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Nanoparticles and Cells:
An Interdisciplinary Approach

Alke Petri-Fink*ab and Barbara Rothen-Rutishauser*a

Abstract: In this article we present an overview of some of our research in the field of nanoscience. By combining
two different scientific backgrounds (chemistry and biology), we investigate nanoparticle–cell interactions from
different angles. This requires an interdisciplinary approach involving material synthesis and characterization,
cell biology (biochemistry) and microscopy. In particular, we describe the synthesis and magnetic properties of
superparamagnetic iron oxide nanoparticles aswell as their behavior in cell culture, evaluate different visualization
and detection methods, and investigate the interaction of such magnetic particles with immune cells.
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Prof.Dr.AlkePetri-Fink studied chem-
istry at the University of Ulm, Germany,
where she also obtained her PhD in in-
organic chemistry in 1999. After a post-
doctoral visit at the Engineering Research
Center forParticleScienceandTechnology,
University of Florida, she joined the
Institute of Materials Science at the École
Polytechnique Fédéral Lausanne (EPFL)
in 2000. There she established nano-ma-
terials as a new research field, initiated
various national and international projects
and fostered contacts to many industrial
partners. In 2009, she established her own
research group as a Swiss National Science
Foundation professor in the Chemistry
Department at the University of Fribourg.
Since July 2011 she is full professor and
the new chair of BioNanomaterials at the
Adolphe Merkle Institute, University of
Fribourg, Switzerland. She shares this po-
sition equally with Prof. Barbara Rothen-
Rutishauser.

Prof. Dr.BarbaraRothen-Rutishauser
has received her Ph.D. in 1996 in cell bi-
ology at the Swiss Federal Institute of
Technology (ETH) in Zurich. From 1996
to 2000 she held a post-doctoral posi-
tion in Biopharmacy at the Institute of
Pharmaceutical Sciences at the ETH
where she developed and characterized
cell culture models for drug transport
studies. In 2000 she joined Prof. Peter
Gehr’s research group at the Institute of
Anatomy, University of Bern, Switzerland.
Since 2011 she is an independent group
leader at the Respiratory Medicine,
Department of Clinical Research and
Bern University Hospital, Switzerland,
and since 1st July, 2011 she is the new
chair in BioNanomaterials at the Adolphe
Merkle Institute, University of Fribourg,
Switzerland, the position is shared equally
with Prof. Alke Fink.

The research of our group focuses
around all concepts of nanoscience. By
combining various aspects of this scientif-
ic discipline, the group of Prof. Alke Fink
and Prof. Barbara Rothen-Rutishauser is
in a unique position to study and develop
bio(nano)materials from their initial syn-
thesis and characterization, to thorough
understanding how they may interact
with biological systems. In our newly
formed research group, the chair position
is shared equally between Prof. Alke Fink
and Prof. Barbara Rothen-Rutishauser.

This situation is a fresh, novel and exciting
perspective upon scientific research in an
academic setting, enabling the unification
of two different scientific backgrounds to-
gether in order to make a truly strong in-
terdisciplinary research group. Prof. Alke
Fink leads the material science aspect of
the group, whereas Prof. Barbara Rothen-
Rutishauser is responsible for all biologi-
cal and/or toxicological parts. In general
we are interested in novel multifunctional
and/or hybrid nanomaterials, in particular
nanoparticles, for mostly biological and/or
medical applications.

The specialty of the group is the syn-
thesis of tailor-made nanoparticles and na-
no building blocks and their in-depth char-
acterization and integration in different
matrices. Research is focused on the de-
velopment of reactors for reliable, fast, and
efficient surface derivatization of nanopar-
ticles, on the interaction of nanoparticles
with cells and their colloidal behavior
in biological and physiological environ-
ments, and on the development of nanopar-
ticle suspensions with tunable optical
properties. In addition, many of our cur-
rent projects investigate nanoparticle–cell
interactions in relation to the lung. We are
intending to relay this knowledge to pro-
mote the safe use of engineered nanopar-
ticles by considering possible health risks
of such new bio(nano)materials. Here, our
applied projects foci are (i) optimization
of cell culture models and aerosol depo-
sition, (ii) visualization and detection of
nanoparticles at high resolution, (iii) risk
assessment of inhaled bio(nano)materials,
and (iv) delivery of new drug systems to
the lung.

The rapid expansion of nanotechnol-
ogy has resulted in the production of an
impressive variety of nanomaterials, in
particular nanoparticles. Due to their small
size and therefore novel physical proper-
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through magnetic relaxation processes.[5,6]
In several studies we have investigated
the use of in situ implant formation as a
form of minimally invasive treatment of
cancer lesions by magnetically induced
local hyperthermia.[7] Therefore, we have
developed injectable formulations (based
on alginate or on a poly(ethylene-co-vinyl
alcohol) (EVAL)) that form gels entrap-
ping magnetic particles into a tumor. The
magnetic particles were embedded in sili-
ca microparticles to (i) limit inter-particle
coupling through SPION–dipole interac-
tions, (ii) favor Néel relaxation and (iii)
allow for high syringeability of the liquid
formulations.[8] With this confinement in
the solid tumor, we could demonstrate the
efficiency of heating in an animal model
and the potential for local hyperthermia as-
sociated with such a formulation.[9]

In our group, we have established ex-
pertise in the field of controlled synthesis,
of inorganic nanoparticles, such as super-
paramagnetic iron oxide NPs, silica, gold,
titania, or silver NPs. We differentiate in
general between (i) bare, (ii) coated, (iii)
core shell and (iv) encapsulated NPs, as
illustrated in Fig. 3. Concerning SPIONs,
their controlled synthesis represents one
of the most important challenges that will
determine particle size and shape, particle
size distribution, surface chemistry and
also particle magnetic properties. Since
the blocking temperature depends on the
particle size, a broad size distribution will
result in a non-ideal magnetic behavior
for many applications.[10] Also, crystal-
linity and (im)purity, and with that mag-
netic properties, depend on the formation
mechanism. Superparamagnetic iron ox-
ide nanoparticles have been synthesized
by a large variety of methods, such as co-
precipitation, thermal decomposition and/
or reduction, micelle and hydrothermal
synthesis, or pyrolysis, each of which has
its own advantages and disadvantages, re-
spectively.[10] The co-precipitation synthe-
sis for example – a popular method among
chemists – is the most straightforward ap-
proach to synthesize nanosized iron oxide
particles from aqueous solution (Fig. 4).[11]
However, size, shape, and composition of
the resulting particles strongly depend on
the reaction conditions, in particular the
used reactants, pH, and ionic strength of
the media. Almost monodisperse magnetic
nanoparticles (Fig. 5) can essentially be
synthesized by high temperature thermal
decomposition of organometallic pre-
cursors in the presence of stabilizers.[12]
Although the particle size distribution can
be much better controlled following these
organic decomposition pathways, the final
particles are dispersed in organic solvents
and need to be transferred to an aqueous
environment for any biological and/or
medical applications.

ties and their high surface-to-volume ratio,
nanoparticles (NPs) offer novel approaches
in a variety of applications.[1] The products
launched show clear differentiation across
sectors. In general, materials applications
are launching first, followed by electron-
ics/IT applications, whereas biomedical
applications have a much longer time to
market.[2] In contrast to the extensive lit-
erature available on the synthesis, the
physicochemical properties, as well as on
the potential novel applications of innova-
tive and smart nanomaterials, information
about fundamental biological interactions
remains fragmented. The immense poten-
tial of nano-sized particles for diagnostic
and therapeutic applications requires a
thorough understanding on how these NPs
interact with living matter such as cellular
systems, and their detection and localiza-
tion within cells is of central importance.
Once intracellular NPs are identified, their
distribution in different cellular compart-
ments, such as endosomes, lysosomes,
mitochondria, the nucleus or cytosol, may
also provide some indications as to a po-
tential diagnostic or drug delivery system.

Possible candidates for a variety of bio-
medical applications are magnetic oxides.
Superparamagnetic iron oxide nanopar-
ticles (SPION) are (potentially) used for
a variety of biomedical applications such
as magnetic resonance imaging (MRI) for
contrast enhancement, drug delivery, stem
cell tracking, or magnetic separation tech-
nologies and ultrasensitive diagnostic as-
says (Fig. 1).[3]
Some applications are already well estab-

lished (e.g. magnetic separation, MRI),
whereas others are still lagging behind.
In addition, these particles offer many
advantages compared to other tools such
as their outstanding magnetic proper-
ties, their controllable sizes ranging from
about 10 to several hundred nanometers
and their custom surface derivatization.
For many applications (e.g. MRI, drug
delivery), particle sizes below 20 nm are
envisaged to fully exploit those magnetic
properties. Then, each nanoparticle shows
superparamagnetic behavior above the so-
called blocking temperature. In contrast to
ferromagnetic or paramagnetic materials,
superparamagnetic materials have a high
saturation magnetization and negligible
coercivity and remanence, as shown in
Fig. 2. This superparamagnetic behavior is
characterized by a typical relaxation time
τ, i.e. the time to return to zero magneti-
zation after an external magnetic field is
switched off:

τ = τ
0
exp (KV/k

b
T) (1)

where τ
0
is the characteristic time, K the

anisotropy energy, V the volume of the
particle, k

b
the Boltzmann constant, and

T the temperature. Néel losses occur with
decreasing particle size, when the ther-
mal activation of reorientation processes
leads (in dependence on temperature and
measurement frequency) to superparamag-
netic behavior of the particle ensemble.[4]
Superparamagnetic nanoparticles also al-
low for heating (of tissue for example)

Fig. 1. Typical applications of superparamagnetic iron oxide nanoparticles.

Fig. 2. Magnetic
properties of materi-
als. Magnetization
M vs magnetic field
H. Ms: Saturation
magnetization, Mr:
Magnetic remanence.



106 CHIMIA 2012, 66, No. 3 New Professors iN switzerlaNd

from the synthesis of the core (magnetic)
nanoparticle, the surfacebecomesmoreand
more important especially for ultrasmall
nanoparticles where a large percentage of
all the atoms of the particles are surface
atoms. Surface effects can, for example,
lead to a decrease of the magnetization
of nanoparticles as compared to the bulk
value. This effect was explained by differ-
ent mechanisms, such as the existence of
a magnetically dead layer on the particle’s
surface.[14] In addition, the surface plays
a crucial role (i) in colloidal stability, (ii)
for sophisticated (multifunctional) surface
derivatizations, and (iii) for particle–cell
interactions. Colloidal stability is a key
requirement for almost any application of
magnetic nanoparticles. On the one hand,
a large variety of surfactants such as syn-
thetic polymers, proteins, or carbohydrates
are used for surface coatings, on the other
hand inorganic materials such as oxides
(e.g. silica) or metals (e.g. gold) are de-
posited as thin layers on the core magnetic
nanoparticles. For many (bio)medical ap-
plications, highly complex multifunctional
nanoparticles are required. For example,
one can imagine a nanoparticle that can
target a specific tissue or cell type and at
the same time deliver a contrast agent that
enables noninvasive imaging and a thera-
peutic payload to the target.[15]

However, surface functionalization of
nanoparticles in general still remains a dif-
ficult task since colloidal stability during
surface derivatization is critical.

In the past, we have developed a fixed
bed reactor with a quadrupole repulsive ar-
rangement of permanent magnets to allow
magnetic immobilization of the particles
in order to (i) perform the derivatization
step(s) on the immobilized particles,[16]
(ii) facilitate purification, and (iii) easily
exchange solvents (Fig. 7). In this mag-
netic fixed bed reactor the immobilization
of the magnetic particles is based on the
attractive force exerted on the magnetized

As mentioned before, the use of inor-
ganic materials, such as silica, is widely
reported in the literature to coat magnetic
nanoparticles. In order to prepare mag-
netically adjustable functional hybrid
silica magnetic nanoparticles, we have
recently condensed a mixture of amino-
propyl-triethoxysilane (APTES) and tet-
raethoxysilane (TEOS) on the surface of
previously synthesized superparamagnetic
iron oxide nanoparticles. The beads (Fig.

6) were prepared to allow tuning (i) the
size, (ii) the number of accessible amine
groups (which are important for any sub-
sequent chemical derivatization) and (iii)
the magnetic properties of the final SPION
containing beads.[13]

In general, significant improvements
in the synthesis of (magnetic) nanopar-
ticles have provided the community with
protocols to reproducibly synthesize size-
controlled (magnetic) nanoparticles. Apart

Fig. 3. Transmission electron micrographs of a selection of nanoscale materials (a: silica coated
gold NPs, b: SPIONs embedded in a chitosan matrix, c: gold nanorods, d: gold stars).

Fig. 5. Transmission electron micrograph of
SPIONs (organic synthesis).

Fig. 6. Transmission electron micrograph of
SPIONs embedded in aminopropyl-triethoxy-
silane.

Fig. 4. Transmission electron micrograph of
SPIONs (aqueous synthesis).
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particles by a magnetic field gradient. In
several studies it was shown that single
and multiple step surface derivatizations
could be easily carried out on immobilized
SPIONs. Apart from facilitated purifica-
tion steps, all functionalizations were su-
perior to liquid-phase synthesis in terms
of particle recovery rate, size distribution,
and reaction yield.

For any biological or medical applica-
tion of such magnetic nanoparticles, the
basic mechanism of their interaction with
living matter needs to be investigated and
understood. However, our understanding
in this field has not kept pace with the
extremely rapid development of new and
highly complex nanoparticles.[17] The rea-
sons for this are many. For one, the system
(i.e.ultrasmallparticles inabiological envi-
ronment) itself is extremely complex, with
particles approaching the size of proteins,
and the detailed investigation requires new
models and possibly new analytical meth-
ods. In addition, highly multidisciplinary
teams are required to approach this chal-
lenging task from different angles.

In the last decade, a plethora of studies
have been performed in which the interac-
tion of a large variety of different nanopar-
ticles with cells or living organisms has
been investigated. Since (nano)particles
and cells, aswell as the specific experimen-
tal conditions vary strongly between many
of these studies, comparison is extremely
challenging. We have seen in the past that
nanoparticle size matters for nanoparticle–
cell interaction. Maybe even more impor-
tantly, surface matters. An important step
in this area has been taken by Cederval et
al.[18,19] on the development of methods
for probing the association of proteins to
nanoparticles.When particles enter a com-
plex biological environment, it is hypoth-
esized that proteins in this biological fluid
quickly associate with the nanoparticles,
which will have two effects.[20] First, the
surface of, for example, polymer-coated
magnetic nanoparticles is modified by the
adsorption of proteins and the interaction
of those protein-coated NPSs with living
cells, for example, might be different com-

pared to the ‘as-synthesized’ nanoparticle–
cell interaction. Second, the surface coat-
ing can change the adsorbed protein, for
example it can lead to altered conforma-
tion, perturbed function, or avidity effects
arising from the close spatial repetition of
the same protein.[17] Investigating how pro-
teins adsorb to positively, negatively and
neutrally charged polymer coated SPOINs
has shown only minor differences in the
type and concentration of resultant NP–
protein complexes due to the high affinity
of abundant serum proteins, such as albu-
min, towards all NP surfaces, independent
of their charge. However, adsorption rates
varied significantly between the differently
surface-charged particles.[21] Despite such
small differences between the specific
proteins adsorbed, assessment of the sub-
sequent cellular interaction has observed
that positively surface-charged polymer-
coated SPIONs can be internalized rapidly
and at a higher concentration compared to
both the negatively and neutrally surface-
charged particles.[22–24] The same trend

was observed using the same polymer
coating on different core materials such as
gold and polystyrene.[21] In earlier studies
we have shown that increasing the positive
charge also had an important impact on
cell viability.[25] The correlation between
particle surface, aggregation rate and cell
uptake is illustrated in Fig. 8, showing a
comparison of SPIONs coated with poly-
vinylalcohol (PVA) and SPIONs coated
with vinyl alcohol-vinyl amine copolymer
(NH2-PVA). Nanoparticle synthesis and
characterization were performed as previ-
ously described.[11] Both polymer-coated
particles showed a diameter of around 30
nm (as obtained by dynamic light scatter-
ing) and a zeta potential of +30 mV (NH2-
PVA) and +1.5 mV (PVA), respectively.
The agglomeration behavior of both parti-
cle types was evaluated in cell culture me-
dium in the presence and absence of fetal
calf serum. The agglomeration rate [nm/h]
was determined as the slope between the
measured particle sizes at two time points
(t = 0 and t = 2 h). Both investigated

Fig. 7. Scheme of the magnetic reactor.

Fig. 8. Impact of colloidal stability (agglomeration rate) on cell uptake. a) A positive correlation
of colloidal stability and cell uptake is observed for particles with and without serum. In general,
increased aggregation leads to enhanced cell uptake. b) Influence of particle surface on stability
and (indirectly) on cell uptake. Points connected by a line represent pairs of samples that were
measured under the same experimental conditions, varying only in particle surface coating (PVA
vs NH2-PVA). c) Influence of serum on stability and (indirectly) on cell uptake.
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SPIONs were long-term stable in standard
buffers. In parallel, we studied the uptake
by HeLa cells using the Prussian blue re-
action (120 μg Fe/ml). Fig. 8 summarizes
the results of these experiments. Fig. 8a
implies that there is a relation between
agglomeration rate and uptake. In gen-
eral, positively charged NH2-PVA-coated
SPIONs aggregated faster than the neutral
PVA-coated particles and hence showed
also a higher uptake (Fig. 8b). The addition
of serum (Fig. 8c) significantly increased
the colloidal stability of the particles (p =
0.02) while showing significantly lower
cell uptake (p = 0.01). In conclusion, we
observed that positively charged SPIONs
elicited a lower colloidal stability (which
in turn depended on the presence of se-
rum proteins) than neutral polymer-coated
SPIONs. It can be hypothesized that this
characteristic is a causative factor within
the NP cellular interaction, as it may pro-
mote a concentrated sedimentation, within
an aggregated form, of NPs upon cells in
vitro. This hypothesis is supported by an-
other study, where we showed that particle
uptake was significantly increased in the
presence of a permanent magnet, which
increased the local SPION concentration
on the cell surface very rapidly.

Apart from correlating cell uptake to
particle properties, many reports have
addressed the issue of how nanoparticles
may influence cellular responses (such
as cytotoxicity, oxidative stress, inflam-
mation and genotoxicity).[26] Numerous
studies have been published concerning
the biocompatibility and possible adverse
effects associated with SPIONS exposure
both in vitro and in vivo.[27] However, it is
difficult to compare the plethora of publi-
cations due to their lack of NP character-
ization and different assays employed (i.e.
biological system or endpoint test), as well
as different (often too high) concentra-
tions used, thus, it has been recognized that
such studies need to fulfill standards such
as proper characterization of the nanoma-
terial, the use of realistic concentrations
and exposure scenarios, and a detailed de-
scription of the methods used.[28] Another
methodological challenge is the analysis of
NP–cell interaction. This requires an inter-
disciplinary approach involving material
characterization, cell biology (biochemis-
try) and microscopy. The first hurdle is to
provide information regarding the NP size
distribution, agglomeration state, shape,
and surface charge,[29] as these factors are
essential to understanding the behavior of
NPs at the biological interface. The second
hurdle is to precisely detect and localize
the intracellular NPs, as such knowledge
provides imperative information pertinent
to howNPs may enter cells, as well as their
subsequent intracellular fate and cellular
response.[30] Due to their small size the

identification of NP within cells requires
cutting-edge microscopy techniques. For
fluorescently labeled NPs, laser scanning
microscopy combined with digital image
restoration (i.e. deconvolution algorithm)
can be applied (Fig. 9).[31]With such a tech-
nique it is possible to increase the resolu-
tion 2–3 times which is usually limited by
light microscopy to 200 nm in the lateral,
and 500–900 nm in the axial dimension.
[32] The spatial and intracellular localiza-
tion of such fluorescent NPs can also be
analyzed more thoroughly, either in liv-
ing or fixed cells, by performing co-local-
ization studies with fluorescently labeled
compartments such as endosomes, lyso-
somes, mitochondrion or the nucleus.[33]
The detection of electron-dense NPs is
possible via transmission electron micros-
copy which has a resolution range from
Angstrom to nm. In addition to conven-
tional transmission electron microscopy
more sophisticated methods, such as en-
ergy filtered transmission electron micros-
copy which allows the identification of
the chemical composition of a particle,[34]
or electron tomography which enables
the NPs to be visualized in three dimen-
sions within cells should be applied.[35]
The third hurdle is quantification; under-
standing the spatial distribution of NPs
within a defined reference volume (i.e. an
intracellular compartment).[36] Laser scan-
ning microscopy offers a valuable tool
to analyze the distribution of NPs within
complete cells and their intracellular com-
partments.[37]

However, considering the resolution
limit of light microscopy it is not possible
to distinguish between single particles
and small NP agglomerates. For transmis-
sion electron microscopy, stereological
methods allow the assessment and quan-
tification of NP distribution within cells.
Although this method is challenging and

time consuming, it offers a great tool to
correlate functional data with NP intracel-
lular localization.[38]

Since the SPIONs described above
consist of an iron oxide core which is
electron dense, and a hydrophilic polymer
shell[11] to which a fluorescent dye can be
coupled they can be visualized with dif-
ferent imaging techniques (i.e. light and
electron microscopy). One of our research
focuses is to understand the interaction of
SPIONs with immune cells, for example
dendritic cells (DCs), which are known to
be one of themost immune competent cells
within the human body.[39] Following the
exposure of SPIONs to dendritic cells, we
have fixed and prepared the cells for trans-
mission electron microscopy. The resul-
tant images have shown that SPIONS can
localize within vesicles of different sizes,
which correspond to endosomal compart-
ments. By applying laser scanning micros-
copy and co-localization analysis we could
also show a dose-dependent uptake of the
SPIONs by dendritic cells and that the
majority of SPIOsS were localized inside
endosomes, stained with the transferrin re-
ceptor. However, few NPs were detected
inside the cytoplasm[40] suggesting that
additional endocytotic mechanisms may
also play a key role in the cellular uptake
of SPIONs. Further studies are necessary
in order to quantify the intracellular traf-
ficking. Interestingly, the antigen process-
ing, and the capacity of DCs to stimulate
CD4+ T-cells was decreased in the pres-
ence of SPIONS, revealing an immune-
modulating (i.e. a suppressive effect).[40]
It is imperative that further research is
performed regarding the concept of nano-
immunomodulation, since this field offers
a completely new perspective for the use
of SPIONs as an advantageous tool within
nanomedicine.

Fig. 9. Visualization of SPIONs using laser scanning microscopy. a) After exposure of dendritic
cells to SPIONs for 4 h the cells have been fixed and labeled for laser scanning microscopy as
described. A representative XY-section is shown with the F-Actin in red, cell nuclei in white, endo-
somal compartments in blue and the SPIONs in green. The F-actin staining facilitated detection of
intracellular (arrows) localization of SPIONs. b) represents a 3D shadow reconstruction of the cell
nuclei (white) and the SPIONs (green), whereas c) represents the cell nuclei (white) and the colo-
calized channel of SPIONs with endosomes (purple). Some of the SPIONs did not colocalize with
endosomal compartments (arrowheads).
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