011, 5, 4434–4447.

37 Albanese, A.; Sykes, E. A.; Chan, W. C. W. Rough around the Edges: The Inflammatory
Response of Microglial Cells to Spiky Nanoparticles. ACS Nano 2010, 4, 2490–
2493.

38 Deng, Z. J.; Liang, M.; Monteiro, M.; Toth, I.; Minchin, R. F. Nanoparticle-induced unfolding
of fibrinogen promotes Mac-1 receptor activation and inflammation. Nat. Nano 2011,
6, 39–44.

39 Asati, A.; Santra, S.; Kaittanis, C.; Perez, J. M. Surface-Charge-Dependent Cell Localization
and Cytotoxicity of Cerium Oxide Nanoparticles. ACS Nano 2010, 4, 5321–5331.

40 Guerrero-Garcia, G. I.; Gonzalez-Tovar, E.; de la Cruz, M. O. Effects of the ionic size-
asymmetry around a charged nanoparticle: unequal charge neutralization and electrostatic
screening. Soft Matter 2010, 6, 2056–2065.

41 Arvizo, R. R.; Miranda, O. R.; Thompson, M. A.; Pabelick, C. M.; Bhattacharya, R.;
Robertson, J. D.; Rotello, V. M.; Prakash, Y. S.;Mukherjee, P. Effect of Nanoparticle Surface
Charge at the Plasma Membrane and Beyond. Nano Lett. 2010, 10, 2543–2548.

42 Leroueil, P. R.; Hong, S.; Mecke, A.; Baker, J. R.; Orr, B. G.; Banaszak Holl, M. M.
Nanoparticle Interaction with Biological Membranes: Does Nanotechnology Present a Janus
Face? Acc. Chem. Res. 2007, 40, 335–342.

43 Moros, M.; Hern�aez, B.; Garet, E.; Dias, J. T.; S�aez, B.; Graz�u, V.; Gonz�alez-Fern�andez, �A.;
Alonso, C.; de la Fuente, J. M.: Monosaccharides versus PEG-Functionalized NPs: Influence
in the Cellular Uptake. ACS Nano 2012, 6, 1565–1577.

44 Hirn, S.; Semmler-Behnke, M.; Schleh, C.; Wenk, A.; Lipka, J.; Sch€affler, M.; Takenaka, S.;
M€oller, W.; Schmid, G.; Simon, U.; Kreyling, W. G. Particle size-dependent and surface
charge-dependent biodistribution of gold nanoparticles after intravenous administration.
Eur. J. Pharm. Biopharm. 2011, 77, 407–416.

45 Dobrovolskaia, M. A.; McNeil, S. E. Immunological properties of engineered nanomaterials.
Nat. Nano 2007, 2, 469–478.

46 Hong, R.; Fischer, N. O.; Verma, A.; Goodman, C. M.; Emrick, T.; Rotello, V. M. Control of
Protein Structure and Function through Surface Recognition by Tailored Nanoparticle
Scaffolds. J. Am. Chem. Soc. 2004, 126, 739–743.

47 Linse, S.; Cabaleiro-Lago, C.; Xue, W.-F.; Lynch, I.; Lindman, S.; Thulin, E.; Radford, S. E.;
Dawson, K. A. Nucleation of protein fibrillation by nanoparticles. Proc. Natl. Acad. Sci.2007,
104, 8691–8696.

48 Franca, A.; Pelaz, B.; Moros, M.; Sanchez-Espinel, C.; Hernandez, A.; Fernandez-Lopez, C.;
Grazu, V.; de la Fuente, J. M.; Pastoriza-Santos, I.; Liz-Marzan, L. M.; Gonzalez-Fernandez,
A. Sterilization Matters: Consequences of Different Sterilization Techniques on Gold
Nanoparticles. Small 2010, 6, 89–95.


