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1. Introduction

The wealth of pharmaceuticals available today has largely
been fueled by a detailed understanding of molecules within
biological systems.[1–3] As a result, the majority of the widely
used medicaments were originally identified on the basis of a
toxic effect or through design towards a specific molecular
target (for example, a key protein in a cascade).[4–7] Can this
most successful concept be extended?[8] What happens if we
start combining the properties of molecules (for example,
optical, magnetic, or mechanical properties) with those of
classical solids? Can we make solids so small that they start
moving like classical molecules? A quick look at the diffusion
behavior of particles and the relevant size range (Figure 1)

indeed shows that such a fascinating merger between solids
and molecules appears to be feasible. How does that affect the
way we think about solving a given (medical or industrial)
problem “chemically”?

The objective of this Review is to show how functional
nanoparticles can provide a logical extension beyond classical
(molecular) design concepts in chemistry, where we arrange
atoms in a way to reach a biochemical/medical/processing

design target. The use of small and, therefore, transportable
particles may make it possible to apply previously inaccessible
physical effects (such as, the use of solid/mechanic properties
and physical effects as part of a pharmaceutical formulation)
to the development of pharmaceutical lead compounds and
therapy design.

In addition to the introduction and conclusions, the
Review is divided into three parts. In Section 2 we discuss
nanoparticles in biological systems, with a focus on the
fundamental differences between particles and molecules.
Physical aspects relate to a size- and density-dependent
mobility which affects the uptake, biodistribution, and clear-
ing. This most crucial difference of mobility is highlighted
with several examples currently encountered in preclinical or
toxicological studies. In terms of chemical reactivity, solids
have traditionally supported heterogeneous catalysis and
were characterized through activity and surface properties.
With small particles, such reactive surfaces can enter biolog-
ical systems and interfere with existing (natural) chemical
transformation pathways.

Section 3 discusses the most recently uncovered mecha-
nistic insights from nanotoxicology[9–12] as a starting point for
improved or new medical treatment concepts. The direct
comparison of molecules and nanoparticles allows the metric
and language to be defined to properly discuss the funda-
mental physical/chemical differences where relevant for
biological systems. Selected key properties of nanoparticles
are then analyzed in detail to illustrate the potential of this
concept in applications.

Section 4 gives a long-term perspective that highlights
emerging research areas at the interface between small
molecular drugs and material science. This section includes
catalysis inside cells, the extraction of noxious compounds
from a human as an alternative to the addition of another

Understanding the behavior of nanoparticles in biological systems
opens up new directions for medical treatments and is essential for the
development of safe nanotechnology. This Review discusses molecules
and nanoparticles when in contact with cells or whole organisms, with
a focus on inorganic materials. The interaction of particles with biol-
ogy unravels a series of new mechanisms not found for molecules:
altered biodistribution, chemically reactive interfaces, and the combi-
nation of solid-state properties and mobility. Externally guided
movement of medicaments by using functional nanomagnets brings
mechanics into drug design. In subsequent sections, the role of inert-
ness and bioaccumulation is discussed in regard to the long-term safety
of nanoparticles.
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Figure 1. Nanoparticles resemble both molecules and solids: The
combination of mobility (a property of classical molecules; high
diffusion coefficient) with the specific properties of a solid material
(for example, magnetism; response to light, radiation; catalytic/
chemical activity, surface[31, 40, 161, 162]) allows delivery of the physical
properties of solids into an organism. [a] In water.
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molecule (drug), and elaboration of ways to use the under-
standing gained for the development of safe nanoparticles for
use in consumer goods.

The Review focuses on inorganic, metal-based nano-
particles, the largest class of small particles. Since such
particles have defined properties[13] and follow rules for
connecting amongst themselves and others, they have been
suggested as building/design elements[14,15] in physics/elec-
tronics[16,17] and material science.[18–21] From a chemical
perspective, we may consider the multifunctional building
blocks as advanced molecules[22,23] (namely, the basic entities
have the possibility to connect to others and form new
entities) with properties traditionally associated with solid-
state physics or mechanics (the core of the entities has
properties of a solid). Given the considerable size of this
topic, the present Review can only address individual aspects
in an incomplete way and often refers to more specialized
reviews where a better defined, selected number of applica-
tion examples have been discussed.

2. Fundamentals

Molecules are defined by their atomic constituents, their
connectivity, and by the spatial orientation of the subunits.
The clear identity of molecules allows for accurate prepara-
tion and analysis, which results in well-defined physical and
chemical properties. Application-oriented chemistry links
desired target properties (for example, blocking of an
enzyme) with chemical lead structures and uses the elaborate
methods of synthetic chemistry to provide the compounds for
performance testing (Figure 2).

Classical solids are considered as infinite repetitions of
smaller subunits, where the properties of the material do not
depend on the location within the material. In contrast to
molecules, the identity of a solid is given by the local
(repeated) arrangement of atomic or ionic constituents in an
exact (crystalline) or averaged (amorphous solids) way. Solid-
state physics provides a series of technically most relevant
additional properties (optical, magnetic, thermodynamic,
gradients in semiconductors, force anchoring, etc.). Chemistry
has partially succeeded in providing molecules with such
“solid” properties, but in most cases classical solids outper-
form their molecular counterparts (for example, organic
dyes$inorganic pigments, fluorescein$quantum dots, silicon
photovoltaic$organic solar cells). From an application-

oriented perspective, an ideal product (a set of properties)
would, therefore, combine design elements from synthetic
chemistry (function, connection, recognition), classical solids
(force anchor, imaging by light conversion, contrast or
magnetic response), while remaining mobile (diffusion and
transport inside an organism or system).

If this fundamental distinction between molecules and
classical solids is now considered in regard to biological
systems, the mobility of molecules is indeed the most
discriminative argument why classical pharma has relied on
the use of molecules to convey action (for example, to block a
specific enzyme) within an organism at the cellular level.
From a (much more) abstract point of view, we may consider
surgical instruments as specialized solids, which currently act
on the size range of a meter (hip bone implant) down to a
micrometer (ophthalmology). We may thus ask the question
of where chemistry will ultimately meet mechanical engineer-
ing, particularly when dealing with a large number of identical
objects (large molecules with multiple function, bioconju-
gates, highly functionalized particles).

2.1. Between Molecules and Solids
2.1.1. Nanoparticles Are Mobile Solids

Nanoparticles combine the properties of solids (for
example, fluorescence in the case of quantum dots) with the
ability to move (a property of molecules).[24–26, 40, 161,162] As a
result, the discussion of nanoparticle-related investigations
requires a different language, as outlined in Figures 1–3.
Furthermore, the small size of nanoparticles creates large
surfaces that can interact with biological systems in non-
classical ways (see Figure 4, right).[10–12,40, 54] The failure of
numerous early nanotoxicological investigations to yield
reliable experimental data sets (effect versus dose) is directly
related to a lack of physical understanding (of particles). To
provide a chemical analogy, one may consider talking about a
set of compounds in terms of color, density, water solubility,
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Figure 2. The chemical fate of molecules inside an organism can be
described through degradation and metabolism. For nanoparticles,
agglomeration complicates the in vivo behavior and significantly alters
mobility, biodistribution, and clearance. Stabilized particles can
become unstable through chemical modification or loss of surface
functionality. Inside the organism, particles can have mass-related
effects (dissolution and release) or catalytic effects (time- and mass-
dependent).
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and boiling point (namely, observables) without knowing the
structure. Clearly, such Edisonian trial and error methods
would rarely result in an efficient drug design. An introduc-
tion to the concepts of mobility and agglomeration is there-
fore provided below.

2.1.2. Homologous Series of Molecules and Nanoparticles

It is currently difficult to provide an accurate, full
description of a specific nanoparticle sample. In contrast,
substances can be accurately described as mixtures of
compounds. Today, only a few well-defined nanoparticles

are available (for example, Au20,
[27] Au102

[28]), and creative
approaches are needed to define/describe nanoparticle sam-
ples. An example will illustrate this: The homologous series of
linear alkenes is defined by the presence of a C=C bond
within a linear hydrocarbon. A common set of chemical
properties (for example, the ability to react with a specific
reagent) defines this series from an experimentalist�s view-
point. In a similar way, nanoparticles of a given composition
(for example, metallic gold) form a homologous set of
materials of increasing size (or, more specifically: the
number of Au atoms per particle).[29, 30] Similar to alkenes,
the defining properties change along this series (for example,
band gap, catalytic reactivity[31]).

As in the case of molecules, the complexity of nano-
materials can become large: Substituted penicillins form a
group of complex molecules, while the group of poly(ethylene
oxide)-functionalized carbon nanotubes form a larger group
of complex materials. An entry point into a more systematic
nomenclature for nanomaterials was proposed most recently
by Gentleman and Chan.[32] Looking back at the historical
development of chemical nomenclature reveals a similar
difficulty of a research community adapting to a specific way
of naming and describing molecules.

2.2. Dynamic Properties: Mobility and Agglomeration
2.2.1. Diffusion of Small Particles

The mobility of molecules is high. When working in the
laboratory, chemists (intuitively) make a valid approximation
based on diffusion coefficients: For most chemical applica-
tions in a homogeneous phase we traditionally avoid lengthy
discussions on diffusion effects (so called mass-transfer
limitations). As a result, chemists only occasionally encounter
mass transfer when carrying out a heterogeneous reaction.
Drug development, therefore, traditionally relies on organ/
tissue distribution models to simulate biodistribution and
local metabolic effects.[33] The partition coefficient concept
(for example, the octanol-water coefficient KOW) provides a

Figure 3.
Nanoparticles come in various shapes and modifications.[10] Surface
functionalization allows controlled changes of the interface properties
and alters the dissolution and degradation. Stabilization is routinely
made through adsorption of macromolecules. Catalytic activity alters
the interaction of the particles with their surroundings and may make
use of oxygen, reducing agents, or even light. Reactive materials
dissolve and may recrystallize, thereby offering additional surfaces
where molecules may attach or react.

Figure 4. Agglomeration strongly depends on the nanoparticle concentration (particles per volume). Under the typical concentrations of
biomedical or toxicological investigations (for example, 1 mg particles per mL), the bi-particle kinetics of agglomerations rapidly transform small
particles (highly mobile) into large, basically immobile aggregates unless special precautions or surface treatments are used. This clearly shows
how the form of the material (size) has a tremendous, but indirect effect on biodistribution. This often paradox-appearing behavior explains why
very small nanoparticles are often less widely distributed in exposed organisms than particles of intermediate size.
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well established tool to rapidly discuss hydrophilic/hydro-
phobic behavior.[34,35] Similarly, solubility defines the inter-
action between solids and dissolved species when in direct
contact.

In sharp contrast to molecules, the mobility of nano-
particles is a dynamically changing property (Figure 4). The
ability to form groups (so-called agglomerates) is a funda-
mental property of nanoparticles. As described by Einstein,[36]

the diffusion coefficient of such larger objects rapidly drops
with size according to Equation (1), where D is the diffusion
coefficient, kB the Boltzmann constant, T the temperature, m

the viscosity, and r the particle radius.

D ¼ kBT
6pmr

ð1Þ

Most reviews[10, 40, 98,129, 161] and recommendations on nano-
particle/biology interactions, however, describe single particle
effects thoroughly (Figure 3), but mostly neglect the pro-
nounced effects of the nontraditional mobility of these tiny
particles on biological systems.

2.2.2. Particles can Form Groups: Agglomeration

The agglomeration process itself[37](Figures 2 and 4) is
analogous to a bimolecular reaction and, therefore, strongly
depends on the concentration of particles (chemical ana-
logue: concentration of a reactant A in a bimolecular,
elementary reaction 2A = B). The concept of activation
energy (the percentage of collisions that successfully lead to
reaction) is analogously expressed using a stability ratio. This
is a striking example of co-evolution in two different scientific
disciplines. Measurement of zeta-potentials (see Figure 8 in
Section 3.1.1) can provide an experimentally accessible
measure to assess the relative electrostatic stability of a
nanoparticle dispersion against rapid agglomeration.[38, 39] In
terms of the difference between molecules and nanoparticles,
the zeta-potential and surface charge density play a similar
role as the surface-charge of a molecule or protein.

It should be noted that steric repulsion (for example,
through non-ionic dispersion agents, polymer or silica
shells,[40a] or surfactants[40b–43]) can also contribute to stable,
even nearly electrically neutral dispersions,[44] and strongly
affects biodistribution.[45, 54, 161] In biological systems, however,
highly charged proteins (for example, albumin in blood) or
specific, charged adsorbates[46,47] result in predominantly
charge-stabilization effects.[48–50]

The phase behavior and biodistribution of nanoparticles is
complicated by the above-mentioned process of agglomer-
ation (Figure 5), but the principal concept of phase-distribu-
tion coefficients appears to be applicable if particles are
highly stabilized. Some authors even use the concept of
“solubility” to describe a particle dispersion, but struggle with
a precise definition since a rigid approach must rely on the
above concepts of agglomeration and deagglomeration
(chemical analogy: dissolution). In addition, interface effects
(particle surface) complicate the above discussion and again
underline why chemical concepts alone are of limited use
when describing nanoparticles in complex systems.

3. Mechanisms

Biological systems are defined by compartment formation
(for example, cells) and rely on lipid-based membranes as
diffusion barriers. A discussion on particle behavior in
biological systems, therefore, starts with the uptake of
particles (that is, transfer through the first barrier between
the outside world and an organism). In the case of classical
pharmaceuticals, most organic molecules enter cells by
diffusion (Figure 6) and the rate of cellular uptake is largely
defined by the size and partition coefficient (KOW) of a

Figure 5. The biodistribution of molecules and nanoparticles depends
on the mobility, size, and surface properties.[10–12,40, 45, 54, 161, 162] While
molecules diffuse between different compartments of an organism,
particles may undergo preferred agglomeration in a specific part
(organ, tissue).[45] Since the formation of agglomerates results in a
slow or even immobile form of the material, nanoparticles can
accumulate locally. This, in particular, affects excretion,[45, 55] and may
result in long residence time inside an exposed organism if a material
is persistent or of very low solubility.

Figure 6. Biological membranes are the predominant barriers in all
organisms. Lipophilic molecules, in particular, diffuse through classical
lipid bilayers and their concentrations are a function of thermodynam-
ics. Specific nanoparticles may enter membranes and diffuse inside a
cell depending on their surface.[10–12, 54, 63, 69, 70] Most hydrophilic (oxides)
nanoparticles are found bound to vesicles inside cells. The mechanism
of uptake is under intense debate. Uncoated microparticles rarely
enter non-phagocytotic cells.[70]
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substance.[51, 52] Well-established in vitro setups are widely
used to measure uptake and resulting biological effects (for
example, in vitro cytotoxicity).[33]

The rapidly emerging field of nanotoxicology attempts to
translate concepts from chemical toxicology to nanoobjects.
In view of the differences between molecules and nano-
particles highlighted above, it is not surprising that such a
transfer of methods is difficult.[53] The following section
presents some of the key mechanisms that are inherently new
to nanoparticles and starts with particle uptake by cells,
nontraditional interactions, and clearance from an organism.

3.1. Uptake of Nanoparticles into Cells and Organs
3.1.1. Mammalian Cells

Depending on the particle surface,[10–12, 56–59] affinity to
water (hydrophilic/hydrophobic), charge,[60–62] and protein
adsorption,[63–67] nanoparticles enter cells either bound inside
vesicles (most oxide nanoparticles) or free-floating in the
cytosol (predominantly polymer and some derivatized metal
nanoparticles).[68] The combined effects of diffusion and
agglomeration make even simple in vitro experiments quite
complicated.[39] Accurate control over the dispersion quality
(temporal evolution of the hydrodynamic particle size
distribution) and timing of exposure is a prerequisite for
reliable experimentation, but can easily be modeled on the
basis of the above concepts.

Figure 4 shows that the agglomeration process is rapid at
typical physiologically relevant concentrations in the mg mL�1

range. The cellular uptake after exposure to a nonstabilized
nanomaterial (most technically relevant samples) strongly
depends on the mean size of the particles—larger particles
(for example, 320 nm diameter) are relatively heavy, diffuse
slowly (see Equation (1)), and do not significantly agglomer-
ate during the typical duration of standard in vitro experi-
ments (several minutes to a few days). In contrast, if

nanoparticles (100 or 20 nm diameter) are used, the equiv-
alent mass of every single particle of 320 nm diameter now
corresponds to 33 (100 nm diameter) or 4000 particles (20 nm
diameter). Since the rate law concerning agglomeration
depends on the square of the particle concentration
(number of particles per volume of liquid), smaller particles
agglomerate within seconds to minutes. This process is further
accelerated through the higher diffusion coefficient of the
smaller particles [Equation (1) and Figure 7].[39]

These findings have a direct impact on most medical/
toxicological questions, as typical doses (drug delivery/
diagnostic aid …) or accidentally ingested or inhaled particle
samples (safety concerns, workplace exposure) are in the sub-
mg to 100 mg range. As a result, relevant tissue concentra-
tions are in the above mass and particle concentration regime
(Figure 7). This fundamental physical aspect affected the
majority of early toxicological investigations on nanomate-
rials[58] by typically reducing the uptake, as agglomerates are
less mobile.[71] As a result, careful choice of the materials and
methods is a prerequisite for carrying out useful nanotoxico-
logical studies.[10–12, 72] The mechanism of the uptake of
nanoparticles is not known, and studies report indications of
both active[73–75] and passive[39,70] (diffusion, sedimentation)
mediated transport through the cell membrane. The delivery
of nanoparticles directly into the cytosol requires specific
surface properties[76] or rupture of the lysosome wall.[77]

The transport of nanoparticles within a cell culture or
exposure chamber setup is often decisive for the uptake of
nanoparticles into cells (the dose). Exposure to industrially
used oxide nanoparticles (the largest class of engineered
nanoparticles) has faced considerable experimental difficul-
ty.[78a] This class of particles is generally not stabilized (see
Figures 2 and 8) and rapidly agglomerates (Figures 4 and 7),
which alters the mobility of the particles (diffusion to/inside
the cells in a culture dish; Figure 7).[39] In the case of large
agglomerates (concentrations above the ppm range; high
density oxides; larger primary particles), the large weight can

Figure 7.
A quantitative understanding of agglomeration is crucial for reliable experimentation in nanomedicine and toxicology. In vitro exposure of human
lung fibroblasts to CeO2 nanoparticles is governed by either sedimentation (right, 320 nm particles) or simultaneous diffusion and agglomeration
(left, 20 nm particles). Squares: experimental data; lines: calculated model behavior.
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even result in sedimentation being the major uptake process.
Such a test has little “nano” relevance, as an in vitro cell
culture is then just exposed to “precipitating” agglomerated
particles. We may now consider these observations again in
the context of molecules versus nanoparticles: While chem-
ical toxicology and/or drug development routinely use well
established in vitro tests, the additional complexity of small
particles altering the mobility makes the intended transfer of
existing testing protocols to the new area of nanotoxicology
difficult. If molecules require physicochemical characteriza-
tion (solubility, KOW, and concentration), small particles
additionally require that the time-dependent changes in
mobility are taken into consideration. Simple everyday
operations such as making a stock solution or sterilization[78b]

therefore become highly critical (time-dependent particle
agglomerate size) and demand additional caution during
experimental design (Figure 8).

3.1.2. Plants and Microorganisms

Plant cells and most microorganisms have a very different
membrane/wall structure than mammalian cells. Figure 9
summarizes the current understanding on the limited
uptake by plants[79] and bacteria/yeasts[80] with complex,
thick cell walls. This fundamentally different behavior (little
or no uptake through complex walls) again suggests a rather
passive nature of particle uptake into mammalian cells
(ballistic diffusion through the membrane), but this topic
requires more in-depth mechanistic studies.

The pores of a plant cell wall have a diameter of a few
nanometers[81] and are therefore inaccessible for most nano-
particles.[82,83] As a result, insoluble particles have a limited
effect on plants. Soluble ones, such as ZnO release toxic, ionic
zinc at high concentrations and result in the inhibition of
growth.[79,84] Most bacteria have similarly well-engineered cell

walls, with little permeability above a few nanometers.[85,86]

The entry of particles has been suggested as a result of
previous damage of the cell wall.[87]

3.1.3. Solubility often Determines Mean Residence Time Inside an
Organism

Next to agglomeration and mobility, another physico-
chemical factor of decisive influence is the solubility or
degradation behavior of a material in typical biological
compartments (Figures 2, 5).[55, 88] Whilst most organisms live
in rather neutral pH ranges, intracellular compartments
(vesicles, phagosomes) and specialized organs (stomach)
significantly extend the possibility for degradation or chem-
ical modification of a material.

It is clear that degrading nanoparticles show distinctly
different behavior than persistent (inert) ones. In most cases,
soluble materials rapidly release their constituents and can
result in acute effects which, in most cases, are easy to
detect.[88, 89] In contrast, persistent materials remain inside the
organism for months to years. Here, a clear prediction of risk
is difficult, and proactive identification of harmful materials is
challenging. These fundamental physical aspects of persis-
tence/solubility will be discussed in more detail below,
particularly with an eye on analogous problems associated
with the release of persistent molecules into the biosphere.

3.2. Soluble Nanoparticles: Trojan-Horse-Type Toxin Uptake
3.2.1. Mammalian Cells

Figure 10 illustrates the fate of a partially degradable
nanoparticle, which is the case for the majority of (inorganic)
main-group and transition-metal oxides, salts, and numerous
organic nanoparticles.[88] Once inside vesicles, the cell�s
internal digestion system (lysosomes and autophagosomes)
lowers the pH value of the compartment and secretes a

Figure 8. Charge effects strongly affect the stability of colloids and
dispersions.[39] Most technically used oxide nanoparticles have high
zeta-potentials in pure water and can form stable dispersions. Upon
contact with biological media (cell cultures or body fluid), rapid
protein adsorption changes the surface charge distribution significantly
and most materials have a similarly low colloidal stability. The
formation of a so-called protein corona significantly alters the inter-
action of an organism with the nanoparticles (for example, immune
reactions).

Figure 9. Depending on the configuration of the cell wall, nanoparti-
cles have little chance to get through intact cell walls of bacteria or
plants. Since the animal cell walls consist only of a lipid bilayer, they
offer little resistance to particle entry. If particles release toxic
intermediates (for example, reactive oxygen species), the cell wall may
be damaged and ultimately result in loss of integrity and cell death.
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number of degradation enzymes. As a result of their chemical
properties, many technically important oxides and metal
nanoparticles dissolve in dilute acids. As a consequence, the
nanoparticles release considerable local concentrations of
ions, often containing heavy metal ions, as has been shown for
ZnO, WCx, Co/WCx,

[90] and copper.[91] The resulting increase
in osmotic pressure may lead to rupture of the vesicle
(currently still a hypothesis) and release of the ions into the
cytosol. There, heavy-metal ions in particular cause consid-
erable stress and often affect the production/degradation/
activation of reactive oxygen species (ROS) inside the cell.
This behavior can be partially controlled through the addition
of polymer or silica shells or suitable capping agents.[40a]

The Trojan-horse-type heavy-metal-uptake mechanism is
particularly apparent for oxides of zinc, iron, manganese, and
cobalt.[88] Figure 10 gives the relative concentration of (toxic)
ROS inside human lung fibroblasts following exposure to
cobalt oxide nanoparticles or the equivalent dose of ionic
cobalt (aqueous solution). While the natural cell membrane
offers good protection against ion uptake or loss (osmotic
pressure, particularly important for water-dwelling micro-
organisms), the lipid membrane allows particle entry. In
analogy to Greek mythology, this mechanism has been

denoted Trojan-horse-type toxin uptake as it circumvents an
evolutionary grown diffusion barrier by packaging the toxin
as small particles which sneak inside the cells. Comparing this
behavior to molecules, we immediately realize that the
Trojan-horse-type nanoparticle uptake does not exist for
molecules, as this mode of entry is indeed a direct result of the
particulate nature.

3.2.2. Whole Organisms

The Trojan-horse-type entry/dissolution mechanism[88]

dominates the behavior of numerous technically important
nanoparticles in biological systems such as nematodes,[92]

microalgae,[93] zebrafish,[94,95] and rats,[96] and may result in
toxic compounds being smuggled inside cells.[97,98] It also
offers possibilities to actively shuttle a compound inside a cell
or even an organism, as proposed by Soppimath et al.,[99] by
using an acid-triggered release mechanism. This more bene-
ficial, therapy-oriented aspect is discussed further in Sec-
tion 4.1. On a whole-organism basis, similar particle-facili-
tated uptake concepts[69] have most successfully allowed
nonclassical drugs (for example, proteins) to shuttle inside
the human body[100] and allow oral administration.[101, 102]

3.3. Chemically Active Nanoparticles Inside Cells

One of the key promises of nanoparticles has been their
improved chemical activity, particularly for catalysis, where
the most prominent example is undoubtedly the high activity
of gold nanoparticles.[31] What happens in regard to chemical
activity inside a living organism? Figure 11 gives a schematic
view of particles entering a cell and interacting with its
components. The most important catalytic mechanism is
related to the generation of ROS.[10–12,103] Here, the particles
assist in reducing an oxygen molecule (thus, activating it as
ROS: O2 + e�= O2C

�) which then reacts with the internal
structure of the cell. This mechanism is already active
stoichiometrically if reduced iron oxide or even iron particles
get inside a cell or close to a (micro-)organism.[95, 104–108] In the
case of catalytic nanoparticles, the oxidized site (for example,
Fe3+ in silica, or redox-active rare-earth oxides[109]) is embed-
ded in the cytosol, where reducing agents (for example,
NADH) are abundant and can re-establish the active form of
the heavy-metal center through reduction (Fe3+ + e�!
Fe2+).[103]

It is apparent that a broad variety of more-complex
catalytic cycles is imaginable that contribute to nonclassical
interaction mechanisms of toxins. Jia et al. most recently
reported on the gold-catalyzed formation of NO in blood
plasma.[110] Since the catalytic particle is not degraded during
the process, the effect of exposure to such materials does not
scale with the mass, and even small amounts of catalytically
active, yet persistent (non-biodegrading), particles may result
in chronic effects, or it may assist a therapy (see Section 4). It
is known that algae, daphnids,[111] and trout are affected by
(photoactive) titania.[112] Here, the toxicity is again linked to a
nonclassical activity of the material. In contrast to this
negative impact, Chen et al. and Karakoti et al. reported on

Figure 10. Nonclassical interactions: Trojan-horse-type toxin uptake.
Uptake of heavy-metal oxide nanoparticles (for example, cobalt oxide)
results in vesicle formation, where the lowered pH value of the
lysosomes promotes dissolution of the nanoparticles. The rapidly
increasing osmotic pressure may result in water uptake, swelling, and
eventual bursting of the vesicle with release of heavy-metal ions. This
nonclassical uptake is responsible for the over 10 times higher toxicity
of cobalt on a mass basis if comparing nanoparticles and ionic cobalt
(right).
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the beneficial effects of ceria nanoparticles, as evident from a
catalytically reduced oxidative stress level in retinal
tissue.[113, 114] In contrast, most molecules have a mass-/dose-
dependent effect inside an organism and long-term catalytic
effects are rare.

3.4. Solubility Determines Environmental Long-Term Fate

Similar to the above mechanistic arguments for nano-
particles inside a living organism, particles in the environment
can be distinguished between persistent and degradable
ones.[88,115, 229] Dispersal naturally depends on mobility—
here, the above concepts of colloid stability and agglomer-
ation kinetics provide the basis for detailed investigations.
Van Hoecke et al. reported a significant influence of agglom-
eration on the effects of ceria nanoparticles in a number of
aquatic organisms,[116] while Wiench et al. reported on the
agglomeration of titania nanoparticles (a nonsoluble mate-
rial) on exposure of Daphnia to the material.[117] A compar-
ison to ZnO nanoparticles (a partially soluble material)
within the same study confirmed that the toxicity of the

material mainly occurred through dissolved ionic zinc.[117] This
finding clearly shows how very basic, physicochemical con-
cepts from the single cell level (in vitro) can at least be used as
a guiding principle[88] when designing ecotoxicological studies.

Solubility and degradation tests for chemicals in individ-
ual compartments of ecosystems have been developed. These
tests now require coupling to the above-mentioned physical
aspects before they are adapted to deduce the long-term fate
of specific nanomaterials. This is indeed of some urgency, as
initial studies have shown considerable concentrations of
titania nanoparticles in urban run-off water[118, 119] and limited
retention of ceria (model) nanoparticles in biological waste-
water treatment units.[120] This latter effect was most recently
also confirmed for titania.[121] Such early investigations urge
for more detailed and mechanistic investigations on the
interactions of nanoparticles with the environment.

4. Applications

There are numerous applications of nanoparticles in
biological systems, and several detailed reviews provide an
excellent entry into more specific areas.[40, 122–129, 161]

4.1. Adsorption of Molecules on Nanoparticles
4.1.1. Delivery of Drugs and Viruses, Transfection

The ability of mobile nanoparticles to carry a cargo has
enabled a broad range of applications. Their use for enhanced
drug delivery[129] has concentrated on the application of
biopolymers (for example, polylactic acids and others[129–132]),
dendrimers,[133] porous particles,[134,135] nanogels,[136] and even
metals[137, 138] as carriers for highly potent drugs[139] of other-
wise low bioavailability.[140–142] Several research group-
s[129a,b, 143, 144] have reviewed particle-based drug delivery and
demonstrated how the previously discussed tendency of
mammalian cells to ingest small particles can be used
therapeutically. Recent concepts have focused on investigat-
ing the ability of nanoparticles to shuttle a drug through the
mucosa as an alternative drug-delivery pathway.[145] Most
recent concepts go further than passive delivery (nanoparticle
carries the drug inside a cell) and actively shuttle[146, 147] and
precisely release a cargo through an external trigger.[148–153]

The adsorption of macromolecules onto nanoparticles[154]

can also be used to facilitate gene delivery or virus trans-
fection, as shown for calcium phosphate (CaP) and cationic
nucleic acid carriers[155, 156] (Figure 12; see the review in
Ref. [157]. Both adsorption and subsequent uptake are size-
and charge-dependent.[158] A typical procedure consists of two
steps: A) Adsorption of the corresponding nucleic acid or
whole virus onto the carrier (CaP or biopolymer) nano-
particle. B) Exposure of the colloid to the cell culture.
Figure 12 shows the enhanced transfection of a number of
cell lines using a green fluorescence protein (GFP) encoding
sequence when compared to classical protocols. The preferred
use of (intracellular) rapidly dissolving particles as carriers
enables cargo delivery within minutes.[159] This range of
applications directly uses an inherent property of the particles

Figure 11. Nonclassic interactions: Heterogeneous catalysis inside a
living cell.[103] If nanoparticles of a catalytically suitable material are
ingested, they can interfere with reactions inside the cytosol. As an
example, activation of oxygen through single-electron transfer affords
highly noxious radicals that damage the vesicles wall and release the
reactive cargo inside the cytosol (top). Bottom: Proof of the mecha-
nism. If iron is exposed as a salt or pure oxide, it creates limited
oxidative stress. A much smaller dose of iron in the form of iron-
doped silica (a heterogeneous catalyst for oxidations) provokes high
oxidative stress and demonstrates a nonclassical toxin behavior with
an apparently inverse dose-effect relationship.
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(uptake and adsorption of cargo) and provides another
example of a “nanospecific” set of applications, which are
difficult to realize with small, individual molecules.

4.1.2. Clearance of Viruses from Water

As a logical extension of these adsorption-based concepts
(one organism!larger system), reactive nanoparticles can be
used to remove viruses from contaminated (drinking or
processing) water (Figure 13).[159] The tendency of large bio-
macromolecules (for example, viruses) to adsorb on to the
reactive CaP surface is sufficiently high so as to reduce the
number of viruses in cleared solutions below the detection
level.[159] If a nontoxic, but reactive system is used, the
supernatant is directly ready for consumption, with the
precipitated aggregate consisting of inactivated viruses,
biopolymers, and the inorganic precipitate. Here, amorphous,
glassy calcium phosphate nanoparticles[160] are advantageous
as they provide mineral constituents if used at an excess
concentration. The reactive system can be described as a
simple hydration and yields calcium deficient hydroxyapatite
[Eq. (2)].

3 Ca3ðPO4Þ2 þH2O! Ca9ðPO4Þ5HPO4ðOHÞ ð2Þ

A mechanism involving recrystallization and hydration of
the particles alters the properties of a material without
involving mass transfer. From a thermodynamic point of view,
the initial phase is a carrier of energy, which is released during
recrystallization. Molecules can behave similarly, for exam-
ple, by hydrolysis of an ester bond.

4.1.3. Imaging

Medical imaging has strongly profited from the develop-
ment of bioconjugated nanocrystals (Figure 14).[123,161] So-
called quantum dots today serve as imaging tools and markers

in molecular biology and even clinical medicine.[162, 163] Free-
man et al. most recently even reported the imaging of
intracellular metabolic transport, thus enabling a new level
of hierarchical investigations[164] and targeting.[165] This line of
application again demonstrates well the advantage of a
combination of molecular properties (movement, chemical
specificity) and solid-state properties (photon conversion;
size-dependent fluorescence spectra). Magnetic nanoparticles
for magnetic resonance imaging[166] enhance the contrast[167]

and allow selective imaging of a target cell group or tissue.[163]

Here, a suitable design[168] is also based on molecular
(selective connection,[169] mobility) and solid-state (super-
paramagnetic) properties. The same combination of proper-
ties is used as a basis for hyperthermia, with radiofrequency
electromagnetic fields selectively heating a tissue containing
magnetic nanoparticles.[170] The use of surface-enhanced
Raman scattering (SERS) as a much more sensitive analytical

Figure 12. Macromolecules adsorb on nanoparticles and can be shut-
tled inside cells. This can be used for transfection, where a gene is
brought into cells on purpose and alters the expression profile (for
example, for biotechnological protein production). The efficiency of
calcium phosphate is comparable to the best currently used protocols
based on cationic polymers (right).[159]

Figure 13. Removal of viruses from drinking or processing water. The
ability of reactive nanoparticles to adsorb and irreversibly agglomer-
ate/bind numerous viruses allows clearance of contaminated water
within minutes. The reactive Ca3(PO4)2 nanoparticles recrystallize
concomitantly with virus adsorption and bind them in an easy
separable precipitate (right).

Figure 14. Combining optical properties and molecular mobility. In
contrast to organic dyes, semiconductor quantum dots are highly
photostable. As bioconjugates, they assist the imaging of life process-
es inside cells and significantly improve the sensitivity of numerous
assays in research and clinics. Here, a typical solid-state property
(fluorescence; quantum confinement) has been rendered mobile (size)
and selective (bioconjugate). Adapted from Ref. [162b].
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method is similarly based on an interface effect of (tradition-
ally) solid-state physics.[171] If SERS is used as an imaging
method in biology, the carrier/effector (the metal particle)
again requires mobility (the molecular property) to find and
map a specific property (for example, an actin filament inside
a cell).

From a long-term perspective, biologically used nano-
particles must be robust and reliable,[172] which can either be
achieved through strong adsorption of surface-protecting
agents[173] or even covalent C�C bonding to carbon-encaged
particles.[174]

4.2. Bulk Applications of Reactive Nanoparticles

The enhanced reactivity of nanoparticulate, calcium-
based biomaterials have opened up fascinating possibilities,
particularly for dental and bone surgery.[175, 176] The reaction
shown in Equation (2) allows the preparation of self-setting,
injectable bone cements[177] or can be used together with a
polymer[178] to convey bioactivity[179] (bonding to existing
tissue; Figure 15). A particular advantage of decreasing

particle size has been demonstrated for bioglass, one of the
most prominent biomaterials besides calcium phosphate. The
complex glass (Na2O, SiO2, CaO, P2O5, optional F, Mg) has
traditionally been manufactured by melt processing and
yielded micrometer-sized granulates of limited reactivity.[180]

If manufactured as nanoparticles,[88] the nanoglass has high
antimicrobial activity,[177] thus suggesting use in dental root
canal treatments,[177] where cement hardening and disinfec-
tion can be combined in a single material.[177] Strong
physicochemical differences can be seen between nanoglass
and its ionic constituents. Indeed, the difference between
window glass, nanoglass particles, and a solution containing
Na+ and HxSiO4

(4�x)� ions is chemically difficult to describe.
The use of zero-valent iron nanoparticles for the removal

of halogenated organic soil and water contamination has
recently attracted significant interest. Early studies on the
mobility of iron particles in soil[40, 41,181] have demonstrated the

possibility of reducing otherwise rather inert chlorohydrocar-
bon contaminants in soil or an aquifer without excessive
(energy intense) pumping or earth moving. Here, the
reducing reagent must be transported through the soil. In
this case, the nanoparticle allows transport of the reducing
power to another medium. Undoubtedly the most established
bulk application is the use of anatase titania particles as
photocatalysts for the oxidation of organic compounds in
waste water.[182,183]

4.3. Functional Nanomagnets
4.3.1. Stable Nanomagnets

Since specific nanoparticles combine properties of mole-
cules (mobility) and solids (for example, response to electro-
magnetic fields), magnetic nanoparticles have attracted
tremendous interest[172, 184,185] for targeted drug delivery (mag-
netic accumulation of a drug-loaded particle within a specific
tissue or magnetophoresis for enhanced uptake[186]), cell
sorting and manipulation,[187] hyperthermia (external heating
of particles inside a cancerous tissue to kill cells locally[188]),
and diagnostics (separate a biomarker from a complex
mixture).

A detailed review on the synthesis and application of
magnetic nanoparticles up to 2007 has been provided by Lu
et al.[172] The ideal magnetic carrier has to combine high
magnetic saturation (preferably metals instead of weaker
oxides), biocompatibility, chemical stability, and reliable
linker with (mostly expensive) selectivity-giving agents (for
example, antibodies).[189] The most recent development of
carbon/metal nanomagnets has resulted in stable magnetic
metal nanoparticles for complex medical applications that
extend the pioneering work on iron oxides.[168, 172,190–193]

Figure 16 provides an overview on some of the direct
applications resulting from the availability of functionalized
metal nanomagnets.[172, 194] The availability of stable nano-
particles allows new applications. For example, magnetic
chelating agents (magnetic EDTA (ethylenediaminetetraace-
tate), a heavy metal ion catching reagent) have been
suggested to enable removal of toxic metal ions directly
from water or blood streams.[195] Since stability conveys long
lifetime or minimal metal loss, sensitive applications (blood

Figure 15. The reactivity of nanoparticles allows a controlled transition
from mobile to immobile. Amorphous calcium phosphate can be
transformed into a toothpaste-like injectable bone cement and hardens
within minutes inside a living organism. Possible applications to assist
bone healing or osteoporosis are under preclinical investigation.

Figure 16. Combining force control and molecular mobility. Nanomag-
nets can act as a tool to control the delivery of drugs and genes, or
give access to the controlled removal of a toxin from an organism
(in vivo extraction). Magnetically bound antibodies are a key reagent in
most diagnostic protocols.
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cleaning) and long-term residence in a body can be inves-
tigated (see Section 4.3.2). The possibility to covalently
structure the surface gives access to chemically functional
nanomagnets,[174,196] or, if viewed from the other side, the
structure can be seen as a magnetic molecule. Covalent
functionalization of the surface in principle bridges the
discipline of solid physics (the core of the particle) with
chemistry (the ability to define the structure with atom by
atom precision).

4.3.2. In Vivo Extraction of Noxious Compounds

The application of strong, stable nanomagnets is of
particular interest if small concentrations of valuable (or
toxic) compounds must be reliably removed from a liquid or
living organism. The physical aspect of this so called magnetic
filtration is not new and dates back to the mid-20th
century.[197] The on-going advances in reagent properties,
however, have opened up magnetic filtration to medicine.[194]

Here, in vivo extraction of toxins or metabolites provides a
novel concept for treatment: Whilst the traditional chemical
approach of curing a disease (classical small molecular drug)
provides a “drug in–disease out” concept, in vivo extraction
ultimately allows selective removal of a noxious or damaging
component out of a tissue. Since we have already seen that
viruses can be easily and reliably attached to nanomagnets,[198]

direct extraction and collection of an infectious agent will
ultimately provide an alternative to a chemical treatment. In a
first step, this concept is particularly interesting for blood-
born diseases (sepsis, numerous viral infections, chronic
inflammations, etc.).[199] From an engineering perspective,
the use of functionalized nanomagnets is efficient as it only
moves the compound of interest instead of the whole bulk of a
liquid.[200]

4.4. Interactions with Microorganisms

The use of nanoparticulate antimicrobial agents has
developed rapidly over the last decade,[201] and numerous
consumer products[119] today contain silver nanoparticles as a
substitute to classical compounds.[202–204] This demonstrates
how a fundamental chemical element (Ag) can be used in a
wide range of products once it is in another form. The focus,
therefore, shifts away from a purely substance-/structure-
oriented design (for example, make a novel complex mole-
cule) to an integrated understanding of the process (delivery
and transport to the organism, action, fate after use).[178,205]

Such nontraditional improvements of classical antibiotics (Ag
has been used for a very long time) have most recently been
developed for “nano-silver” coupled to a nutrient. The
principle consists of the growing microorganism dissolving
the nutrient, which triggers release of the coupled 1–5 nm
“nano-silver” and kills the bacteria.[178] Silver is chemically
primitive—one may think about the tremendous possibilities
of modifying more complex antibiotics, or coupling antibiotics
to more advanced delivery systems. Choi and Hu compared
silver particles of different size and found pronounced
chemical activity for particles below 5 nm,[206] a behavior

that shows some similarity to the altered activity of small gold
particles.[31]

The above example of the nano-bioglass with antimicro-
bial properties,[177] the pronounced antimicrobial activity of
certain magnesium oxide,[207] cerium oxide,[208] and iron
nanoparticles under de-aerated conditions,[104] or even photo-
active particles[209,210] again demonstrates how classical mate-
rials of limited reactivity gain novel functions if in a suitable
size range. In a more complex study, Gunawan et al. coupled
antimicrobial action (availability of silver) to photochemistry
to provide a material with on/off-switchable antimicrobial
activity.[211]

For chemistry, these trends clearly suggest the need for
more integrated designs beyond the focus on “molecular
properties” and requires strong integration of downstream
components (for example, accurate end use) into creative,
chemical thinking.

4.5. Long-Term Perspective: Catalytic Activation of Prodrugs

The treatment of chronic diseases mostly requires pro-
longed (months to years) drug treatment. The lack of site
specificity of classical drugs results in it being distributed over
the whole body, with other sensitive tissues being typically
responsible for so-called adverse side effects. This is of
particular importance when applying highly potent drugs for
chemotherapy. An alternative to “targeted drug delivery”
may be based on the above-discussed chemical activity of
(rather) persistent nanoparticles immobilized in the target
tissue: Here, a prodrug with ideally little to no biological
activity (precursor) is given repeatedly to the patient
(Figure 17). The target tissue has already been seeded with
catalytically active nanoparticles, and their activity converts
the precursor into an active drug that diffuses and reacts
locally. If the active drug has limited stability, slow diffusion
confines the action to a small area of the body, and as a result
side effects can be minimized.

While present pharma development focuses on rather
stable compounds (storage, transport, limited number of
applications per day for a patient), in the proposed case of
locally activated drugs, we want unstable, but highly active
compounds. Since diffusion around a point source (the
immobilized cloud of active nanoparticles in the target
tissue) defines the dwell time, an active drug with limited
stability would allow the action to be concentrated around the
target tissue. This two-level treatment may enable the use of
numerous “old” lead compounds of either limited stability or
unsuitable cytotoxicity to be re-evaluated for joint use with
immobilized catalytic nanoparticles. Tissue-specific catalytic
activation of drug precursors will strongly profit from the now
extensive understanding of long-circulating nanoparticles.[212]

4.6. Long-Term Perspective: Safe Nanoparticles

The undisputable benefits of nanoparticles have brought
this material class rapidly into consumer products.[119] The
question remains of the long-term safety/sustainability of such
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materials because of past “chemical” problems with other
novel technology.[213] Table 1 lists the most prominent classes
of chemical compounds with no acute toxicity, but they cause
significant (environmental or/and health) problems because
of their inertness. In retrospect, this list teaches us that any
persistent compound will eventually create problems some-
where in the ecosystem or in a specific organism.

This argumentation and the observation of compartment-
specific agglomeration and/or limited excretion of many
engineered (technically used) nanoparticles[228] therefore
suggest a big caveat when dealing with persistent materi-
als.[229] The argument can also be turned around, to pose the
question of the inherent safety of a specific nanomaterial: It is
clear that biodegradable particles consisting of nontoxic
elements are preferred. The best known example of this
class is nano-calcium phosphate,[160] which is currently being
tested in vivo for use as injectable bone cement (bulk
application, several gram per person) or as a composite.[230]

A second observation refers to the mainly lipophilic
behavior of most ecotoxicologically problematic chemi-
cals.[215, 216, 219] Here, lipophilic nanoparticles also appear to
be taken up better[70] than hydrophilic ones by model
organisms: Rosenkranz et al. even reported a rapid uptake

of (lipophilic) polystyrene particles through the gut of
Daphnia Magna, a model organism for ecotoxicological
investigations.[231]

From a long-term perspective, an integrated and respon-
sible application of nanotechnology therefore requires a focus
on nonpersistent material even at an early state of develop-
ment (also in research). The clear challenge lies in the
combination of desired product properties with a limited set
of available design elements.

5. Summary

The combination of solid properties and mobility, as found
in nanoparticles, allows fascinating interactions with living
organisms and opens up numerous research directions for
medicine, industrial product design, and environmental
remediation. From a functional point of view, chemically
well-defined nanoparticles are an extension of the classical
concept of the molecule. While presently investigated shapes
are mostly symmetric, the future development of highly
anisotropic, functional building blocks strongly underlines the
similarity between molecules and functional nanoparticles. At
present, we must be modest as today�s nanoparticles are still
of limited complexity, with only one or two types of “func-
tional groups/attachment sites”. However, even this early
state of development has resulted in a colorful array of
valuable diagnostic methods for molecular biology, clinical
medicine, and a rapidly growing number of consumer
products.

The concept of safe nanoparticles is a result of a more-
refined understanding of nanoparticle/biology interactions.
An integrated product design makes use of biodegradable
materials containing a limited amount of toxic species. This
challenge is now passed on to researchers and engineers even
at an early state of development, but ensures that large-scale
applications of nanoparticles will have a sustainable future.

Financial support by ETH Zurich, the Swiss Department of
Public Health (BAG), the Swiss National Science Foundation,
the Gebert-R�f, ResOrtho Foundation, and the Swiss Com-
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Figure 17. Vision of future pharmaceutical strategies that rely on the catalytic, local activation of a drug precursor at the target. In a first step,
catalytically active nanoparticles are administered into a specific target organ or tissue. The drug precursor is administered traditionally (oral or by
injection) and transformed at the target area into an active drug. In contrast to classical drugs, where stability is required to bridge the time
between two administrations, an ideal active pharmaceutical ingredient within the present strategy has limited stability. This strategy allows
localization around the source (the immobilized nanoparticles) and suggests significantly reduced side effects.

Table 1: Environmental large-scale incidents with industrial chemicals.

Lifetime
in years

Effect[a]

fluorochlorohydrocarbons
(Freon)

>50 destruction of the ozone layer [214]

polychlorinated biphen-
yls[215,216]

>20 accumulation in the food
web[217, 218]

DDT[b] >20 accumulation in the food
web,[217, 219] reduced bird fertil-
ity[220]

plastic (PE, PP)[c] >10 waste accumulation in the open
ocean[221–224]

radioactivity up to 109 unspecific damage[225]

asbestos >50 mesothelioma cancer[226, 227]

[a] Action on a biological system. [b] 2,2-Dichlorodiphenyltrichloro-
ethane. [c] Polyolefins, polyethylene, and polypropylene.
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