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Zusammenfassung
In dieser Arbeit werden zwei verschiedene Strukturen behandelt deren Größe im
nanoskopischen und mikroskopischen Bereich liegt: Nanopartikel und
Polymerkapseln. Aus einer Vielzahl möglicher vielversprechender Anwendungen
werden einige im Detail diskutiert.
Die Synthese, Charakterisierung und Oberflächenmodifizierung von halbleitenden
CdSe/ZnS und metallischen Au Nanopartikeln wird vorgestellt. Au Nanopartikel
wurden direkt in organischen Lösungsmitteln synthetisiert. Für beide Typen von
Nanopartikeln werden drei Methoden vorgestellt um sie von hydrophoben zu
hydrophilen Partikeln zu konvertieren. Die Giftigkeit von CdSe und CdSe/ZnS
Partikeln wurde auf dem Niveau einzelner Zellen untersucht. Es wurde gezeigt, dass
halbleitende CdTe Nanopartikel die mit einem kurzkettigen Thiol-Molekül bedeckt
waren ein schmales Emissionsband haben und als fluoreszierende Sensoren für die
Detektion von Ionen verwendet werden können. Der Effekt des pH Wertes und
verschiedener Ionen, unter Anderem physiologisch relevanter Ionen wie Calcium(II),
Mangan(II) und Eisen(III) auf die Lumineszenz von CdTe Nanokristallen bedeckt
mit Thioglykolsäure wird beschrieben. Es wird auch gezeigt dass Au Nanopartikel
die Fluoreszenz in benachbarten Chromophoren löschen. Außerdem wird
beschrieben und demonstriert wie solche Au Nanopartikel als Wärmequelle
verwendet werden können. Diese Eigenschaft wird dazu verwendet um drug delivery
Anwendungen zu realisieren.
Der zweite Teil dieser Arbeit ist auf die Untersuchung der Anwendung von
Polyelektrolyt Kapseln in der Zellbiologie fokussiert. Zu diesem Zweck wurden
verschieden Parameter untersucht, wie z.B. die Aufnahme von Kapseln durch Zellen,
Lokalisierung der Kapseln, und mögliche Deformierung der Kapseln. Dazu wurden
verschiedene Techniken wie Atomare Rasterkraft-Mikroskopie (AFM),
Fluoreszenzmikroskopie und Transmissions-Elektronen-Mikroskopie verwendet.
Zwei biologische Anwendungen wurden erfolgreich gezeigt. Polyelektrolyt Kapseln
wurden erfolgreich als Trägersystem für drug delivery vorgeschlagen. Dazu wurden
die Polyelektrolyt Kapseln mit metallischen Nanopartikeln in der Kapselwand
versehen. Heizen der metallischen Nanopartikel mit einem Lichtzeiger bewirkte ein
Reißen der Kapselwand und damit eine kontrollierte Freisetzung von Material aus
dem Inneren der Kapsel. Zusätzlich wurde gezeigt, dass Polyelektrolyt Kapseln auch
als Sensoren zur Messung der Konzentration von Molekülen verwendet werden
können. Als Beispiel zeigen wir die Messung von pH mit Polyelektrolyt Kapseln.
Dies wurde durch Einbettung des pH-sensitiven Moleküls SNARF-1 in die
Kapselmitte erreicht. SNARF-1 modifizierte Kapseln sind ein starkes Instrument zur
Messung lokaler pH-Werte, sogar im Inneren von Zellen.
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Abstract
In this work, we address two different structures whose sizes are in the nanoscopic
and microscopic range, namely nanoparticles and polyelectrolyte polymer capsules
respectively. Among a wide variety of their promising applications, some are
discussed.
Synthesis, characterization and surface modification of semiconductor CdSe/ZnS and
metallic Au nanoparticles are presented. Au nanoparticles were synthesized directly
in organic solutions. For both nanoparticles, three different methods to convert them
from hydrophobic particles to hydrophilic particles are proposed. At a single cell
level, cytotoxicity of CdSe and CdSe/ZnS nanoparticles were investigated. We have
demonstrated that semiconductor CdTe nanocrystals capped by short-chain thiol
molecules possess a single narrow emission band and can potentially be used as
luminescence sensors and ions probes. We report the effect of pH and various ions,
including physiology important cations such as calcium(II), manganese(II) and
iron(III), on the luminescence intensity of CdTe nanocrystals capped by thioglycolic
acid. We also show the capability of Au nanoparticles to quench the molecular
excitation energy in chromophores. In addition, we explain and demonstrate the
particular property of such a particle to work as heat center. We make use of this
property for drug delivery into cells by loading metallic Au nanoparticles in
polyelectrolyte capsules.
The second part of this work is focused on the investigation of the applications of
polyelectrolyte capsules in cell biology. For this propose, parameters like capsule
uptake by cells, capsule localization, and possible deformation were investigated by
means of different techniques such as atomic force microscopy, fluorescence
microscopy and transmission electron microscopy. Two biological applications by
using polyelectrolyte polymer capsules were successfully proven. Polyelectrolyte
capsules are proposed as drug delivery carriers. Polyelectrolyte capsules were
functionalized by loading metallic nanoparticles on the capsule wall. By heating the
metallic nanoparticles with a light pointer the capsule wall ruptured and the
embedded material was released in a controlled way. In addition, we demonstrate
that polyelectrolyte capsules can be used to measure the concentration of analytes.
As a proof of principle, we propose polyelectrolyte capsules to measure the pH. This
goal was approach by embedding an analyte sensor molecule named Snarf-1 into the
capsule cavity. Snarf-1 capsules are powerful tools to measure the pH of their
surrounding medium even inside cells.
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I. Nanoparticles
1. Introduction
Richard Feynman was one of the first pioneers introducing the concept of
Nanotechnology and the idea of manipulating individual atoms and molecules to
create tools in the microscopic range. It is famous his statement regarding
Nanotechnology “there is plenty of room at the bottom”. In the eighties, scientists
were able to synthesize the first molecular and atomic clusters [1],[2]. Currently,
scientists are able to synthesize these clusters from a broad variety of materials and
even to control their shapes [3]. These clusters, which are also called nanoparticles
(for “big” clusters) are, and will be, very useful for many applications in a broad
variety of fields such as molecular electronics [4],[5], catalysis [6],[7], biomedicine
[8], pharmacy [9], or semiconductor engineering [10].
Generally speaking, nanoparticles are aggregates from few hundred to ten thousand
of atoms, which results in sizes in the nanometer range. Crystalline nanoparticles are
also called nanocrystals. Nanoparticles can be synthesized from a broad variety of
materials where each constituent can lead to characteristic properties [10]. For
instance, semiconductor nanoparticles like CdSe are fluorescent, some
metals/metaloxides such as Co or Fe2O3 exhibit magnetic properties and metallic
nanoparticles like Au can be used to transfer charge.
The properties of nanoparticles are different from those of equivalent materials in
bulk [10]. Nanoparticles exhibit properties, which are intermediate between those of
bulk material and the corresponding atomic or molecular systems. For bulk materials,
the percentage of atoms at the surface is negligible relative to the overall number of
atoms within the material. In contrast, for nanoparticles the number of atoms on the
surface is a significant fraction to the overall number of atoms. This fact influences
largely the properties of nanoparticles. In particular, in the field of catalysis the
enhanced surface-to-volume ratio is beneficial. Additionally one can find
nanoparticles that exhibit size-dependent properties such as the quantum confinement
in semiconductor nanoparticles [10], surface plasmon resonance in some metallic
nanoparticles [11],[12] or superparamagnetism in magnetic nanoparticles [7].
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2. Theory
According to the concept of particle-wave duality, introduced by De Broglie, any
particle has a wave-like nature whose wavelength is inversely proportional to the
linear momentum of the particle. When the size of a physical system is comparable
to the wavelength of the particles that interact within such a system, the behavior of
the interacting particles is best described by quantum mechanic rules [13]. The size
of nanoparticles, only a few nanometers, is of the same order of magnitude as the
wavelength of electrons and holes at room temperature. Therefore, we can use the
particle-wave duality to explain the behavior of the electrons in a nanoparticle.
In a semiconductor and a metal bulk material, the electrons of the conduction band
are in first order free to move throughout the crystal like free electrons. Using this
model system, called free electron gas, the motion of the conduction electrons can be
described by a linear combination of plane waves whose wavelength is of the order
of nanometers. The wavefunction associated to the motion of the free electron can be
obtained by solving the stationary Schrödinger equation:
h2 2
−
∇ ψ (r ) + V (r )ψ (r ) = Eψ (r ) .
2m

(2.1)

Here h is the Planck’s constant, m is the mass of the electron, V(r) is the potential,
which is acting on the electron and E is the total energy of the electron.
The wavefunction solutions and the energy states of an electron in a bulk are based
on the assumption of periodic boundary conditions. To apply these boundary
conditions we have to consider that the size of the bulk is infinite. This assumption
implies that the conditions at opposite borders of the solid are identical. The periodic
boundary conditions can be mathematically introduced by imposing the following
conditions to the electron wavefunction:

ψ ( r ) = ψ ( x, y , z )
ψ ( x, y , z ) = ψ ( x + d x , y , z )
ψ ( x, y , z ) = ψ ( x, y + d y , z )

(2.2)

ψ ( x, y , z ) = ψ ( x, y , z + d z )
Here ψ (r ) is a wavefunction, which depends on the positions of the particle and d x ,
d y , d z is the size of the material.
The solutions of the stationary Schrödinger equation (2.1) can be factorized into the
product of the three independent functions:
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ψ ( x, y, z ) = ψ ( x) ⋅ψ ( y ) ⋅ψ ( z ) = Ae ik x e
x

ik y y ik z z

e

(2.3)

r
Where k = (k x , k y , k z ) is the wavevector of the electron and is directly proportional
r
r
to the linear momentum p and thus, also to the velocity v of the electron:
r
r
r
(2.4)
p = m⋅v = h⋅k

Solving the Schrödinger equation under the above mentioned boundary conditions
leads to the following states for an electron:

k = ±n∆k = ±

n2π
dx,y,z

(2.5)

Here n is an integer number [14],[15]. The solutions of Equation (2.5) correspond to
plane waves with quantized wavenumbers.
An important consequence of the periodic boundary conditions is that all the possible
r
electronic states in the k space are equally distributed. According to Pauli´s
principle, only two electrons with opposite spin number can occupy each of the states
(k x , k y , k z ) = (± nx ∆k ,± n y ∆k ,± nz ∆k ) . In this way, the number of occupied states can
be described in the k- space as a sphere whose radius is the wavenumber associated
with the highest energy that an electron could have.
In a solid, the allowed wavenumbers are quantized and fulfill the following condition
n2π
∆k = ±
. The allowed states are separated by ∆k . In a bulk material, the size of
d x, y, z
the material dx,y,z is large and thus ∆k is very small. Then the sphere of occupied
states is filled quasi-continuously and also the energy levels become continuous [14].
On the other hand, in a nanoparticle the size of the material dx,y,z, is very small and
r
thus ∆k is very large. There are only discrete (k x , k y , k z ) states in the k -space. In a
nanoparticle, the movement of the electrons is confined in all three dimensions.
Thus, the concept of periodic boundary conditions will no longer be applicable as in
the bulk. The confinement of the electrons can be represented mathematically as a
potential which is zero inside the nanoparticle but infinite on its walls. Figure 1
shows the potential of a nanoparticle with a diameter of size d. By applying these
boundary conditions to the stationary Schrödinger equation, one obtains that only
discrete states are allowed.
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∞

λ = 2/3dz
k = 3 π /dz

n=3

ψ(z)
λ = dz
k = 2 π /dz

n=2

n=1
0
-½dz

λ = 2dz
k = 1 π /dz
z

0

½dz

Figure 2.1: Potential box of a spherical nanoparticle. Only the z direction is
represented in the figure. Equal potentials are considered in x and y direction. Taken
from [10].
r
The distribution of occupied states in the k -space consists of discrete points. In
nanoparticles, only discrete energy levels are allowed. This is why semiconductor
nanoparticles with their large spacing between energy levels are also often called
“artificial atoms”.
In the model of the free electron gas, the structure of the material is not considered.
We have used the same model for semiconductors as well as for metals. This model
describes relatively well the case of the electrons in the conduction band. However,
to extend satisfactorily the model of the free electron gas to semiconductor materials,
the concept of the hole as a positive charge carrier has to be introduced [14].
Whenever an electron is excited from the valence band to the conduction band it
leaves an empty state in the valence band which is termed a hole. In a semiconductor
bulk material, the lowest unoccupied energy band and the highest occupied energy
band are separated by an energy band gap Eg(bulk) [14]. Figure 2.2, shows a
comparison of the dispersion relation ( E (k ) ∝ k 2 ) in a semiconductor bulk material
and in a semiconductor nanoparticle.
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Figure 2.2: Dispersion relation in a semiconductor bulk and a semiconductor
nanoparticle (quantum dot). Taken from [10].
As we can see in Figure 2.2, due to the discreteness of the energy levels, in a
nanoparticle a finite zero-point energy appears. The band gap in the nanoparticle
Egap(nanoparticle) is higher than the band gap in the bulk Egap(bulk). Ultimately, the
confinement energy for both carriers, electrons and holes, has to be considered and
therefore:
E well = E well (e - ) + E well (h + ).

(2.6)

Here E well (e- ) and E well (h + ) are the confinement energy for electrons and holes
respectively. For large particle (bulk, where d → ∞ ) Ewell tends to zero and therefore,
it has not to be taken into account. The overall confinement energy for an electronhole pair in a spherical semiconductor nanoparticle can be estimated as the zero point
energy of the potential well. In a potential box the confinement energy of an
electron-hole pair (an exciton) can be written as:
E well

h2
=
.
2m * d 2

Where m* is the reduced mass of the exciton and is given by:

(2.7)
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1
1
1
=
+
*
m
me mh

(2.8)

Here me and mh are the electron mass and the hole mass respectively.
Besides the confinement energy due to the potential box, there is also a second
energy contribution to the band gap in nanoparticles, which is due to the mutual
attraction between the electron and the hole given by their Coulomb interaction
E Coul . This energy must be multiplied by a coefficient that defines the screening of
the carriers by the crystal. The strength of the screening coefficient depends on the
dielectric constant ε of the semiconductor. The Coulomb interaction can be
estimated as:
ECoul = −1.8

e2
2πεε o d

.

(2.9)

Here e is the charge of an electron, ε and ε o are the dielectric constant of the crystal
and the vacuum, respectively. The Coulomb interaction can be quite significant since
the average distance between an electron and a hole in a semiconductor nanoparticle
can be very small [16].
If we add these two contributions to the band gap of the semiconductor bulk we
obtain the size-dependent energy gap of a spherical semiconductor nanoparticle,
which is:

E g (nanoparticle) = E g (bulk ) + Ewell + ECoul
h2
e2
E g (nanoparticle) = E g (bulk ) +
− 1.8
2m*d 2
2πεε o d

(2.10)

As it can be seen in equation (2.10), the basic approximation for the band gap of a
semiconductor nanoparticle involves two size-dependent terms, namely the
confinement energy, which varies as 1/d2, and the Coulomb attraction, which varies
as 1/d. The confinement energy is always a positive term and thus, the energy of the
lowest possible state always rises with respect to the bulk situation. On the other
hand, the Coulomb interaction is always attractive for an electron-hole pair and
therefore lowers the energy with respect to the bulk situation. For small particles like
semiconductor nanoparticles the confinement effect is the major contribution to the
band gap. The band gap for a semiconductor nanoparticle will be therefore higher
than its corresponding bulk value.
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3. Nanoparticle Properties
Nanoparticles exhibit different properties depending on the shape and material they
are composed of. Different nanoparticle shapes like spherical, rod, disk or tetrapod
shaped particles can be synthesized from a broad variety of materials in a controlled
way [3]. In the course of this work, three types of materials were used for the
synthesis of nanoparticles, namely semiconductor, metallic and magnetic materials.
Each of them confers a characteristic property to the corresponding nanoparticle. In
the following, these types of nanoparticles will be discussed.

3.1. Semiconductor Nanoparticles
Semiconductor nanoparticles, composed of materials such as CdSe, CdTe and InP,
exhibit atom-like energy states that are a consequence of the confinement of the
carriers in three dimensions. In a semiconductor bulk, the lowest unoccupied energy
band and the highest occupied energy band are separated by an energy band gap [14].
This energy is the minimum energy necessary to excite an electron from the valence
band to the conduction band and create a hole in the valence band. Upon relaxation
of the excited electron and the correspondent hole, the recombination energy can be
emitted as fluorescent light. Therefore, if a semiconductor nanoparticle is excited
with the appropriated energy to create an exciton, the electron-hole pair can
recombine radiatively [10]. Non radiative relaxation due to trapping of electrons or
holes to surface states competes to radiative relaxation and lowers the quantum yield.
This feature of fluorescence emission can be very useful for a broad variety of
applications. The most important property of semiconductor nanoparticles is that
their band gap is size dependent due to the confinement energy and Coulomb
attraction [10]. Therefore, the energy needed to create a photon depends on the
nanoparticle size. Each nanoparticle size presents fluorescence at a particular
wavelength. Therefore by controlling the size of the semiconductor nanoparticles
during their synthesis, virtually any color of the fluorescence spectrum from the
infrared to the ultraviolet can be obtained. To summarize, we can affirm that
semiconductor nanoparticles possess size dependent fluorescence.
Typically fluorophores are used as fluorescence dyes. Semiconductor nanoparticles
are alternative fluorescence dyes. They not only present fluorescence but also
improved fluorescent properties in comparison to organic fluorescence dyes. These
improvements can be summarized to narrow emission, broad absorption, and reduced
photobleaching [3]. In Figure 3.1 some of the improvements that semiconductor
nanoparticles present can be clearly seen.
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Figure 3.1: Comparison of the fluorescence properties of semiconductor
nanoparticles and organic fluorophores. a) Absorption and fluorescent spectra of
organic fluorophores. b) Absorption and fluorescent spectra of semiconductor
nanoparticles. Taken from [10].
As we can observe in Figure 3.1, organic fluorophores have narrow absorption
bands. It would be therefore difficult to excite several colors with a single excitation
source. On the other hand, the absorption spectrum of semiconductor nanoparticles is
a continuum from the band gap into the UV and therefore, many different colors can
be excited simultaneously with the same wavelength. For organic fluorophores, the
fluorescence spectra are not symmetric and exhibit a tail to longer wavelengths
called "red tail" [17], as it can be seen in Figure 3.1. In contrast to fluorophores,
colloidal nanoparticles have narrow and symmetric fluorescence emission spectra
and do not exhibit a red tail. As a consequence many different colors can be
distinguished without spectral overlap. Another advantage of semiconductor
nanoparticles is that they have a reduced tendency to photobleach [17]. Due to their
inorganic nature, semiconductor nanoparticles suffer much less from photobleaching.
In addition, the decay time of the fluorescence of the nanoparticles is longer than that
of typical organic dyes and also longer than the decay time of autofluorescence.
The tunability combined with extremely reduced photobleaching makes
semiconductor nanoparticles an interesting alternative to conventional fluorescent
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molecules. In the following, some applications of quantum semiconductor
nanoparticles will be discussed:

 Cell labelling
Actually a broad variety of dyes are used for cell labeling. Using organic dyes it is
possible to label different compartments in cells. For example, the labelling of
cellular structures with antibodies that specifically recognize a designated structure is
a common method in cell biology. Antibodies can be conjugated to organic
fluorophores and thus it is possible to label the structures with fluorescent dyes that
can be visualized by fluorescence microscopy. Instead of conjugating the antibodies
to organic dyes, antibodies could be conjugated to semiconductor nanoparticles.
For cell tracing applications it is necessary to give cells a color code. As cells readily
ingest nanoparticles, such kind of cell labelling with fluorescent nanoparticles can be
easily applied for example to monitor cell lineages [3], see Figure 3.1.

Figure 3.2: MDA-MB-435s cells labeled with green semiconductor nanoparticles
and MCF 7 cells label with red semiconductor nanoparticles. Taken from [3].
 Surface labelling
Using the same concept, semiconductor nanoparticles could be also used to label
surfaces. By coating the surface with different ligands, we can create a label pattern.
Semiconductor nanoparticles conjugated with the corresponding receptor will bind
specifically only were the ligand is. In Figure 3.3 we can see an example.
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Figure 3.3: Labeling of a surface with fluorescent semiconductor nanoparticles.
Only green semiconductor nanoparticles are conjugated with DNA that binds to its
complementary oligonucleotide, which is attached on the surface. Taken from [18].

3.2 Noble Metal Nanoparticles
The properties of noble metal nanoparticles have been used since ancient times. For
instance, some noble metal nanoparticles such as gold and silver have been used on
stained-glass windows by embedding tiny amounts of these particles on the glass.
These kind of particles show very bright colors that can change with their size [11].
This effect must not be confused with quantum confinement in semiconductor
nanoparticles though. Figure 3.4 shows an example of a glass with embedded gold
particles.

Figure 3.4: The lycurgus Cup from the 4th Century A.D (now at the British Museum,
London). The glass of the cup appears green in daylight (reflected light), but red
(transmitted light) when the light shines from inside of the vessel.
Which is the origin of the color difference shown in Figure 3.4? The color present in
both samples is due to the interaction between the embedded metal particles and the
light. This interaction can be physically explained by a phenomenon named surface
plasmon resonance. Metals possess electrons that can freely move throughout their
volume. These electrons are called conduction electrons. A collective motion of all
conduction electrons is named plasmon. In a nanoparticle as in the surface of a metal

Nanoparticle Properties

11

bulk, plasmons can interact strongly with the light. These plasmons are named
particle plasmons. In the following, a brief explanation about how a particle plasmon
oscillation in a metal nanoparticle can be excited by an external light field will be
given:
Since the diameter of the nanoparticle is of the order of the penetration depth of
electromagnetic waves in metals, when a noble metal nanoparticle is irradiated with
an electromagnetic wave, this can penetrate through the nanoparticle.
The interaction of electromagnetic waves with nanoparticles creates an electric field
inside the nanoparticle which periodically shifts the conduction electrons collectively
with respect to the fixed positive charge of the lattice ions. The electrons build up a
charge on the surface at one side of the nanoparticle creating a dipole that oscillates
with the applied field. Then the electrons of the nanoparticle are displaced
collectively from the ions. This collective motion is called particle plasmon. Figure
3.5, shows the interaction between a metal nanoparticle and an external light field.

Figure 3.5: Excitation of a particle plasmon in a metal nanoparticle by an external
light field.
The Coulomb-attraction between the electrons and the ions in the lattice results in a
restoring force in the oscillating system. If the frequency of the electromagnetic wave
is in resonance with the frequency of this collective oscillation, even a small exciting
field leads to a strong oscillation (particle plasmon resonance). The magnitude of the
oscillation depends only on the damping involved. The resonance frequency is
mainly determined by the strength of the restoring force. This force depends on the
surface charges, which is related with different parameters such as nanoparticle size
and the polarizability of the medium around and between the charges.
Due to the process above explained, noble metal nanoparticles present interesting
optical properties [11],[19] and have the property to generate heat [20]. Although
only the second property was applied in the course of this work, optical properties of
noble metal nanoparticles will be also briefly explained in the following.
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 Optical properties of noble metal nanoparticles
Since ancient times the optical properties of metal nanoparticles have been used, for
instance on stained-glass windows. Figure 3.6 shows an example of one stained-glass
window painted in the 15th Centenary.

Figure 3.6: Labors of the Months (Norwich England ca 1480). Glass embedded with
tiny amounts of gold and silver present color. The color of the metal, which is used
for the stain, depends on its size.
Noble metal nanoparticles strongly absorb and scatter light at the plasmon resonance
frequency. This effect leads to their color. The ratio of scattering to absorption
changes dramatically with the particle size. Therefore, the color of metal
nanoparticles will depend on their size. Large nanoparticles scatter light very
efficiently, whereas the color of the small nanoparticles is mainly caused by
absorption [11],[12]. For most of the molecules that are colored only absorption is
considered in their extinction coefficient. The scattering in such particles is so low
that it can be neglected. This approximation is valid also for noble metal
nanoparticles smaller than approximately 30nm, but above this size scattering
becomes very important and must be taken into consideration.
A very good approximation to calculate the resonance frequency of particle plasmons
is the Mie Theory, where the intensity of the light that is scattered by a particle into
exactly the forward direction is related to the extinction cross section of the particle
[21]. Solving the Maxwell equation for the absorption and scattering of
electromagnetic radiation by spherical nanoparticles, the extinction coefficient can be
calculated as long as dielectric function of the material is known, and the size is
smaller than the wavelength of the light. In this way, the total extinction coefficient k
for N nanoparticles of volume V is given by the following equation [12]:
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k=

13
18πNVεm

λ

32

⋅

ε2
2
[ε1 + 2εm ] + ε2 2

(3.1)

Here ε 1 and ε 2 represent the real and imaginary parts of the material dielectric
function, ε = ε 1 + iε 2 . As it can be seen from equation (3.1), the total extinction
coefficient also depends on the dielectric constant of the surrounding medium. The
resonance condition for the plasmon absorption is roughly fulfilled when
ε1(ω ) = −2εm and if ε 2 is small or weakly depends on ω .
Summarizing, if a noble metal nanoparticle is illuminated with light, the particle
scatters and absorbs at different wavelengths exhibiting a defined color.

 Metals as heat generators
Nanoparticles composed of various materials such as Au, Ag and semiconductors
can release heat under optical excitation [22],[20],[23]. The mechanism of heat
release is very simple. The electric field of a laser drives mobile carriers inside the
nanoparticles and the energy gained by these carriers turns into heat. Then the heat is
transferred from the nanoparticles leading to an increment of the temperature in the
surrounding medium. Heat generation becomes especially significant for noble metal
nanoparticles in the regime of the plasmon resonance due to collective motion of a
large number of electrons. As it was previously mentioned, the amplitude of the
collective electron oscillation with respect to the driving and the width of the particle
plasmon resonance depend on the damping involved [12]. This damping can be
described as population decay. This decay can be either radiative or non radiative.
When damping is radiative a photon is emitted. To explain what happens when the
damping is non radioactive, the conduction electrons of the nanoparticle are treated
as the electrons in the Drude Sommerfeld model [24]. Taking into consideration this
model, the movement of the conduction electrons in a particle gives rise to a current
which obviously is attenuated by the metal resistance. The energy dissipated due to
the movement of the electrons is then transferred into heat.
The relation between the incident irradiation and the increment of the temperature at
certain distance r from the nanoparticle centre will be given in the following.
The temperature distribution around optically-stimulated nanoparticles can be
described by the usual heat transfer equation:

ρ ( r )c ( r )

∂T (r , t )
= ∇k (r )∇T (r , t ) + Q(r , t ) .
∂t

(3.1)

Here r and t are the coordinates and time. T (r , t ) is the total temperature, and the
parameters ρ (r ) , c(r ) and k (r ) are the mass density, specific heat and thermal
conductivity, respectively. Q(r , t ) represents the energy source coming from the
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light dissipation in a nanoparticle. Its value can be calculated by the following
equation:

Q(r , t ) = j (r , t ) E (r , t ) t .

(3.2)

Here j (r , t ) is the current density and E (r , t ) is the applied electric field.
Solving equation 3.1 we obtain that the local temperature around a spherical
nanoparticle can be given by the equation:
∆T (r ) =

VNP Q
4πko r

(3.3)

Here k o is the thermal conductivity of the surrounding medium, VNP is the volume
of the nanoparticle and Q is the heat generation. Assuming that the wavelength of
the incident light is much bigger than the nanoparticle radius the heat energy Q can
be calculated by the following equation:
2

3ε o
w 2
Q=
Eo
Im ε NP
8π
2ε o + ε NP

(3.4)

Here E o is the amplitude of the incident radiation, and ε NP and ε o are the dielectric
constants of the nanoparticle and surrounding medium respectively.
If we substitute the value of Q in equation (3.3), the increment of the temperature at
a distance r from the center of the nanoparticle is:
2

V
w 2 3ε o
∆T (r ) = NP
Eo
Im ε NP
4πko r 8π
2ε o + ε NP

(3.5)

As it can be observed from equation (3.5), the increment of the temperature not only
depends on the given incident irradiation, it also depends on several factors such as
nanoparticle size, thermal conductivity of the surrounding medium, and material of
the nanoparticle. For example it was observed that Ag nanoparticles under plasmon
resonance conditions generates heat about ten times stronger that Au nanoparticles
[20]. The ability to convert light energy into heat can be very useful for some
biomedical applications, for example noble metal nanoparticles can be an alternative
to cancer therapy. Heat generated by optically stimulated nanoparticles could be used
to destroy tumor cells. Tumor ablation by using metal nanoparticles have been
already proven in mice [8].
In this work, another concept of using metal nanoparticles as heat generators for
cancer therapy is presented. This concept consists of embedding metal nanoparticles
in the shell of polyelectrolyte capsules which contain a chemotherapeutic agent in
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their cavities. Metal nanoparticles would provide the ability to release the
chemotherapeutic agent from the capsules at the desired moment by destroying the
capsule shell upon heat of the metal nanoparticles [25]. This application will be
explained more in detail in chapter 10.

3.3. Magnetic Nanoparticles
Magnetic nanoparticles can be synthesized from a variety of materials like metals,
metal alloys, or metal oxides. In this type of nanoparticles, magnetic properties like
saturation magnetization, coercive field and Verwey transition are different from
their corresponding bulk materials [26]. The magnetic properties can even vary
depending on the synthesis, size and shape of a particular nanoparticle [26],[7].
Magnetic nanoparticles could be used specially in medicine. For instance, the
localizability of nanoparticles by applying an external small magnetic field gradient
could be of apparent value in some therapies. In terms of drug delivery, magnetic
nanoparticles would offer the possibility to obtain better localization of the drugcarrier by using an external magnetic field gradient [27]. One example of a drug
delivery system using magnetic nanoparticles will be discussed in chapter 10.
Magnetic nanoparticles are also being used to generate heat by the application of an
alternating magnetic field [28],[29]. In this way, magnetic nanoparticles could be
used to heat cells which are close to nanoparticles. This effect can be used for
hyperthermia treatment in tumors. Hyperthermia is based on the fact that tumor cells
are more sensitive to heat than healthy tissues. In this way, if the magnetic
nanoparticles are only targeted on the tumor cells and not on the healthy cells, when
an alternating magnetic field is applied on the patient an increment of the
temperature will appear only on the tumor cells targeted with nanoparticles
destroying thus the tumor. This application would solve many problems that appear
using the conventional hyperthermia treatment for cancer therapy. For instance, with
the conventional method for hyperthermia treatment, it is difficult to heat tumors
because the heating effects are influenced by various factors such as tumor size and
the position of external applicators. In addition, an inevitable technical problem using
this method is the difficulty of generating heat only at the tumor region until the
required temperature is reached without damaging the surrounding healthy tissue.
Patients with extensive metastasis cannot tolerate high temperatures and therefore,
this method cannot be used.
Using the properties of magnetic nanoparticles a very sophisticated method for
hyperthermia treatment could be carried out in future. Nanoparticles could be located
in the desired position, the tumor, by using an external magnetic field gradient. In
this way, hyperthermia could be applied only in the tumor without damaging healthy
tissue. Final targeting to tumor cells can be achieved by modifying the nanoparticles
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with receptors specific to tumor cells to promote endocytosis. By applying an
alternating magnetic field on the nanoparticles, multiple hysteresis cycles can be run.
A completely cycle is called hysteresis loop. Figure 3.5, shows a sketch of the
hysteresis loop of a magnetic material.

Figure 3.7. Sketch of a hyteresis loop of a magnetic material. Ms is named saturation
magnetization and represents the maximum induced magnetic moment that can be
obtained in a magnetic field (Hsat); beyond this field no further increase in
magnetization occurs. Hc is named coercivity and represents the intensity of the
magnetic field needed to reduce the magnetization of a magnetic material to zero
after it has reached saturation. Hr is named coercivity of remanence and represents
the reverse field which, when applied and then removed, reduces the saturation
remanence to zero. It is always larger than the coercive force.
A hysteresis loop dissipates energy in the form of heat; this energy is giving by the
area of the loop. For magnetic nanoparticles the area of the loop is very small and
therefore the heat dissipated in a hysteresis loop will be also very small. A significant
increase of temperature can by obtain by running continuous hyteresis cycles. The
increment of the temperature will increase with the frequency of the applied
alternating magnetic field. In this way, an increment of the temperature would be
created only the tumor area and thus, harming only the tumor cells.
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4. Synthesis of Nanoparticles
4.1. Synthesis
In the last decade, a large variety of methods to synthesize nanoparticles directly in
aqueous solution have been developed [30]. These automatically yield hydrophilic
nanoparticles. Often an alternative method for growing of nanoparticles is preferred.
The method consists of growing nanoparticles in organic solvent mixtures [3]. These
organic media include so called surfactants, which are molecules that exhibit a polar
head group and one or more hydrocarbon chains, which constitute the hydrophobic
part of the molecule. These surfactant molecules coordinate to the surface of the
particles and thus enable control growth and stabilize the particles.
One important advantage is that several surfactants can be heated above the boiling
point of water (100 °C). The use of high temperatures and the possibility to choose
also non-water soluble surfactants expands the range of materials that can be
synthesized. Various defects in the crystal lattice of nanoparticles, which can form
during synthesis, can be annealed out easily at higher temperatures.
In the course of this work, Au nanoparticles were synthesized in toluene using
dodecanethiols as surfactants. The resulting nanoparticles are coated with a
monolayer of these surfactant molecules, which are bound to the surface of the
nanoparticle via their polar head groups, while their hydrophobic tails point to the
outer environment. Figure 4.1 shows a schematic representation of a gold
nanoparticle.

Figure 4.1: Representation of the structure of a gold nanoparticle.
The hydrophobic shell would prevent that nanoparticles touch with their neighbors.
In that way, nanoparticles will be well dispersed in the solution.
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4.2. Surface Modification
It is possible to synthesize nanoparticles with different shapes like sphere, rod, disk
or tetrapod shaped particles from a broad variety of materials in a control way. As
was already mentioned, nanoparticles are often grown in organic media and therefore
hydrophobic nanoparticles are obtained at the end of the synthesis [3]. Nevertheless,
most of the biological applications in which nanoparticles can be used are performed
in aqueous solution and thus a hydrophilic surface for the nanoparticles is desired.
Therefore, an important aim on bionanotechnology would be to develop a method
able to convert hydrophobic nanoparticles in hydrophilic nanoparticles. For this
purpose, two general strategies to stabilize nanoparticles in aqueous solution have
been proposed in this work [3],[31]. The first principle is based on the introduction
of electric charge. Nanoparticles with surface charge of the same polarity would
repel each other by electrostatic interaction. The second principle involves steric
repulsion: particles coated with polymer brushes do not agglomerate since the
polymer brushes cannot fully penetrate each other. Commonly, three different
methods to convert hydrophobic to hydrophilic surfaces are used [3],[31]. These
three methods lead to either electrostatic or steric repulsion between the
nanoparticles. Figure 4.2 shows a sketch of the three different methods.

Figure 4.2: Three different methods to transfer nanoparticles to aqueous solution.
Taken from [3].
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In the following these different methods will be briefly discussed.

 Ligand-exchange
Ligand-exchange is the easiest method but involves also several drawbacks. To
obtain a hydrophilic surface, the hydrophobic surfactant molecules (e.g TOPO in the
case of CdSe/ZnS particles) are exchanged with bifunctional molecules that are
hydrophilic on one end and bind to the particle surface with the other end [32],[33].
Usually thiols (-SH) are used as groups that can bind to CdSe, CdSe/ZnS, or Ausurfaces, and carboxyl (-COOH) groups are an example for hydrophilic groups. In
this way, nanoparticles can be transferred into aqueous solution by exchanging the
hydrophobic surfactant molecules adsorbed on their surface with a layer of a
mercaptocarbonic acid, such as mercaptoacetic acid, mercaptopropionic acid (HSCH2-CH2-COOH) or mercaptodecanoic acid. Since carboxyl groups are negatively
charged at neutral pH, nanoparticles capped with carboxyl groups will repel each
other electrostatically. Unfortunately, the bonds of the thiols to the nanoparticles
surface are not very stable for many materials (such ZnS). In this case, the bonds are
dynamic which means that the thiol ligands bind and unbind in a continuous way.
Therefore the water solubility of nanoparticles capped with mercaptocarbonic acids
is limited in stability for many materials. Au nanoparticles are an exception due to
the high stability of the thiol-gold bond. Instead of using mercapto carbonic acids
also thiolated PEG molecules can be used as hydrophilic ligands. In this case the
particles are stabilized by steric repulsion.

 Silanization
This method is based on the growth of a hydrophilic silica shell around the
nanoparticles and it has been successfully employed for many different nanoparticle
materials [34],[35]. First of all the hydrophobic surfactant covering the nanoparticles
surface is substituted by ligand exchange, the most frequently used molecule for this
purpose is mercaptopropyltrimethoxysilane, where by the mercapto (-SH) group
binds to the particle surface and three methoxy groups point outwards. The
advantage of this method is that the methoxy groups can react with each other under
the formation of siloxane bonds (-Si-O-CH3 +H2O -> -Si-OH + CH3OH; -Si-OH +
HO-Si- -> -Si-O-Si- + H2O). In this way the surfactant shell around the nanoparticle
becomes crosslinked and has improved stability towards disintegration. To obtain a
hydrophilic shell, bifunctional molecules are added which at one end have methoxy
groups for being incorporated in the shell by the formation of siloxane bonds and at
the other end bear hidrophilic groups, resulting finally in a multi-layer shell. If
methoxy silane molecules with phosphonate groups are added, the particle surface
becomes negatively charged and particles repel each other by electrostatic
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interaction. If methoxy molecules with polyethyleneglycol groups are added,
particles are stabilized by steric repulsion.

 Polymer coating
The principle idea is to coat hydrophobic nanoparticles with amphiphilic polymers
[36]. In this approach the hydrophobic tails of the polymers intercalate the
hydrophobic surfactant molecules on the nanoparticle surface. In this way,
nanoparticles would be completely coated by these polymers. The water solubility of
polymer-coated nanoparticles is ensured by hydrophilic groups on the polymer which
self-arrange on the outside of the polymer shell. In order to further stabilize the
polymer shell around the nanoparticle the individual polymer chains are crosslinked.
One advantage of this method is that it is not based on ligand exchange, but the
whole nanoparticle is covered with a crosslinked polymer shell. Therefore, the shell
can be applied for virtually all materials in the same way.

5. Investigation on Properties of Nanoparticles
5.1. Salt Stability
Many biological reactions occur in electrolytic solution, i.e., in aqueous solutions
that contain salt. Typically human fluids contain for example 150 mM NaCl.
Therefore, in order to use nanoparticles for biological applications it is also necessary
that the nanoparticles do not precipitate upon the presence of salt. As mentioned in
section 4, one method to stabilize nanoparticles in aqueous solution is the
introduction of electric charge. In this way, nanoparticles repel each other and
therefore cannot agglomerate. But what happens to nanoparticles if ions are
introduced to the aqueous solution? Imagine that a certain concentration of NaCl is
added to nanoparticles in aqueous solution. When NaCl is added for example to
negatively charged nanoparticles, positively charged Na-counterions are attracted by
the negative charge of the nanoparticles. In this way, the negative charge of the
nanoparticles is screened. Thus, the overall effective charge of the screened
nanoparticles (including the counterions) is reduced [24]. Now, the nanoparticles do
not repel each other anymore and they can agglomerate. Nanoparticle agglomeration
implies a change in some of the nanoparticle properties such as fluorencence
quantum yield in semiconductor nanoparticles, as the quantum yield can decrease
due to nanoparticle agglomeration [31].
Therefore, in order to use nanoparticles for biological applications it is necessary to
synthesize them in a way that they are stable not only in aqueous solution but also at
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certain ion concentrations. For instance, since the concentration of NaCl in biological
environment is typically 150 mM, nanoparticles should be stable at least until this
concentration. The most general approach in this direction is to use steric instead of
electrostatic repulsion, e.g. by introduction of PEG to the shell of the nanoparticles.

5.2. Quantum Yield
Semiconductor nanoparticles possess fluorescent properties. One parameter to
characterize the fluorescence of nanoparticles is the quantum yield. Quantum yield is
the probability to get a fluorescence photon when the sample is excited with one
photon of a defined wavelength. Thus, the quantum yield of a nanoparticle is defined
by dividing the number of emitted photons by the number of absorbed photons
Q yield = N emitted / N absorbed .
The higher the value of the fluorescence quantum yield of nanoparticles is, the higher
their fluorescence intensity will be.
It is possible to synthesize in organic solvent nanoparticles with high fluorescence
quantum yield at room temperature. Unfortunately it has been observed that when
nanoparticles are transferred from organic to aqueous solution, their quantum yield
reduces considerably [37],[31],[38]. This effect is mainly due to the introduction of
surface states which lead to non radiative relaxation pathways.
In the course of this work, fluorescence quenching of semiconductor nanoparticles
was investigated. Experiments reveled that the fluorescence intensity of
nanoparticles coated with mercaptocarbonic acids can vary depending on the ion
concentration in solution [39]. This effect suggests the possibility of using
semiconductor nanoparticles as selective ion probes and pH sensors.

6. Biocompatibility of Nanoparticles
Due to their functionality, nanoparticles might be used in the future for clinical
applications. However, for any clinical application the biocompatibility of the
nanoparticles is crucial. Besides the material of the inorganic core also the surface of
the nanoparticles is important for the interaction with cells and thus can exhibit
cytotoxic behavior [40]. There are at least three different pathways by which
nanoparticles introduced into a cell could interfere with its function and finally lead
to impairment:
1) Introduced nanoparticles can be composed out of toxic materials [41],[42]. For
example nanoparticles like magnetic Co nanoparticles and fluorescent CdSe can
release toxic ions upon corrosion and finally poison the cells [43].
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2) There might be a negative effect of nanoparticles in general on cells, regardless
the material of the nanoparticles [44],[45]. It is known that nanoparticles can stick to
the surface of the cell membrane and that a cell can uptake nanoparticles and store
them in intracellular compartments, which might have impairing effects for the cells.
3) There might be also an effect caused by the shape of the nanoparticles. For
example it has been reported that carbon nanotubes can impale cells like needles
[46].
During this work, the cytotoxicity effects that nanoparticles can cause to cells due to
the release of toxic ions was studied (point 1) [40]. For that purpose CdSe
semiconductor nanoparticles, which can release Cd2+ toxic ions upon corrosion
inside the cell, were used. It was already proven that encapsulating nanoparticles
with an appropriate shell reduces cytotoxicity effects [47]. In the course of this work
CdSe nanoparticles were used. As solution to reduce cytotoxicity effect a ZnS shell
was proposed. Experiments on a single cell level were performed to compare the
cytotoxicity effects of CdSe and CdSe/ZnS nanoparticles. For both nanoparticles the
concentration at, which toxic effects start to be observed, was calculated. Results
showed, as it was expected, that coating CdSe nanoparticles with a ZnS shells
increases the critical concentration up to which no toxic effect can be observed by
almost a factor of 10.
Cytotoxicity effects were also compared for CdSe and CdSe/ZnS nanoparticles
covert with different organic shells, mercaptopropionic acid (ligand exchange), silica
shells or shells of amphiphilic polymers. The particles with silica shells lead to the
least cytotoxic effects. We ascribe this to the fact that the silica shell around the
CdSe core is quite tight and dense, so that corrosion of the CdSe upon contact with
water is lower and thus release of Cd-ions is reduced.
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II. Polyelectrolyte Polymer Capsules
7. Polyelectrolyte Polymer Capsules as Glue to
Connect Particles
7.1. Introduction
There is a potential need for tools that provide the capability to characterize and
manipulate materials in the microscopic range in a broad variety of fields such as
biomedicine, pharmacy or semiconductor engineering. In the following, a promising
structure in the micrometer range named polyelectrolyte polymer capsule will be
discussed. This microstructure could be very useful for biological applications as
drug delivery container, analytic sensor or promoter of enzymatic reactions.
Polyelectrolyte polymer capsules can be loaded with different functional materials
and hence, they can be functionalized for a number of applications [48].
Alternatively, other types of microcontainers are currently synthesized based on
alternative materials such as liposomes [49],[50], micelles [51] or matrix gels
[52],[53].
Polyelectrolyte polymer capsules present a wall of nanometer scale which is formed
by polyelectrolyte polymers. Nowadays, an extensive variety of polyelectrolyte
polymers can be used for the fabrication of these microcontainers [54],[55].
Depending on the type of polyelectrolyte polymers that are employed for the wall
synthesis and its surface characterization, the capsule will possess certain release,
permeability and adhesion properties. As it was already mentioned, the capsule
functionalities are determined by loading different materials into the cavity and by
adding functional molecules to its surface.

7.2. Synthesis
The method to synthesize polyelectrolyte polymer capsules is based on layer-bylayer (LBL) adsorption [56] of oppositely charged polyelectrolyte polymers on
colloidal templates followed by core dissolution [57]. Figure 7.1 shows a drawing of
the process followed to synthesize polyelectrolyte polymer capsules.
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Figure 7.1: Synthesis of polyelectrolyte polymer capsules. Alternating layers of
negatively and positively polyelectrolyte polymers stick to the core by an adsorption
process. The colloidal core is later decomposed leaving behind clearly defined
hollow capsules.
The initial core used in the LBL synthesis method can be made out of different
materials such as polyester or melamine formaldehyde latex particles [57]. Positively
and negatively charged polyelectrolyte polymers are successively used for core
coating. Polyelectrolyte polymers are simple polymers decorated with charges. They
consist of long chains of molecules with ionizable groups that dissociate in water
leaving behind a charged chain. Depending on the ionizable groups, negative or
positive charged chain can be obtained. Several types of polyelectrolyte polymers are
currently synthesized [56].
The capsule can be visualized as an “onion” where each layer is made of negative or
positive polyelectrolyte polymers. The outer layer of the capsule provides its charge.
In this way, polyelectrolyte polymer capsules can be positively or negatively
charged.
Particles can be loaded inside the container by changing the permeability of the
capsule shell from the closed to the opened state [58]. The opened state can be
achieved at low pH value or in the presence of ethanol. After increasing the pH value
or washing with water, the material to be loaded is captured inside the capsules.
Alternatively, a second method to load particles in the capsule cavity has been
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recently developed. This method consists on synthesizing coprecipitates of calcium
carbonate with particles as templates [59]. Once the core is dissolved, the particles
remain on the capsule cavity due to the capsule impermeability to the selected
loading particles.
By adding selected particles during the LBL synthesis of the capsules, it is also
possible to embed particles on the capsule wall.
By means of the presented methods, different types of molecules like nanoparticles,
dyes or enzymes can be loaded either in the cavity of the capsule or embedded on the
capsule wall. These molecules confer different functionalities to the capsules that can
be very useful for further biological and clinical applications. In Figure 7.2 it is
shown a schematic drawing of a polyelectrolyte capsule with different particles in its
cavity and wall.

Figure 7.2: Polyelectrolyte polymer capsule. The capsules can be loaded with
different particles in their cavity and in their wall. In addition, the capsule surface
can be coated with ligands to promote endocytosis.

8. Uptake of Capsules by Cells.
Endocytosis is the process with which animal cells internalize substances like
particulate material (such as cellular debris and microorganisms), macromolecules
(such as proteins and complex sugars), and low-molecular-weight molecules (such as
vitamins and simple sugars). Two main types of endocytosis are distinguished on the
basis of the size of the endocytic vesicles that are formed during this process.
Phagocytosis (or “cellular eating”) involves the uptake of large particles and
pinocytosis (or “cellular drinking) involves the ingestion of fluid and solutes via
small vesicles. Phagocytosis is typically restricted to specialized mammalian cells
such as macrophages or dendritic cells, whereas pinocytosis occurs in all cells by at
least four basic mechanisms: macropinocyttosis, clathrin-mediated endocytosis,
calveolae-mediated endocitosis and clathrin and calveolae independient endocytosis
[60]. Figure 8.1 shows a schematic representation of the different uptake pathways.
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Figure 8.1: Different pathways of the cell to uptake particles. The endocytic
pathways differ with regard to the size of the endocytic vesicle, the nature of the
cargo (ligands, receptors and lipids) and the mechanism of the vesicle formation.
Taking into account the size of the polyelectrolyte capsules, in the micrometer range,
phagocytosis or macropinocytosis are the sole possible pathways by which capsules
could be uptaken. Since only some specialized cells (phagocytes) are able to uptake
particles via phagocytosis and the cells used for the uptake experiments during our
work are humane epithelial cells and fibroblasts, it is reasonable to assume that
polyelectrolyte capsules should be uptaken by cells via macropinocytosis. However,
this assumption is still to be proven. During macropinocytosis, the capsule
internalization begins with the invagination of plasma membrane and the capsule,
followed by the conversion of this membrane into a closed vesicle called endosome
(or endosomatic vesicle). These endosomes often fuses with lysosomes that contain
many different hydrolytic enzymes for intracellular ingestion.
During this work, it has been proven that polyelectrolyte capsules can be uptaken by
cells [61]. However, the detailed pathway by which cells uptake polyelectrolyte
capsules remains unclear. In Figure 8.1, it can be seen how the cells store
polyelectectrolyte capsules after their endocytosis.
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Figure 8.2: Polyelectrolyte capsules have been uptaken by an epithelial tumor cell
MDA-MB-435S. After their uptake, capsules are stored somewhere inside the cells.
The white arrow indicates the deformation of the cell membrane due to a capsule,
which is stored inside the cell. Taken from [62].
After endocytosis, cells should store the polyelectrolyte capsules somewhere within
the cytoplasm. Unfortunately, it is still unknown in which cellular compartment. As
it was been explained above, due to the relatively large size of the capsules, it is
unlikely that they are directly released into the cytoplasm and therefore, they are
expected to be stored in endosomal vesicles or lysosomes. In this work, to study
capsule localization within the cell, the colocalization of capsules and labeled
antibodies which bind specifically to lysosomatic or endosomatic regions was tested
[63]. Preliminary results showed no colocalization, as it can be seen in Figure 8.3.

Figure 8.3: The left photo shows that there is no colocalization of polyelectrolyte
capsules and early endosomes which were labeled with a green fluorescent antibody.
The right photo shows that there is no colocalization of polyelectrolyte capsules and
the lysosome, which was labeled with a red fluorescent antibody. This image has
been recorded by Oliver Bruns.
Although the uptake process and the localization of polyelectrolyte capsules after
uptake remain unclear, it was indeed interesting to investigate the influence of
capsule surface on the uptake process. As it was already mentioned in section 7, the
outer shell (surface) of polyelectrolyte polymer capsules can be synthesized either

28

Polyelectrolyte Polymer Capsules

negatively or positively charged. The influence of charged surfaces on the capsule
uptake was investigated during this work [61]. Cell membranes have a negative net
charge, although positively charged domains can exist [64],[65]. It is therefore
reasonable to think that adhesion and, related to it, the uptake of polyelectrolyte
capsules should depend on the capsule charge. Negative capsules show electrostatic
repulsion to the cell membrane whereas positive capsules exhibit an electrostatic
attraction. Therefore, the adherent rate for positive polyelectrolyte capsules should be
greater than for negative polyelectrolyte capsules. Since particle uptake is preceded
by adhesion on the cell membrane, there should be a correlation between the
adhesion and the uptake rate and hence, the uptake rate for positive polyelectrolyte
capsules should be also greater than for negative capsules. To demonstrate this
hypothesis, the adhesion-uptake rate for positively and negatively charged capsules
was investigated by combining atomic force microscopy (AFM) and optical
microscopy. Our results confirmed, as it was expected, that positive polyelectrolyte
capsules present adhesion and uptake rates greater than negative polyelectrolyte
capsules.

9. Capsule Deformation Studies
The main goal of polyelectrolyte polymer capsules is to develop a new
multifunctional carrier system which may protect the material within the container
against any possible undesirable external interaction. In section 7, the possibility to
control the capsule permeability during synthesis was mentioned. In this way, it is
possible to synthesize sufficient impermeable capsules to protect the loaded material
from any undesirable interaction. However, an additional problem concerning
capsule protection appeared during the uptake study. It was observed that many
polyelectrolyte capsules were deformed upon capsule uptake by the cell. This effect
could lead to an undesirable release of the material which would make unviable any
further application.
To study capsule deformation upon uptake, soft and rigid capsules were synthesized.
Rigid capsules could be obtained by embedding metal nanoparticles in the wall of
soft capsules and/or by shirking the wall of the soft capsules upon heat [66] The
deformation study of soft and rigid capsules upon capsule uptake was carried out by
Optical Microscopy. Results shown that soft polyelectrolyte capsules become more
squeezed upon cellular uptake than rigid polyelectrolyte capsules [66].
It was also crucial to determine whether capsule deformation could lead to a possible
material released. To investigate whether material release upon deformation takes
place or not, experiments at a single cell level were performed [63]. For these
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experiments, capsules were loaded with fluorescence labeled polymers within their
cavity and in their wall. After capsule uptake, the fluorescence labeled polymers
were tracked after capsule deformation by means of Fluorescence Microscopy. These
data indicated that the polymers remain within the capsule cavity after capsule
deformation, although a quantitative study is still to be addressed. In Figure 9.1, it
can be observed how cells deformed polymer-loaded capsules after their uptake. The
fluorescence labeled polymer remains in the capsule even after long time after the
uptake.

Figure 9.1: Polyelectrolyte capsules were filled with dextran with green Alexa-488
label and their walls were label with Rhodamine red dye. After capsule uptake,
capsules were deformed. It can be observed that Alexa-488 was not spread inside the
cytoplasm due to capsule deformation. Taken from [63].

10. Application of Capsules as Drug Delivery
Carriers
One of the most promising applications of nanotechnology is expected in the field of
medicine. Areas like cancer pathology need innovative techniques and methods to
improve detection and cure of this deadly disease, responsible for 12% human deaths
worldwide. For cancer therapy, novel drug delivery methods that increase the
therapeutic efficacy of chemotherapeutic agents are required.
One of the directions to contribute to the improvement of cancer therapies within the
field of nanomedicine is creating nanostructures which have the potential to enhance
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drug bioability and enable precision drug targeting. Several drug carrier systems are
currently under development [67].
So far, most of the cancer therapies are insufficiently effective and show many side
effects that lead to a precarious life quality for patients. In some tumors, for most of
the available drugs, there are many difficulties to reach the desired physiological
target due to anatomic features. Furthermore, it is still impossible to localize
chemotherapeutic agents specifically in the pathological cells. This fact leads to the
problem that healthy cells are affected as well [68]. There is currently no
pharmaceutically available treatment that can be applied in a controlled way locally
onto the tumor, which would protect the healthy cells against drug interaction. A new
method would be urgently needed to release the chemotherapeutic agents in a
controlled manner. Polyelectrolyte capsules could contribute to a solution to
circumvent the problems that conventional cancer therapies exhibit so far. In
principle, the use of polyelectrolyte capsules could enable delivery of chemotherapy
agents directly onto tumors. As a result not only lower drug concentration would be
required for the treatment but also the potentially harmful side effects of the
chemotherapeutic agents on healthy cells would be reduced. This carrier system
could protect the non tumor tissue from the drug avoiding undesirable interactions
while tumor treatment.
The main idea of drug delivery using polyelectrolyte capsules is schematized in the
following steps. Polyelectrolyte capsules could be loaded with magnetic and metal
nanoparticles on the capsule wall whereas the chemotherapeutic agent would be
loaded into the capsule cavity [48]. Loading the polyelectrolyte capsule with these
two different types of nanoparticles would provide different functionalities to the
capsules. Polyelectrolyte capsules could be located in the desired position due to the
magnetic nanoparticles by using a magnetic field gradient. Focusing of magnetic
particles in magnetic gradients has been already successfully demonstrated in animal
experiments [69]. Therefore, loading magnetic nanoparticles on the capsule wall and
using the appropriate gradient field polyelectrolyte capsules could be located on
tumor cells. Once the polyelectrolyte capsules reach the target, they would be
endocytosed by tumor cells. Specific uptake could be mediated by loading receptors
specific to tumor cells onto the capsule surfaces. After endocytosis, capsules would
be stored within tumor cells. The chemotherapeutic agent could then be released in a
time-controlled way by applying a suitable electromagnetic field to the capsules to
promote local heating of the metal nanoparticles. Heat would rupture the capsule
wall and thus, chemotherapeutic agents would be finally released, leading to death of
the tumor cells only. Figure 10.1 shows a sketch about how the experiment would be
performed. It should be stressed that this is only a concept and to use it as cancertherapy in humans, many parameters have to be ultimately taken into account.
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Figure b)

Capsules loaded with fluorescent, magnetic, metallic particles, ligand molecules,
chemotherapeutic agents -> targeting to tumor cells:
Inject capsules into blood stream:
magnetic nanoparticles in capsules -> local accumulation around cancerous tissue by
trapping in magnetic field gradient
fluorescent nanoparticles on capsules -> visualization by optical techniques (IR)
ligand molecules -> enhanced uptake due to molecular recognition of receptors on
the cancer cells
metallic nanoparticles in capsules -> opening of the capsules by local heating upon
IR irradiation
chemotheurapeutic agents -> after their release interact with the cells and kill them

Figure 10.1: Drug delivery in tumor cells by using polyelectrolyte capsules. a)
Polyelectrolyte capsules are targeted to tumor cells by using a magnetic field
gradient. b) Once the capsules are inside the tumor cells, the chemoterapeutic agents
against tumor cells can be released by applying a laser beam.
It was already proven by Bernd Zebli that polyelectrolyte capsules can be targeted to
tumor cells by using a magnetic field gradient [70]. Our aim is to further develop this
drug delivery method by studying drug release of capsules within tumor cells. For
this purpose, capsules with metallic Au nanoparticles loaded in the capsule wall were
synthesized. It has been already proven that by using an appropriated laser,
polyelectrolyte capsules loaded with metallic nanoparticles in their capsule wall can
be disrupted [23],[48]. Metallic nanoparticles serve as absorption centers for the
energy supplied by a laser beam. These absorption centers cause local heating that
can disrupt the local polymer matrix and allows the encapsulated material to exit the
capsule. So far, this capsule opening was always performed in water solutions. In this
work, this technique is spanned to experiments at a single cell level [25]. For this
purpose, the walls of the polyelectrolyte capsules were loaded with Au nanoparticles
to make suitable capsule opening and with dye particles in their cavity to mimic drug
release. This work demonstrates that it is possible to release encapsulated materials
(dye) inside tumor cells by applying a laser beam to excite metal nanoparticles in the
walls of polyelectrolyte capsules [71]. To avoid any possible extra cellular damage
from laser irradiation, the wavelength of the laser was chosen in the biologically
“friendly” window, namely the near-infrared part of the spectrum. Cytotoxic effects
due to capsule opening and local increase of cellular temperature are future topics to
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be addressed. Our results indicate that this technique can be very efficient for drug
delivery.

11. Application of Capsules as Local Sensors
Measuring analyte concentration in small volumes is a very interesting task for many
applications. In cell biology for instance, it would be very interesting to be able to
measure the concentration of different analytes within the cell such as pH, Ca2+ or K+
since these analytes play a role in many cellular processes [72]. In diagnostics, the
analyte concentrations of samples have to be routinely measured. Sometimes these
samples are only available in small quantities and therefore, it is necessary to waist
as few sample volume as possible. Actually, a broad variety of organic fluorophores
has been already developed in order to measure analyte concentrations. Due to their
small size, organic fluorophores can be used also to measured analyte concentrations
inside the cell [73]. However, fluorophores inside the cell could react with cellular
organelles and lead to dye degradation. Additionally cytotoxicity effects could also
appear. All these possible effects would lead to a non reliable measurement of
analyte concentrations.
We propose polyelectrolyte polymer capsules with embedded ion-sensitive
fluorescence dyes as solution to circumvent the problems above mentioned [59]. As a
proof of principle for this new system, we embedded a dye pH-sensor, named Snarf1, into the cavity of polyelectrolyte capsules. Snarf-1 is a dye whose fluorescence
color depends on the pH of the surrounding medium [74]. At acidified pH, its
protonated form emits at 580 nm (green color) whereas at alkaline pH, its
deprotonated form emits at 640 nm (red color). The fluorescence intensities at 580
nm and 640nm are related to the pH of the local environment in such a way that the
580 nm intensity decreases with increasing pH values. Analogously, the 640 nm
intensity increases with increasing pH. The ratio of the two fluorescence intensities
(green and red) would vary with the pH of the environment. Figure 11.1 shows the
pH dependency on the both fluorescence intensity peaks (at 580 nm and at 640 nm).
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Figure 11.1: Fluorescence emission spectra of Snarf-1-dextran molecules dissolved
in aqueous solutions at indicated pH values. The more alkaline the solution is, the
lower and higher the fluorescence intensities at 580 nm (green color) and 650 nm
(red color) are respectively. Therefore, capsules loaded Snarf-1 at acidic pH emit
more fluorescence at 580 nm than at 650 nm leading to green color. At alkaline pH,
capsules loaded Snarf-1 emit more fluorescence at 650 nm than at 580 nm leading to
red color.
In this study, Snarf-loaded capsules were used not only as sensor to measure the pH
of different solutions but also to measure the pH inside endocytotic vesicles in living
cells. It has been already proven that polyelectrolyte capsules can be uptaken by cells
[61]. As it was already explained in section 8, taking into account the size of the
polyelectrolyte capsules, in the micrometer range, macropinocytosis is the most
likely pathway for capsule uptake. Therefore, the capsules should be stored in an
endosomatic vesicle inside the cell after their uptake [75],[76]. In previous studies, it
has been demonstrated that the pH of these endosomatic vesicles is typically acidic
[77]. Therefore, if Snarf-capsules are stored in endosomatic vesicles inside cells, the
fluorescence intensity of the Snarf dye at 580nm (green color) must be greater than
the fluorescence intensity at 650 nm (red color) and thus capsules should present
green fluorescent color. The pH of the cell culture medium is on the other hand
slightly alkaline and then, capsules outside cells should emit more fluorescence in the
red region than in the green region and thus, capsules should present red fluorescent
color.
To prove that Snarf-loaded capsules can lead us to differentiate between capsules
stored in endosomatic vesicles inside cells and capsules outside cells, different
experiments by using fluorescence microscopy were carried out at a single cell level
[59]. Snarf-loaded capsules were incubated with tumor cells. After capsule
endocytosis, the fluorescence color of capsules was recorded by means of
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fluorescence microscopy. Polyelectrolyte capsules present clear differences in the
fluorescence color whether capsules are stored in endosomatic vesicles inside cells or
whether they are outside cells in the culture medium. Figure 11.2 shows two images
of a movie where polyelectrolyte capsules were uptaken by cells. As it can be clearly
seen, the color of the capsules changes from red to green when they are endocytosed.
a)

b)

Figure 11.2: SNARF-1-dextran loaded microcapsules were added to the medium of
MDA-MB-435S breast cancer cells that are cultured on glass substrates. Capsules
that remain in the alkaline cell medium restrain their overall red fluorescence (as
indicated with red arrows for two groupings of capsules). Capsules that were already
incorporated in the acidic endosome in the first image retain their green fluorescence
(as indicated with green arrows for two capsules). The capsules incorporated in
endosomal vesicles are transferred from the alkaline environment outside the cells to
an acidic environment and thus, they change their fluorescence from red to green (as
indicated with the red-to-green arrows for two capsule groupings). The scale bar
indicates 20 µm. Taken from [59]
Figure 11.2 shows that some of the capsules seem to be inside the cells due to their
position relative to the cells. However, taking into consideration their red color, these
capsules must actually be in a plane above the cells. In section 8, the difficulties to
perform uptake studies of surface-modified capsules by cells were mentioned. It was
not possible to distinguish clearly whether capsules were inside or above the cells.
Loading polyelectrolyte capsules with Snarf-1 dye allow us to distinguish clearly
between these two localizations (inside or above the cell) by their fluorescence color
and therefore, any uptake study could be easily carried out in this way.
By analyzing the fluorescence intensity in both regions (green and red), we were able
to measure the pH of the surrounding environment of polyelectrolyte capsules inside
the cell (in an endosomatic vesicle) and outside the cell (in the surrounding culture
medium). As it was expected, capsules located at the endosomatic vesicles presented
acidic pH. In contrast capsules located in the exterior medium presented an alkaline
pH.
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We want to stress the conceptual value of this study, which has to be seen as a proof
of principle for a new system for analyte detection. Several advantages can be
attributed with this new system. The first advantage is that embedding analyte
sensitive fluorescence dyes in the capsules involves high local dye concentration in a
very small volume. In this way, the sensitivity of the dye is enhanced. In addition,
cytotoxicity effect of the dye in cells should be reduced. Also, the dye would be
protected against any possible interaction with cellular organelles and would be
protected against degradation by the cell. In this way long-term measurements should
be possible. Another very important advantage of these microcontainers is that they
can also be labeled by loading fluorescent nanoparticles or dyes on the capsule wall.
In this way, each individual capsule could have a “name”. Capsules with different
names could be loaded with dyes that are sensitive to different analytes. In this way,
we could measure different analytic-concentration of a sample by introducing
different labeled capsules, each of them loaded in its cavity with a different analyticsensor dye.

12. Cytotoxicity of Nanoparticle-loaded Capsules
As it has been shown in previous sections, a number of functionalities can be
achieved by loading different types of nanoparticles such as semiconductor, magnetic
or metallic nanoparticles into the walls of polyelectrolyte capsules. For instance,
magnetic nanoparticle-loaded capsules can be targeted by a magnetic field gradient
and semiconductor nanoparticle-loaded capsules present controlled fluorescence
colors. These functionalities can be very useful for further biological applications as
it was detailed in section 10 and section 11.
In section 7, it was also proven that polyelectrolyte capsules can be endocytosed by
cells. In future steps, polyelectrolyte capsules could be also introduced into animals
or humans for clinical applications such as drug delivery or hyperthermia. Therefore,
in order to use polyelectrolyte capsules their biocompatibility must be tested first.
The capsules presented in this wok can be assembled out of most polyelectrolytes
and therefore, it is no problem to compose capsules out of biocompatible materials.
However, the biocompatibility of the nanoparticles loaded in the capsule must be
analyzed. We were indeed able to load magnetic, metallic and semiconductor
nanoparticles into the capsule walls. In the case of magnetic nanoparticles, magnetite
nanoparticles have been proven to be biocompatible [78]. This is so because once
cells have incorporated them, they can be degraded into iron and oxygen, which are
both natural compounds. For metallic nanoparticles, Au nanoparticles were selected
due to their tested biocompatibility [79]. CdTe nanoparticles were chosen as
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semiconductor nanoparticles for the capsule labeling. In section 6, the cytotoxicity of
CdSe nanoparticles due to the released of highly toxic cadmium ions upon corrosion
[40] has been demonstrated. In the current section, cytotoxicity effects of
polyelectrolyte capsules loaded with CdTe nanoparticles in cells are discussed [62].
It is important to analyze whether loading CdTe nanoparticles into capsules could
reduce the cytotoxicity effect due to cadmium. Results reveal that loading CdTe in
polyelectrolyte capsules does not decrease their cytotoxicity effect. This is due to the
fact that capsule walls form a porous network of polyelectrolyte layers and therefore,
they are highly permeable for small molecules such inorganic ions. Thus, toxic ions
released due to corrosion of the nanoparticles embedded in the capsule walls can
diffuse into the medium and thus, harm the cell.

13. Conclusions
In this work, we present two different structures whose sizes are in the nanoscopic
and microscopic range, namely nanoparticles and polyelectrolyte polymer capsules
respectively. Both structures could be very useful for many different applications in
some fields such as biomedicine, pharmacy or semiconductor engineering.

 Nanoparticles
Due to their small size, nanoparticles present interesting and promising properties for
a number of applications. These new particles are still under investigation and since
they are relatively new, many parameters in their synthesis, characterization and
properties are still to be investigated. During this work, some nanoparticle properties
and their applications were studied. In order to understand nanoparticle
characterization and properties, a briefly explanation about the theory and synthesis
of this nanostructures was given. Also the correlation between properties of
nanoparticles and their corresponding components was discussed.
Nanoparticles can be synthesized either directly in aqueous solution or in organic
solvents. Due to their properties like their small size, nanoparticles can be used for
biological applications. Some examples of biological applications using
nanoparticles have been shown. However, for any biological application,
nanoparticles should be stable in aqueous solution. In this work, different methods
were carried out with excellent success to bring hydrophobic nanoparticles to
aqueous solution (ligand-exchange, polymer coating and silanization).
The influence on the nanoparticle properties under different conditions such as
different ion concentrations was also addressed in this work. Results revealed that for
instance, in the case of semiconductor nanoparticles (CdSe) their quantum yield
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efficiency depends on the corresponding nanoparticle surface and it decreases upon
the concentration increase of some ions. Salt stability using NaCl for semiconductor
and metal nanoparticles was also taken under observation. For this study CdSe
(semiconductor nanoparticles) and Au (metal nanoparticles) were used. Results
revealed that polymer-coated Au nanoparticles are stable under high concentrations
of NaCl. The NaCl concentration threshold up to which nanoparticles are stable was
greater than the corresponding concentration in physiological solutions (150 mM
NaCl). Therefore, Au nanoparticles are in principle suitable for biological
applications.
Although nanoparticles are stable in electrolytic solution, in other to use
nanoparticles for clinical purposes it is also necessary that they are biocompatible
and therefore, they should present no cytotoxicity effects. As first step to study
nanoparticle cytotoxicity, we investigated the cell biocompability of CdSe
nanoparticles. Our data revealed that CdSe nanoparticles are cytotoxic due to release
of toxic Cd ions upon corrosion.
A proof of principle about nanoparticles functionalities and possible applications was
also given during this work.

Polyelectrolyte Polymer Capsules
Polyelectrolyte capsules are multifunctional microcontainers. It has been shown how
the capsules can be synthesized and functionalized. In addition, it was demonstrated
that polyelectrolyte capsules can be uptaken by cells. Although capsule localization
within the cell after their uptake was also investigated, for final conclusions more
reliable results and new approaches have to be developed.
Studies about capsule deformation upon capsule uptake were performed by means of
Transmission Electron Microscopy and Fluorescence Microscopy. Our data indicate
that soft capsules become more deformed after capsule uptake than rigid capsules.
In order to use polyelectrolyte capsules for any clinical application, it is very
important that capsule deformation does not cause particle leakage from the capsule
cavity. For any application, release of particles within the capsule should be triggered
in a controlled way in space/time. Capsule deformation could lead to an undesirable
release of the material. Therefore, it was important to investigate if the contained
material of the capsule is released upon capsule deformation. Results showed that the
material remains in the capsule cavity after deformation.
Different applications of polyelectrolyte capsules were also shown. Applications
such as drug delivery and analytic sensing were addressed in this work. Both
applications were done by monitoring in real time and although they were performed
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at a single cell level, results showed that they are promising candidates for in vivo
experiments.

14. Outlook
 Nanoparticles
In this work, it has been proven that nanoparticle properties can change under
different conditions like ion concentration. This investigation was limited to
semiconductor nanoparticles and in the future, the influence of parameters such as
ion concentrations or temperature on nanoparticle properties should be studied in the
case of metal and magnetic nanoparticles. In addition, cytotoxicity of nanoparticles
should be tested in detail. The influence of nanoparticles in processes such as
oxidative stress, genotoxicity, metabolic activity, integrity of cellular membranes and
integrity of lysosomes must be carried out.
It is also important to study how the hydrophilic shell for nanoparticles can affect the
nanoparticle properties. Surface modification of nanoparticles has to be improved.
Nanoparticles could be attached with different ligand molecules for further
applications. So far DNA molecules are able to bind to nanoparticles by using the
appropriate chemistry [80]. By using this method multiple structures such as
dimmers and trimmers (two and three nanoparticles together, respectively) can be
already synthesized [3].
In the future, different applications with nanoparticles should be carried out. For
instance, hyperthermia by using magnetic nanoparticles in an alternating magnetic
field or by irradiating metallic nanoparticles with the appropriate electromagnetic
wave must be feasible to confront at single cell level.

 Polyelectrolyte Polymer Capsules
Since polyelectrolyte polymer capsules are relatively new systems, there are many
parameters to be adjusted for their characterization. In addition, future applications
are still to be developed. Polyelectrolyte capsules can be uptaken and stored by the
cells. However, little is known about specific pathways of capsule uptake and the
localization of capsules within the cell. In order to use polyelectrolyte capsules for in
vivo applications like drug delivery, these missing details must be overcome. One
possible approach to investigate capsule uptake and localization is to synthesize
capsules with different ligands on their surface, which participate in endocytosis
procedures. Recently, Oliver Kreft and coworkers have demonstrated that covering
capsule surface with PEG inhibits capsule uptake [81]. This study opens a new way
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to study specificity of endocytic ligands by tracking the uptake of capsules coated
with PEG.
Analogously to nanoparticles, in the case of polyelectrolyte capsules, similar
cytotoxic effects must be taken under consideration. For drug delivery applications,
many parameters have still to be controlled. For instance, it is necessary to trace
where drugs (dyes) are located inside cells after capsule opening. This investigation
could be achieved by loading capsules with DAPI. DAPI is a nucleic acid stain that
can penetrate the nucleus and stains dsDNA. In that way, if the dye molecule reaches
the cytosol after release, it could penetrate and stain the nucleus confirming dye
release into the cytosol. Cytotoxicity effects due to capsule opening and local heating
in the cell must be also investigated. Once all these parameter are finely controlled,
real drug delivery could be confronted by loading polyelectrolyte capsules with some
drug like Doxorubicin to study cytotoxic effects on cells. In addition, a complete
performance of the drug delivery system (capsule targeting plus drug release) must
be achieved.
Polyelectrolyte capsules loaded with Snarf-1 have been proven to be an efficient tool
to measure local pH concentrations of different environments, including pH values
within the cell. In future, polyelectrolyte capsules must be also loaded with other
analytic-sensor dyes which could be able to sense different ions concentrations on a
cell. In principle, it would be also possible to measure ion concentration changes in
cellular events such as enzymatic reactions and metabolic processes.

Literature

40

Literature
1.

Alivisatos, A., et al., Electronic states of semiconductor clusters:
Homogeneous and inhomogeneous broadening of the optical spectrum.
Journal of Chemical Physics, 1988. 89: p. 4001-4011.

2.

Schmidt, G., et al., Large transition meatl clusters -- VI. Ligand exchange
reactions on Au55(PPh3)12Cl6 -- The formation of a water soluble Au55
cluster. Polyhedron, 1988. 7: p. 605-608.

3.

Pellegrino, T., et al., On the Development of Colloidal Nanoparticles towards
Multifunctional Structures and their Possible Use for Biological
Applications. Small, 2005. 1(1): p. 48-63.

4.

Bezryadin, A., C. Dekker, and G. Schmid, Electrostatic trapping of single
conducting nanoparticles between nanoelectrodes. Applied Physics Letters,
1997. 71(9): p. 1273-1275.

5.

Klein, D.L., et al., A single-electron transistor made from a cadmium selenide
nanocrystal. Nature, 1997. 389: p. 699-701.

6.

Parak, W.J., et al., Quantum Dots, in Nanoparticles - From Theory to
Application, G. Schmid, Editor. 2004, Wiley-VCH: Weinheim. p. 4-49.

7.

Huber, D.L., Synthesis, Properties, and Applications of Iron Nanoparticles.
Small, 2005. 1(5): p. 482-501.

8.

O'Neal, D.P., et al., Photo-thermal tumor ablation in mice using near
infrared-absorbing nanoparticles. CANCER LETTERS, 2004. 209(2): p.
171-176.

9.

Brannon-Peppas, L., Recent advances on the use of biodegradable
microparticles and nanoparticles in controlled drug delivery. International
Journal of Phrmaceutics, 1995. 116: p. 1-9.

10.

Schmid, G., ed. Nanoparticles - From theory to Application. 1 ed. 2004,
Wiley-VCH: Weinheim.

11.

Eustis, S. and M.A. El-Sayed, Why gold nanoparticles are more presious
than pretty gold: Noble metal surface plasmon resonance and its
enhancement of the radiative and nonradiative properties of nanocrystals of
different shapes. Chemical Society Reviews, 2006. 35: p. 209-217.

12.

Link, S. and M.A. El-Sayed, Spectral Properties and Relaxation Dynamics of
Surface Plasmon Electronic Oscillations in Gold and Silver Nanodots and
Nanorods. J. Phys. Chem B, 1999. 103: p. 8410-8426.

Literature

41

13.

Cohen-Tannoudji, C., B. Diu, and F. Laloe, Quantum Mechanics. 1 ed. 1997,
New York: John Wiley & Sons.

14.

Ashcroft, N.W. and N.D. Mermin, Solid State Physics. 1976, Phiadelphia:
Saunders College.

15.

Kittel, C., Einführung in die Festkörperphysik. 8 ed. 1989, München, Wien:
R. Oldenbourg Verlag.

16.

Brus, L., Electronic Wave Functions in Semiconductor Clusters: Experiment
and Theory. J. Phys. Chem, 1986. 90: p. 2555-2560.

17.

Bruchez, M.J., et al., Semiconductor Nanocrystals as Fluorescent Biological
Labels. Science, 1998. 281(25 SEPTEMBER): p. 2013-2016.

18.

Gerion, D., et al., Sorting Fluorescent Nanocrystals With DNA. Journal of the
American Chemical Society, 2002. 124(24): p. 7070-7074.

19.

Kreibig, U. and M. Vollmer, Optical Properties of Metal Clusters, ed.
S.S.i.m. science. 1995.

20.

Govorov, A.O. and H.H. Richardson, Generating heat with metal
nanoparticles. Nano Today, 2007. 2(1): p. 30-38.

21.

Krügel, E., The Physics of Interstellar Dust. 2003.

22.

Govorov, A.O., et al., Gold nanoparticle ensembles as heaters and actuators:
melting and collective plasmon resonances. Nanoscale Res lett, 2006. 1: p.
84-90.

23.

Skirtach, A.G., et al., The Role of Metal Nanoparticles in Remote
Release of Encapsulated Materials. Nanoletters, 2005. 5(7): p. 13711377.

24.

Dransfeld, K. and P. Kienle, Physik II: Elektrodynamik. 3 ed. 1989,
München: Oldenbourg Verlag.

25.

Skirtach, A.G., et al., Laser-Induced Release of Encapsulated Materials
inside Living Cells. Angew. Chem. Int. Ed., 2006. 45: p. 4612-4617.

26.

Goya, G.F., T.S. Berquó, and F.C. Fonseca, Static and dynamic magnetic
properties of spherical magnetite nanoparticles. Journal of applied Physics,
2003. 95(5): p. 3520-3528.

27.

Alexiou, C., et al., Targeting cancer cells: magnetic nanoparticles as drug
carriers. Eur Biophys J, 2006. 35: p. 446-450.

28.

Mornet, S., et al., Magnetic nanoparticle design for medical diagnosis and
therapy. Journal of Materials Chemistry, 2004. 14(14): p. 2161-2175.

42

Literature

29.

Kawai, N., et al., Anticancer effect hyperthermia on prostate cancer mediated
by magnetite cationic liposomes and immune-response induction in
transplanted syngeneic rats. The Prostate, 2005. 64: p. 373-381.

30.

Manna, L., E.C. Scher, and A.P. Alivisatos, Synthesis of Soluble and
Processable Rod-, Arrow-, Teardrop-, and Tetrapod-Shaped CdSe
Nanocrystals. Journal of the American Chemical Society, 2000. 122(51): p.
12700-12706.

31.

Muñoz_Javier, A., Synthesis and Characterization of Colloidal Nanocrystals,
in Sektion Physik. 2004, Ludwig-Maximilians Universität: München.

32.

Wuister, S.F., et al., High Luminescent Water-Soluble CdTe Quantum Dots.
Nano Lett., 2003. 3: p. 503-507.

33.

Mayya, K.S. and F. Caruso, Phase Transfer of Surface-Modified Gold
Nanoparticles by Hydrophobization with Alkylamines. Langmuir, 2003.
19(17): p. 6987-6993.

34.

Kobayashi, Y., et al., Perparation and Properties of Silica-Coated Cobalt
Nanoparticles. J. Phys. Chem. B, 2003. 107: p. 7420-7425.

35.

Parak, W.J., et al., Conjugation of DNA to silanized colloidal semiconductor
nanocrystaline quantum dots. Chemistry of Materials, 2002. 14(5): p. 21132119.

36.

Pellegrino, T., et al., Hydrophobic nanocrystals coated with an amphiphilic
polymer shell: a general route to water soluble nanocrystals. Nanoletters,
2004. 4(4): p. 703-707.

37.

Liedl, T., Q-Dot Labeling of Living Cells. 2003.

38.

Gerion, D., et al., Synthesis and Properties of Biocompatible Water-Soluble
Silica-Coated CdSe/ZnS Semiconductor Quantum Dots. Journal of Physical
Chemistry B, 2001. 105(37): p. 8861-8871.

39.

Susha, A.S., et al., Luminescent CdTe nanocrystals as ion probes and pH
sensors in aqueous solutions. Colloids and Surfaces A: Physicochem. Eng.
Aspects, 2006. 281: p. 40–43.

40.

Kirchner, C., et al., Cytotoxicity of Colloidal CdSe and CdSe/ZnS
Nanoparticles. Nanoletters, 2005. 5(2): p. 331-338.

41.

Kondoh, M., et al., Cadmium induces apoptosis partly via caspase-9
activation in HL-60 cells. Toxicology, 2002. 170(1-2): p. 111-117.

42.

Limaye, D.A. and Z.A. Shaikh, Cytotoxicity of Cadmium and Characteristics
of Its Transport in Cardiomyocytes. Toxicology and Applied Pharmacology,
1999. 154: p. 59-66.

Literature

43

43.

Derfus, A.M., W.C.W. Chan, and S.N. Bhatia, Probing the Cytotoxicity of
Semiconductor Quantum Dots. NanoLetters, 2004. 4(1): p. 11-18.

44.

Parak, W.J., et al., Cell Motility and Metastatic Potential Studies Based on
Quantum Dot Imaging of Phagokinetic Tracks. Advanced Materials, 2002.
14(12): p. 882-885.

45.

Kloepfer, J.A., et al., Quantum Dots as Strain- and Metabolism-Specific
Microbiological Lables. Applied and Environmental Microbiology, 2003.
69(7): p. 4205-4213.

46.

Warheit, D.B., et al., Comparative Pulmonary Toxicity Assessment of Singlewall Carbon Nanotubes in Rats. TOXICOLOGICAL SCIENCES, 2004. 77:
p. 117-125.

47.

Shiohara, A., et al., On the cyto-toxicity caused by quantum dots.
MICROBIOLOGY AND IMMUNOLOGY, 2004. 48(9): p. 669-675.

48.

Sukhorukov, G.B., et al., Nanoengineered polymer capsules: Tools for
detection, controlled delivery and site specific manipulation. Small, 2005.
1(2): p. 194-200.

49.

Ruysschaert, T., et al., Liposome-based nanocapsules. IEEE
Nanobioscience, 2005. 3(1): p. 49-55.

50.

Chaize, B., et al., Encapsulation of enzymes in liposomes: high encapsulation
efficiency and control of substrate permeability. 2004, 2004. 32: p. 67-75.

51.

Kwon, G.S. and T. Okano, Polymeric micelles as new drug carriers.
Advanced drug delivery reviews, 1996. 21(2): p. 107-116.

52.

Buck, S.M., et al., Optochemical nanosensor PEBBLEs:photonic explorers
for bioanalysis with biologically localized embedding. Current opinion in
chemical biology 2004. 8: p. 540-546.

53.

NOWAK, A.P., et al., Rapidly recovering hydrogel scaffolds from selfassembling diblock copolypeptide amphiphiles. Nature, 2002. 417(23 May):
p. 424-428.

54.

Burke, S.E., et al., J. Prog Colloid Poly, 2003. 122: p. 47-55.

55.

Burke, S.E. and C.J. Barrett, Acid-base aquilibria of polyelectrolyte polymers
in multilayer thin films. Langmuir, 2003. 19: p. 3297-3303.

56.

Decher, G., Fuzzy nanoassemblies: Toward
Multicomposites. Science, 1997. 277: p. 1232-1237.

Layered

Trans

Polymeric

44

Literature

57.

Sukhorukov, G.B., et al., Stepwise polyelectrolyte assembly on particle
surfaces: a novel approach to colloid design. Polymers for Advanced
Technologies, 1998. 9(10-11): p. 759-767.

58.

Mauser, T., C. Dejugnat, and G.B. Sukhorukov, Reversible pH-dependent
properties of multilayer microcapsules made of weak polyelectrolytes.
MACROMOLECULAR RAPID COMMUNICATIONS, 2004. 25(20): p.
1781-1785.

59.

Kreft, O., et al., Polymer microcapsules as mobile local ion probes. Journal
Of Materials Chemistry, 2007. DOI: 10.1039/b705419j.

60.

Conner, S.D. and S. L.Schmid, Regulated portals of entry into the cell.
Nature, 2003. 422: p. 37-41.

61.

Muñoz_Javier, A., et al., Combined Atomic Force Microscopy and Optical
Microscopy Measurements as a Method To Investigate Particle Uptake by
Cells. SMALL, 2006. 2(3): p. 394-400.

62.

Kirchner, C., et al., Cytotoxicity of nanoparticle-loaded polymer capsules.
Talanta, 2005. 67: p. 486-491.

63.

Munoz_Javier, A., et al., Uptake of colloidal polyelectrolyte multilayer
capsules by living cells. in preparation.

64.

Mehrishi, J.N., Molecular aspects of the mammalian cell surface. Progr.
Biophys. Mol. Biol., 1972. 25: p. 1-.

65.

Ghitescu, L. and A. Fixman, Surface charge distribution on the endothelial
cell of liver sinusoids. J. Cell Biol., 1984. 99: p. 639-647.

66.

Bedard, M., et al., Effect of nanoparticles on the mechanical properties of
polymeric microcontainers designed for intracellular delivery. in preparation.

67.

Hughes, G.A., Nanostructure-mediated drug delivery. Nanomedicine:
Nanotechnology, Biology and Medicine, 2005. 1(1): p. 22-30.

68.

Cortez, C., et al., Targeting and uptake of multilayered particles to colorectal
cancer cells. Advanced Materials, 2006. 18(15): p. 1998-+.

69.

Häfeli,
U.O.,
Magnetically
modulated
therapeutic
systems.
INTERNATIONAL JOURNAL OF PHARMACEUTICS, 2004. 277: p. 1924.

70.

Zebli, B., et al., Magnetic Targeting and Cellular Uptake of Polymer
Microcapsules Simultaneously Functionalized with Magnetic and
Luminescent Nanocrystals. Langmuir, 2005. 21: p. 4262-4265.

Literature

45

71.

Munoz_Javier, A., et al., Remotely controlled release of cargo from inside the
cavity of polyelectrolyte capsules to the cytosol of cells in preparation.

72.

Sheldon, C., Y.M. Cheng, and J. Church, Concurrent measurements of the
free cytosolic concentrations of H+ and Na+ ions with fluorescent indicators.
Pflügers Archive - European Journal of Physiology, 2004. 449(3): p. 307318.

73.

Altan, B.N., et al., Defective Acidification in Human Breast Tumor Cells and
Implications for Chemotherapy. J. Exp. Med., 1998. 187(10): p. 1583-1598.

74.

Haugland, R.P., Handbook of Fluorescent Probes and
Biochemicals. 2004, Eugene, OR, USA: Molecular Probes, Inc.

75.

De_Geest, B.G., et al., Intracellularly Degradable Polyelectrolyte
Microcapsules. Advanced Materials, 2006. 18: p. 1005-1009.

76.

Reibetanz, U., et al., Defoliation and Plasmid Delivery with Layer-by-Layer
Coated Colloids. Macromolecular Bioscience, 2006. 6(2): p. 153-160.

77.

Tycko, B. and F.R. Maxfield, Rapid acidification of endocytic vesicles
containing α2-macroglobulin. Cell, 1982. 28(3): p. 433-681.

78.

Weissleder, R., et al., Superparamagnetic iron oxide: Pharmacokinetics and
toxicity. American Journal of Roentgenology, 1989. 152: p. 167-173.

79.

Shukla, R., et al., Biocompatibility of Gold Nanoparticles and Their
Endocytotic Fate Inside the Cellular Compartment: A Microscopic
Overview. Langmuir, 2005. 21: p. 10644-10654.

80.

Pellegrino, T., et al., Gelelectrophoresis of Gold-DNA nano-conjugates.
Journal of Biomedicine and Biotechnology, 2007. submitted.

81.

Kreft, O., Private Communication.

Research

46

Table of Figures
Figure 2.1: Potential box of a spherical nanoparticle. Only the z direction is
represented in the figure. Equal potentials are considered in x and y direction. Picture
taken from [10]. ……………….…………………………………………………..…4
Figure 2.2: Dispersion relation for a semiconductor bulk and a semiconductor
nanoparticle (quantum dot). Taken from [10]. ………………………………………..5
Figure 3.1: Comparison of the fluorescence properties of semiconductor
nanoparticles and organic fluorophores. a) Absorption and fluorescent spectra of
organic fluorophores. b) Absorption and fluorescent spectra of semiconductor
nanoparticles. Taken from [10]. ………………...……………………………………8
Figure 3.2: MDA-MB-435s cells labeled with green semiconductor nanoparticles
and MCF 7 cells label with red semiconductor nanoparticles. Taken from [3].
…………………...…………………………………………………………………....9
Figure 3.3: Labeling of a surface with fluorescent semiconductor nanoparticles.
Only green semiconductor nanoparticles are conjugated with DNA that binds to its
complementary oligonucleotide, which is attached on the surface. Taken from [18].
……………………………………………………………………………………….10
Figure 3.4: The lycurgus Cup from the 4th Century A.D. The glass of the cup appears
green in daylight (reflected light), but red (transmitted light) when the light shines from
inside of the vessel ……………………………………………………………...…...….10
Figure 3.5: Excitation of a particle plasmon in a metal nanoparticle by an external light
field ………………………………………………………………………..…….......….11
Figure 3.6: Labors of the Months (Norwich England ca 1480). Glass embedded with
tiny amounts of gold and silver present color. The color of the metal, which is used for
the stain, depends on its size ……………………………………………………..…..…12

Figure 3.7: Sketch of a hyteresis loop of a magnetic material. Ms is named
saturation magnetization and represents the maximum induced magnetic moment that
can be obtained in a magnetic field (Hsat); beyond this field no further increase in
magnetization occurs. Hc is named coercivity and represents the intensity of the
magnetic field needed to reduce the magnetization of a magnetic material to zero
after it has reached saturation. Hr is named coercivity of remanence and represents
the reverse field which, when applied and then removed, reduces the saturation
remanence to zero. It is always larger than the coercive force …………………..…16
Figure 4.1: Representation of the structure of a gold nanoparticle .……………......17
Figure 4.2: Three different methods to transfer nanoparticles to aqueous solution.
Taken from [3]. ……………………………………………………………………..18

47

Figure 7.1: Synthesis of polyelectrolyte polymer capsules. Alternating layers of
negative or positive charged polyelectrolyte polymers stick to the core by an
adsorption process. The colloidal core is later decomposed leaving behind clearly
defined hollow capsules …………………………………………………….…..…..24
Figure 7.2: Polyelectrolyte polymer capsule. The capsules can be loaded with
different particles in its cavity and in its wall. In addition, the capsule surface can be
coated with ligands to promote endocytosis ……………………………………..…25
Figure 8.1: Different pathways of the cell to uptake particles. The endocytic
pathways differ with regard to the size of the endocytic vesicle, the nature of the
cargo (ligands, receptors and lipids) and the mechanism of the vesicle formation
….…............................................................................................................................26
Figure 8.2: Polyelectrolyte capsules have been uptaken by an epithelial tumor cell
MDA-MB-435S. After their uptake, capsules are stored somewhere inside the cells.
The white arrow indicates the deformation of the cell membrane due to a capsule,
which is stored inside the cell . Taken from [62]. ……………..…………………....27
Figure 8.3: The left photo represents the no colocalization of polyelctrolyte capsules
with the early endosome, which were label with a antibody-green dye. The right
photo represents the no colocalization of polyelctrolyte capsules with the lysosome,
which were label with a antibody-dye. This image has been recorded by Oliver
Bruns. …….................................................................................................................27
Figure 9.1: Polyelectrolyte capsules were filled with green Alexa-488 dye and their
wall were label with Rhodamine red dye. After capsule uptake, capsules were
deformed. It can be observed that Alexa-488 was not spread inside the cytoplasma
due to capsule deformation. Taken from [63]. ……………………………………...29
Figure 10.1: Drug delivery in tumor cells by using polyelectrolyte capsules. a)
Polyelectrolyte capsules are targeted on tumor cells by using a magnetic field
gradient. b) Once the capsules are inside the tumor cells, the chemoterapeutic agents
against tumor cells can be released by applying a laser beam ...……….....………...31
Figure 11.1: Fluorescence emission spectra of Snarf-1-dextran molecules dissolved
in aqueous solutions at indicated pH values. The more alkaline the solution is the
lower and higher the fluorescence intensities at 580 nm (green color) and 650 nm
(red color) respectively are. Therefore, capsules loaded Snarf-1 at acidic pH emit
more fluorescence at 580 nm than at 650 nm leading to green color. At alkaline pH,
capsules loaded Snarf-1 emit more fluorescence at 650 nm than at 580 nm leading to
red color ………………………………………………………………………….....33
Figure 11.2: SNARF-1-dextran loaded microcapsules were added to the medium of
MDA-MB435S breast cancer cells that are cultured on glass substrates. Capsules that
remain in the alkaline cell medium restrain their overall red fluorescence (as

48
indicated with red arrows for two groupings of capsules). Capsules that were already
incorporated in the acidic endosome in the first image retain their green fluorescence
(as indicated with green arrows for two capsules). The capsules incorporated in
endosomal vesicles are transferred from the alkaline environment outside the cells to
an acidic environment and thus, they change their fluorescence from red to green (as
indicated with the red-to-green arrows for two capsule groupings). The scale bar
indicates 20 µm. Taken from [59]. …………………..………………………......…34

49

Scientific publications of results presented in this
work
Published Papers
On the Development of Colloidal Nanoparticles towards Multifunctional Structures
and their Possible Use for Biological Applications. T. Pellegrino, S. Kudera, T.
Liedl, A. Munoz Javier, L. Manna and W. J. Parak. Small, 1, 48-63 (2005).
Gold Nanoparticles Quench Fluorescence by Phase Induced Radiative Rate
Suppression. E. Dulkeith, M. Ringler, T. A. Klar, J. Feldmann, A. Munoz Javier and
W. J. Parak. Nanoletters, 5, 585-589 (2005).
Cytotoxicity of Colloidal CdSe and CdSe/ZnS Nanoparticles. C. Kirchner, T. Liedl,
S. Kudera, T. Pellegrino, A. Munoz Javier, H. E. Gaub, S. Stölzle, N. Fertig and W. J
Parak.. Nanoletters, 5, 331-338 (2005).
Cytotoxicity of nanoparticle-loaded polymer capsules. C. Kirchner, A. Munoz Javier,
A. S. Susha, A.L. Rogach, O. Kreft, G. B. Sukhorukov and W.J. Parak.. Talanta, 67,
486-491 (2005).
Luminescent CdTe nanocrystals as ion probes and pH sensors in aqueous solutions.
A.S. Susha, A. Munoz Javier, W. J. Parak and A. L. Rogach. Colloids and Surfaces
A: Physicochem. Eng. Aspects, 281, 40–43 (2006).
Combined Atomic Force Microscopy and Optical Microscopy Measurements as a
Method To Investigate Particle Uptake by Cells. A. Muñoz Javier, O. Kreft, A. Piera
Alberola, C. Kirchner, B. Zebli, A.S. Susha, E. Horn, S. Kempter, A.G. Skirtach,
A.L. Rogach, J. Rädler, G.B. Sukhorukov, M. Benoit and W.J. Parak. SMALL, 2,
394-400 (2006).
Laser-Induced Release of Encapsulated Materials inside Living Cells. G. Skirtach,
A. Munoz Javier, O. Kreft, K. Köhler, A. Piera Alberola, H. Möhwald, W.J. Parak
and G.B. Sukhorukov. Angew. Chem. Int. Ed., 45, 4612-4617 (2006).
Multifunctionalized Polymer Microcapsules: Novel Tools for Biological and
Pharmacological Applications. G. B. Sukhorukov, A. Rogach, M. Garstka, S.
Springer, W. J. Parak, A. Muñoz-Javier, O. Kreft, A. G. Skirtach, A.S. Susha, Y.
Ramaye, R. Palankar and M. Winterhalter. Small, 3, 944-955 (2007).
Polymer microcapsules as mobile local ion probes. O. Kreft, A. Muñoz_Javier, G. B.
Sukhorukov and W.J. Parak. Journal Of Materials Chemistry. (2007).

50

Papers in preparation
Remotely controlled release of cargo from inside the cavity of polyelectrolyte
capsules to the cytosol of cells. A. Muñoz_Javier, P. del Pino, M. Bedard, A. G.
Skirtach, G. Sukhorukov, C. Plank, W. J. Parak
Uptake of colloidal polyelectrolyte multilayer capsules by living cells. A.
Muñoz_Javier, O. Kreft, M. Semmling, S. Kempter, A. G. Skirtach, O. Bruns, J.
Rädler, J. Käs, C. Plank, G. Sukhorukov, W. J. Parak
Flow cytometry based assay for the analysis of the uptake of polyelectrolyte
capsules. M. Semmling, O. Kreft, A. Muñoz Javier, T. Ahrendt, G. B. Sukhorukov,
J. Käs, W. J. Parak
Effect of Nanoparticles on the Mechanical Properties of Polymeric Microcontainers
Designed for Intracellular Delivery. M. Bédard, A. Munoz Javier, A. G. Skirtach, A.
S. Susha, A. Rogach, H. Möhwald, W. J. Parak, and G. B. Sukhorukov

reviews

L. Manna, W. J. Parak, et al.

Nanoparticles in biology

On the Development of Colloidal Nanoparticles towards
Multifunctional Structures and their Possible Use for
Biological Applications
Teresa Pellegrino, Stefan Kudera, Tim Liedl, Almudena MuÇoz Javier,
Liberato Manna,* and Wolfgang J. Parak*

From the Contents
1. Introduction............... 49
2. Nanoparticle Synthesis
in Organic Solvents.... 50
3. Transferring
Nanoparticles into
Aqueous Solution...... 54
4. DNA–Nanoparticle
Conjugates................. 55
5. Nanoparticle Uptake by
Living Cells................. 58
6. Outlook...................... 60

Keywords:
Cancer cells imaged with red and green silica-coated CdSe/ZnS nanocrystals.

48

# 2005 Wiley-VCH Verlag GmbH & Co. KGaA, D-69451 Weinheim

DOI: 10.1002/smll.200400071

· biological systems
· colloids
· DNA
· hybrid materials
· nanoparticles

small 2005, 1, No. 1

Synthesizing Colloidal Nanoparticles

In this Review, we describe the synthesis of high-quality colloidal
nanoparticles in organic solvents, the mechanisms by which they can be
transferred into aqueous solution, and some of their applications in biology.
In particular, we will place emphasis on the creation of multifunctional
nanoparticles or nanoparticle assemblies.

1. Introduction
Nanocrystals represent one type of artificial nanostructure that can be designed to exhibit different properties. For
example, semiconductor nanocrystals composed of materials
such as CdSe, CdTe, and InP can be physically described as
quantum dots,[1, 2] which exhibit atom-like energy states that
are a consequence of the confinement of carriers in three dimensions. Due to their particular electronic properties they
can be used, for example, as active materials in single-electron transistors.[3] The atom-like energy states also contribute to special optical properties, such as a particle-sizedependent wavelength of fluorescence. Furthermore, nanocrystals composed of magnetic materials such as Co, CoPt3,
and Fe2O3 possess magnetic properties; each particle can be
regarded as a single nanomagnet. Depending on their material and their shape, nanocrystals can possess many varied
properties. Thus, we can consider nanocrystals as functional
building blocks on the nanometer scale.
Such tiny building blocks are particularly interesting
with regard to the construction of smaller and faster devices
or multifunctional materials on the nanometer scale. However, each building block is itself isolated, thus to form a
device or multifunctional entity the building blocks have to
be arranged and connected. Since a large number of building blocks are required to form devices with reasonable
complexity, the process of arranging them must be carried
out in a parallel way, rather than in a sequential fashion.
This is where biological molecules come into play. Certain
biological molecules have two important properties: they
are capable of molecular recognition and they can self-assemble. Molecular recognition is a “key/lock” principle realized on a molecular scale: Receptor molecules (the lock)
recognize certain ligand molecules (the “key”) with very
high selectivity. Thus, only the appropriate ligand will bind
to its receptor. Several important classes of receptor–ligand
pairs exist, such as oligonucleotides and their complementary counterpart, antibodies and antigens, and the biotin/
avidin system.[4]
The self-assembly process dictates that molecules find
their appropriate positions without any external driving
force. The idea is to harness these properties of biological
molecules to control the arrangement of building blocks on
the nanometer scale. For this purpose, each building block
has to be functionalized with ligand molecules. The building
block–ligand conjugates will now bind to positions where
corresponding receptor molecules are present (see
Figure 1). In this way the following three types of applications are possible: 1) The assembly of receptor–ligand-medismall 2005, 1, No. 1
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ated groupings of building blocks[5–7] to form new multifunctional building blocks, 2) the arrangement of ligand-modified building blocks on a surface that is patterned with receptor molecules,[8–15] and 3) the labeling of specific receptors in a cell with ligand-modified building blocks.[16–18]
1) The first application will allow for the creation of new
materials with multifunctional properties.[19] Let us
assume that we have two types of building blocks characterized by different properties. In order to combine both
properties, each building block of one type must be functionalized with one ligand molecule, and each building
block of the other type must be functionalized with the
corresponding receptor molecule. If the two different
building blocks are mixed together, they will recognize
each other and bind to form a new entity that combines
the properties of both starting blocks. It should be pointed out that the processes described here are solutionbased and can occur in parallel for a large number of
building blocks. Despite its simplicity, the assembly is
precisely controlled at the nanometer scale.
2) One example for the second application is the assembly
of single-electron transistors on a substrate to designated
positions. Although problems concerning the arrangement of the components of a nanocircuit could be solved
in this way, the problem of connecting or wiring the individual components remains. However, solutions for this
problem based on biological molecules have also been
demonstrated. With the same principles of molecular
recognition and self-assembly, individual building blocks
can be connected with DNA molecules. Upon metallization, the DNA molecules become conductive and can act
as molecular wires.[20–23]
3) The labeling of cellular structures with antibodies that
specifically recognize a designated structure is a
common method in cell biology.[24] Typically, antibodies
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Figure 1. Nanocrystals can be functionalized with ligand molecules that specifically bind to certain receptor molecules. The ligand-modified
nanocrystals can be directed to positions where corresponding receptor molecules are present. This strategy facilitates three different applications: 1) If one particle is functionalized with a “red” and a “blue” receptor molecule, a particle functionalized with a corresponding red (or
blue) ligand will bind to its red (or blue) receptor. Thus, the controlled formation of particle groupings is possible; 2) A surface is modified
with “red” and “blue” receptor molecules. Nanocrystals modified with blue ligands will selectively bind to the positions covered by the blue
receptor. In this way nanoparticles can be arranged along a surface; 3) Nanocrystals with a “blue” ligand, which binds to certain blue receptor
molecules present on the nuclear membrane, will bind to the nuclear membrane, but not to the plasma membrane, where only “red” receptors
are present. Thus, certain parts of cells can be selectively stained with nanocrystals. If the nanocrystals are fluorescent, staining can be observed by fluorescence microscopy.

are conjugated to an organic fluorophore, so that the labeled structure can be visualized by fluorescence microscopy. Instead of conjugating the antibodies to organic
fluorophores, they can be conjugated to any nanoscale
building block. Depending on the properties of this
building block, improved and different ways of visualizing the labeled structures are possible.[25, 26]

can be formed using these conjugates will be provided. Finally, a discussion on the uptake of colloidal nanocrystals by
living cells is given, as well as an outlook on future possibilities, in particular the creation of multifunctional structures.

2. Nanoparticle Synthesis in Organic Solvents
In this article, we will describe colloidal inorganic nanocrystals as a versatile example of nanoscale building blocks.
In most cases, these building blocks are synthesized most
successfully in organic surfactants. As a consequence of this
synthetic approach, they are often hydrophobic. There are
methods for transferring these nanocrystals into aqueous solution, which will be reviewed herein. As a next step, the
nanocrystals have to be functionalized with biological molecules; an example of how small groupings of nanoparticles
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Our groups use inorganic colloidal nanocrystals as one
possible type of nanoscale building block. Colloidal nanocrystals are crystalline clusters of a few hundreds up to a
few thousands of atoms, which are dispersed in a solvent. In
other words, each colloidal nanocrystal is an individual,
freestanding nanoparticle in solution. Inorganic colloidal
nanocrystals can be prepared from many different materials,
including metals, semiconductors, and insulators (Figure 2).
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Figure 2. High-quality colloidal nanocrystals of various materials can be synthesized in hot organic solvents. This route typically yields roughly
spherical nanoparticles with a diameter of a few nanometers. For many systems (such as the CdTe and Fe2O3 nanocrystals shown), spherical
nanoparticles with a well-defined size distribution can be obtained. TEM images were prepared by placing a drop of the colloidal particle solution on a TEM grid and evaporating the solvent before TEM imaging. Each dark spot corresponds to an individual nanocrystal (only the inorganic cores have enough contrast to be visualized by TEM). The stabilizing molecules (not seen by TEM) are responsible for the surface-to-surface distance between the individual inorganic nanoparticles. For many materials, the size and shape of the nanoparticles can be controlled;
in the case of CdTe, spherical, rod-, and tetrapod-shaped nanocrystals can be grown. Even the composition of nanocrystals can be controlled:
Either a shell of one material can be grown around a particle of another material, or nanoparticles of one material can be grown on selected
positions on nanoparticles of another material (see the TEM image of Au nanoparticles grown on the end of CdSe rods, bottom right; image
courtesy of U. Banin et al.[134]).

A large variety of methods exist for growing nanocrystals in aqueous solution, and as such those methods deliver
nanocrystals that are hydrophilic and water-soluble. However, growth in a specific organic medium that acts as a stabilizer in the absence of water is often preferred. Such organic
media are called surfactants and are composed of molecules
that exhibit a polar head group and one or more hydrocarbon chains, which constitute the hydrophobic part of the
molecule. One important advantage of growing nanocrystals
directly in organic surfactants is that several surfactants can
be heated well above 100 8C (the boiling point of water).
The use of high temperatures and the absence of water expands the range of materials that can be synthesized, and
indeed, the optimal combination of surfactants and reaction
temperatures suitable for growing a given material can be
ascertained, as explained in more detail below. In addition,
various defects in the crystal lattice of nanoparticles, which
can form during synthesis, can be annealed out easily at
higher temperatures.
Surfactants are crucial for the controlled growth and stability of nanocrystals. In the case of nanoparticles directly
grown in organic surfactants, each nanocrystal is coated
with a monolayer of surfactant molecules, which are bound
to the surface of the nanocrystal via their polar head groups,
while exposing their hydrophobic tails to the outer environment (see Figure 5). This outer layer of surfactants effectively renders the nanocrystals hydrophobic, and as such
they can be easily dissolved in a wide range of nonpolar or
moderately polar organic solvents. Van der Waals interactions would favor interparticle aggregation, however, the
presence of the stable organic coating prevents the inorgansmall 2005, 1, No. 1
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ic cores of neighboring nanocrystals from touching each
other, thus resulting in a solution of well-dispersed particles.
This can be deduced easily by observing a monolayer of surfactant-coated nanocrystals deposited on a suitable substrate, viewed under a transmission electron microscope
(TEM, see the left column of Figure 2). This image shows a
sample of nanocrystals that were prepared by casting a drop
of solution containing the nanocrystals on a thin film of
amorphous carbon and by allowing the solvent to evaporate.
Here a gap can be seen between adjacent nanoparticles,
which is due to the presence of the organic coating layers
that act as spacers between adjacent nanocrystal cores. Due
to intrinsic limitations of the TEM technique, these layers
cannot be seen directly in the image, and the corresponding
region appears as transparent.
Some basic principles of nanocrystal growth can be described by referring to a well-studied case, the growth of
CdSe nanocrystals. The discussion, however, will sacrifice
some details and peculiarities that are particular to other
systems. For a typical synthesis of CdSe nanocrystals,[27] a
mixture of surfactants is heated at temperatures of around
250–300 8C. The surfactants usually chosen to grow CdSe
nanocrystals are a mixture of trioctylphosphine oxide
(TOPO) and a phosphine, such as tributyl- or trioctylphosphine. This mixture can also be more complex, and include
alkyl amines, phosphonic acids, or carboxylic acids. The
atomic species that will form the nanoparticles are added to
this solution in the form of precursor molecules. One possible precursor for Cd atoms is dimethyl cadmium,
[Cd(CH3)2], which is a liquid at room temperature.[131]
When dimethyl cadmium is injected into the mixture of sur# 2005 Wiley-VCH Verlag GmbH & Co. KGaA, D-69451 Weinheim
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factants, it decomposes and Cd atoms are released. In a similar way, Se atoms are introduced through complexation
with a phosphine. At high temperature this complex dissociates to release the Se atoms. Recent advances in the synthesis of CdSe nanocrystals have led to less-hazardous precursors for Cd, such as a complex between Cd2 + ions and an
organic acid, such as an alkylphosphonic or carboxylic
acid.[132, 133] This precursor can be formed directly in the reaction flask by heating together cadmium oxide (or other
cadmium salt) with the organic acid.
The surfactant molecules play a key role in the synthesis.
They bind to the surface of the growing crystals and, in addition, they form complexes with the atomic species in solution, thus controlling the reactivity and the diffusion of
the elemental species to the surface of the growing nanocrystals. Without them, the Cd and Se species would bind
rapidly to each other, resulting in uncontrolled growth of
CdSe crystals. A common feature of the surfactants used in
the synthesis is that their polar head groups are functional
moieties capable of donating electron pairs. Hence all of
these surfactants can be defined as Lewis bases and the
overall influence in controlling the growth of nanocrystals is
mainly dictated by their ability to form complexes with the
free Cd species in solution and to their binding ability to the
Cd atoms on the surface of the nanocrystals.
The stability of the complexes formed in solution between the surfactants and the atomic species, their diffusion
coefficients, as well as the binding strength of the surfactants to the nanocrystal surface, are all parameters that vary
with temperature. Low temperatures lead to high complex
stabilities, low diffusion, and higher surface coordinating
strength, all factors that limit or even hinder nucleation and
crystal growth. On the other hand, too high a temperature
can also lead to uncontrolled growth. Thus choosing an appropriate temperature range is key to the control of particle
growth; once a desired average crystal size is reached, the
growth can be stopped by simply cooling down the reaction
flask below the temperature range at which growth is possible.
The growth of nanocrystals depends on a number of parameters, such as the surface energy of the nanocrystal, the
concentration of free species in solution, and the nanocrystal size, and thus nanocrystal growth can be controlled by
considering these parameters. During the growth of CdSe
particles, there is a thermodynamic equilibrium between the
Cd and Se atoms assembled on the nanocrystal surface and
the corresponding free species in solution. This means that
Cd and Se atoms are continuously binding and unbinding to
the particles surface, and consequently the nanocrystals, at a
given time, are either growing or dissolving. One important
parameter to consider in the growth process is the surfaceto-volume ratio of the nanocrystals, which dictates their
overall reactivity. The smaller the nanocrystals, the higher
their surface tension is. As a matter of fact, smaller nanocrystals are thermodynamically less stable than larger ones,
because they have a higher ratio of surface to bulk atoms.
In the presence of a high concentration of free atomic species in solution (a situation usually encountered at the early
stages of the growth), smaller crystals grow faster than
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larger crystals, since they are more reactive and tend to incorporate the incoming free species more rapidly, which in
turn lowers the ratio of surface to bulk atoms. In this case,
the starting distribution of sizes narrows over time, a situation defined as a “focusing regime”. Over time, however,
the concentration of free species in solution drops, and fresh
monomers, which need to diffuse from the bulk of the solution to the surface of the growing nanocrystals, are not
able to sustain the fast growth of the smaller particles. The
growth rate of the large particles then becomes higher than
that of the smaller particles, and the size distribution begins
to broaden (the “defocusing regime”). Finally, when the
concentration of free species in solution drops further, small
particles, which are highly reactive, start dissolving and release free atomic species back into the solution. These species then feed the larger crystals, which are more stable, and
the overall size distribution broadens much faster over time,
a phenomenon known as “Ostwald ripening”.
Once the parameters affecting growth are well understood, manipulation of the growth kinetics can lead to the
formation of nearly monodisperse nanocrystals of any desired size. In order to keep the system in the focusing
regime for a long time, it is possible to nucleate just a few
nanocrystals, so that they will compete less with the remaining free species in solution, which will then be depleted
over a much longer timeframe. Alternatively, it is possible
to perform additional slow injections of precursors during
the growth, effectively keeping the concentration of free
species in solution above a critical threshold. Based on
these principles, high-quality spherical nanoparticles of a
large variety of semiconductor materials, in addition to
CdSe, are now produced routinely, such as CdS, CdTe,[27, 28]
InAs, InP,[29, 30] and Ge.[31]
Recently, the synthetic methods described above have
been used to synthesize relatively monodisperse nanocrystals of oxides (such as Fe2O3,[32] Fe3O4, CoFe2O4, MnFe2
O4,[33]) and of metals and metal alloys (such as FePt,[34]
Co,[35–37] , and CoPt3[38, 39] ; see Figure 2).
Crystals are intrinsically anisotropic objects and the assumption that various nanocrystal facets will have similar
surface energies under given reaction conditions is a rough
approximation. In a crystal, different facets have different
arrangements and densities of atoms, polarity, and number
of dangling bonds. Consequently, the ability of a surfactant
to coordinate surface atoms will vary face-by-face. In addition, a surfactant can be multidentate, and so its ability to
bind to multiple surface atoms can be enhanced or limited
by specific surface stereochemistry requirements. The combination of these factors leads to differences in surface energies and therefore in growth rates of the various facets. Frequently, the growth of colloidal nanocrystals is isotropic,
which indicates that the influence of these factors is not so
relevant. However, several research groups in the last few
years have exploited this fact and have proposed various approaches aimed at synthesizing colloidal nanocrystals with
anisotropic shapes. It is now possible to synthesize nanocrystals of various materials that have rod-like, disk-like, or
even more complex shapes, such as the tetrapods.[40]
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the particle size.[2] In this way all fluorescence colors (wavelengths) spanning from the infrared to the ultraviolet can be
obtained by selecting the appropriate semiconductor material and by tuning the particle size. Particle shape is also a
key factor (in contrast to spherical CdSe nanoparticles, rodshaped CdSe nanoparticles have a polarized emission).[61]
By combining different materials in one entity nanoparticles with several properties, such as fluorescence and certain magnetic behavior, can be obtained.[60] The synthesis of
colloidal nanoparticles of different materials and shape is already highly advanced and synthesis protocols for many systems have been published. However, the synthetic creation
of nanohybrid materials with controlled composition is still
in its infancy and exciting future developments in this direction can be expected.
As already stated, the nanoparticles are coated with hydrophobic stabilizing molecules, which renders them insoluble in aqueous solution; this effect can be used to select
nanoparticles by size. The principle of the so-called “size-selective precipitation” is easy to understand (Figure 4): If a
polar solvent (such as methanol) is added to a solution of
hydrophobically capped nanoparticles dissolved in an organic solvent (such as toluene), the nanoparticles start to precipitate. Since larger nanoparticles are dispersed in a less
stable way than smaller ones, the larger nanoparticles precipitate first. Thus, a polar solvent can be added until the
first nanoparticles begin to precipitate. The solution is then
centrifuged, whereby the
larger nanoparticles settle
down as a pellet and the
smaller ones stay as a supernatant in solution. The pellet
can then be redissolved in the
organic solvent so that this
solution contains the fraction
of the largest nanoparticles.
This process can be repeated
in an iterative way, so that
fractions containing different
nanoparticle sizes can be obtained. This procedure is very
important to obtain homogeneous products. As a further
example, it is possible that a
synthesis of CdSe tetrapods
may also generate CdSe
spheres. By using size-selective precipitation, the smaller
spheres can be separated
from the larger tetrapods and
Figure 3. The optical properties of colloidal CdSe nanocrystals strongly depend on their size. The smaller
a pure sample of tetrapods
the nanoparticle, the more blue-shifted its fluorescence is. The absorption and emission spectra of four
can be obtained.[44]
different samples of CdSe nanocrystals with different sizes are shown. The absorption spectra of the

Recently, shape-controlled growth has been demonstrated for a wide range of materials, such as TiO2,[41] Co,[42]
CdSe,[40, 43] CdTe,[44] ZnTe,[45] and Ni.[46] A detailed review
about the shape-controlled growth of nanocrystals has been
reported elsewhere.[47]
At the next level of complexity, nanocrystals of one material can be embedded in a shell of another material, and
in some cases epitaxial growth is even possible. For example, the growth of epitaxial shells of ZnS around spherical[48, 49] and rod-shaped CdSe nanoparticles is well established.[50, 51] Other examples for core/shell systems include CdSe/
CdS,[52, 53] CdTe/CdSe and CdSe/ZnTe,[54] InAs/InP and InAs/
CdSe,[55] FePt/Fe3O4,[56] Pt/Co,[57] and Ag/Co.[58] In these
cases the system as a whole is still highly symmetric, however, it is also possible to grow one material in an asymmetric
fashion onto another one. Such heterostructures have been
demonstrated for CdSe–CdS,[59] CdS–FePt,[60] and CdSe–
Au[134] (Figure 2).
Colloidal nanocrystals can possess a variety of physical
properties. For example, Fe2O3 and CoPt3 nanoparticles exhibit superparamagnetic behavior, while semiconductor
nanoparticles such as CdSe are fluorescent materials. Compared to organic fluorophores, colloidal semiconductor
nanocrystals have peculiar fluorescence properties.[16] They
have a continuous absorption spectrum, symmetric and
narrow emission, and reduced photobleaching (Figure 3).
Most important, the wavelength of fluorescence depends on

nanoparticles are continuous in the UV region and have a peak whose position is shifted to shorter
wavelength as they reduce in size. The fluorescence emission of the nanoparticles is fairly symmetric
and narrow (30–35 nm full width at half maximum) and peaks at a wavelength that is a few nanometers
red-shifted compared to their absorption peak. Because of the continuous absorption spectrum in the
UV region, all nanoparticles of different color can be excited at one single wavelength. One particularity
of CdSe nanocrystals is their reduced tendency to photobleach compared to typical organic fluorophores
(upper right: nanoparticles of different sizes in solution; lower right: fluorescence of these solutions
under illumination with a hand-held UV lamp).
small 2005, 1, No. 1
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high salt concentrations finally can yield to particle aggregation. Thus, particle stabilization by
electrostatic repulsion is only possible for moderate salt concentrations. Furthermore, the charge
of stabilizing molecules depends on the pH value
of the solution. For pH values above 5–6 carboxy
(COOH) groups become negatively charged
(COO ), whereas they are neutral for pH values
below 5–6. Nanoparticles stabilized by the charge
of carboxy groups are therefore only stable
under neutral and alkaline pH conditions.
An alternative method of stabilization is
through steric repulsion. Here, the ligand molecules form hydrophilic “brushes” around the
nanoparticle surface. These brushes prevent inorganic particle cores from coming into contact.
Typical molecules used for this purpose are polyFigure 4. The colloidal stability of nanoparticles depends on their size. Fluorescent
ethylene glycol (PEG)[66] and dextrane.[67] By
CdSe nanoparticles of different sizes (smallest: green, medium-sized: yellow, largthese methods, nanoparticles can be made waterest: orange) capped with hydrophobic stabilizing molecules (black) and dissolved
soluble by providing them with a hydrophilic
in toluene (brown) are illustrated. If a (more polar) non-solvent (e.g., methanol;
drawn in blue) is added, the solubility of the nanoparticles decreases. Larger
coating, which is either charged or consists of
nanoparticles are more prone to lose their colloidal stability. Thus the largest
polymer brushes. The next challenge is how to
nanoparticles with orange fluorescence precipitate first. When the precipitate is
coat initially hydrophobic nanoparticles with such
isolated and organic solvent is added the nanoparticles will be redispersed.
a hydrophilic shell.
Adding further non-solvent can then separate the yellow particles. Hence, nanoThe most straightforward way to achieve such
particles can be sorted by their size by this method.
coatings is via ligand exchange, where the hydrophobic stabilizing molecules are exchanged by
hydrophilic ones.[68–71] Although this method is simple and
3. Transferring Nanoparticles into Aqueous
direct, there are certain disadvantages involved with it. One
Solution
site of the stabilizing molecule has to be able to strongly coordinate to the surface of the inorganic nanoparticle. This
In order to use hydrophobic nanoparticles for biological
applications, they first have to be transferred into aqueous
solution. Figure 5 provides a general scheme for the conversion of hydrophobic nanoparticles into hydrophilic species.
Stabilizing molecules coordinate with the surface of the
nanoparticle; this binding procedure, and the stabilizing
molecule, has to be chosen carefully for every nanoparticle
material. Thiols, for example, are known to bind well to
gold surfaces,[62] whereas amines bind to cobalt surfaces.[63]
Therefore, alkyl chains with either thiol or amino groups
are appropriate stabilizing molecules for gold and cobalt
nanoparticles, respectively. The alkyl chains point away
from the particle surface (Figure 5 a), which means that the
inorganic nanoparticles cannot touch each other; they are
stabilized by the steric repulsion of the hydrophobic chains.
If nanoparticles of a highly concentrated solution are immobilized on a surface by evaporation of the solvent, they can
form tightly packed arrays, which can be seen by TEM analFigure 5. a) Hydrophobic nanoparticles (inorganic part: light-gray
ysis (left column of Figure 2). However, the minimum dissphere) are stabilized by hydrophobic stabilizing molecules
tance between the surfaces of two inorganic cores is typical(medium-gray lines), which coordinate at one end to the particle surly found to be smaller than two times the length of the staface; different nanoparticle materials require different head groups
bilizing molecules, which means that the shells of organic
to be used; b) the easiest strategy to transfer such nanoparticles
into polar solvent is to exchange hydrophobic for hydrophilic stabilizstabilizing molecules can partially penetrate each other.[64, 65]
ing molecules (dark-gray lines). Again, the hydrophilic stabilizing
In general, there are two strategies to stabilize nanoparmolecules need one site that can coordinate to the particle surface;
ticles in aqueous solution. The first is based on the introducc) cross-linking after ligand exchange yields a more stable shell;
tion of charge. Nanoparticles of similar charge repel each
d) an amphiphilic polymer is wrapped around the nanoparticle,
other and thus aggregation is prevented. However, in elecwhose hydrophobic chains intercalate the hydrophobic stabilizing
trolytic solution charges are screened by counterions and
molecules bound to the particle, whereas the hydrophilic parts of
the electrostatic repulsion is weakened, which at sufficiently
the polymer endow water-solubility.
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site has to be individually chosen for every nanoparticle material. Therefore, no general procedure that works for all
nanoparticle materials exists. In addition, there exists for
many materials no site that strongly coordinates to the particle surface. For example, thiols (-SH) are typically used to
bind to the surface of fluorescent CdSe/ZnS nanoparticles.
The hydrophilic head group of such stabilizing molecules is
often a carboxy (electrostatic stabilization) or a polyethylene glycol (steric stabilization) group. Since the binding affinity of thiols to ZnS surfaces is only moderate, these nanoparticles are not stable in aqueous solution for long periods.[72] Eventually the thiol–ZnS bonds are broken and the
stabilizing molecules are removed from the particle surface
(this can occur either because the thiol groups are hydrolyzed or photo-oxidized). If, for example, mercaptopropionic acid (HS-CH2-CH2-COOH) stabilized CdSe/ZnS nanoparticles are dialyzed against an aqueous solution, the nanoparticles start to precipitate after some hours. This is because
through dialysis there are no excess mercaptopropionic acid
molecules in solution, and those molecules initially bound
to the particle surface unbind after a certain period of time
and cannot rebind. Although still frequently used, simple
ligand exchange of the stabilizing molecules is not optimal
for the water-solubilization of nanoparticles. Advanced performance can be obtained with stabilizing molecules that
have more than one site that coordinates to the inorganic
particle surface.[73, 74, 135]
More elaborate protocols are still based on ligand exchange of the stabilizing molecules, but with the possibility
of cross-linking the shell of the stabilizing molecules. Even
if the bond between one stabilizing molecule and the particle surface breaks, this molecule is still kept in place by
cross-linking to neighboring stabilizing molecules. Again the
hydrophilic part of the stabilizing molecules can be either
charged or consist of a polymer brush. An advanced
method using such a protocol is surface silanization: First,
the original hydrophobic ligand shell is replaced by a layer
of silane molecules. On one of their end groups, the silane
molecules are modified with a group that binds to the particle surface, such as thiol groups to bind to ZnS surfaces.
Silane molecules include silanol groups, which can cross-link
through the formation of siloxane bonds. In this way, stabilizing shells with more than one layer can also be created.
Added silane molecules are incorporated in such a layer
under the formation of siloxane bonds. When the outer
shell consists of hydrophilic silanes (either with a charged or
polymer-based tail group), the resulting nanoparticles are
stable in water. Surface silanization has been successfully
employed for many different nanoparticle materials.[63, 66, 75–80]
The use of cross-linked ligand shells improves water stability, however, ligand exchange is still involved, and therefore
the silane molecules that bind to certain particle surfaces
have to be chosen individually.
In contrast to the two methods described above, there
are further strategies that do not involve ligand exchange.
These methods are based on the addition of an extra layer
around the original hydrophobic layer of stabilizing molecules. The additional layer can be stabilized by hydrophobic
interactions: The hydrophobic part of amphiphilic molecules
small 2005, 1, No. 1
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coordinates to the hydrophobic stabilizing shell around the
nanoparticles, whereas their hydrophilic part points outwards into the solution, and thus facilitates water solubility.
This concept can be used to form water-soluble hydrophobic
nanoparticles in a very general way and has been already
applied to membrane proteins[81] and different types of
nanoparticles (see Figure 6).[82–84] The great advantage of
this concept is that it does not involve ligand exchange.

Figure 6. Transmission electron microscope (TEM) images of watersoluble polymer-coated nanoparticles of different materials (left to
right: CoPt3, Au, Fe2O3, and CdSe/ZnS).

Therefore, the same procedure can be applied to almost any
hydrophobically capped particle, regardless of the material
of the inorganic core. However since multiple shells are involved, the overall size of the nanoparticles will certainly be
larger in comparison with nanoparticles solubilzed by direct
exchange to a hydrophilic monolayer shell. On the other
hand, a large variety of amphiphilic polymers can be used,
which allows for the direct incorporation of different functionalities directly into the shell. These functionalities can
then be used to link the nanocrystals to biological molecules.

4. DNA–Nanoparticle Conjugates
Many groups[85, 86] have reported the attachment of biological molecules to water-soluble nanocrystals. From the
conceptual point of view there are two possibilities: First,
biological molecules that are modified with a chemical
group that is reactive towards the nanoparticle surface can
be directly attached to the nanoparticle surface. This involves a ligand exchange in which part of the stabilizing
molecules are replaced by the biological molecules. For example, biological molecules with thiol groups can react with
the surface of gold[85, 87] and CdSe/ZnS[88–90] nanocrystals by
# 2005 Wiley-VCH Verlag GmbH & Co. KGaA, D-69451 Weinheim
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partially replacing the phosphine and mercaptopropionic
acid stabilizing shells around the Au and CdSe/ZnS nanoparticles, respectively. Second, the biological molecules can
be bound to the stabilizing shell around the inorganic nanocrystal core.[86]
Several types of interaction can be used to attach biological molecules to nanoparticles. In the most primitive case
the molecules are simply adsorbed either directly to the
nanoparticle surface or to the shell of stabilizing molecules
around the nanoparticles.[91, 92] Better stability can be obtained through electrostatic interactions between biological
molecules that are oppositely charged to the nanoparticles.[73, 93] The most elegant method, however, is via the formation of chemical bonds between the biological molecules
and the stabilizing shell around the nanoparticles.[18, 66, 86]
Nanocrystal–biomolecule conjugates have already successfully been employed for various applications such as sensors
for the detection of molecules[94–96] or the labeling of
cells.[18, 97, 98]
This Review will focus on one example, that is, the conjugation of Au nanoparticles with single-stranded oligonucleotides. Certainly this is one of the easiest systems to produce, but because of its simplicity many concepts can be described in a straightforward way. Gold nanoparticles can be
stabilized in aqueous solution by using charged phosphine
molecules. The phosphine moiety coordinates to the Au surface, while the charged group (e.g., -SO3) points towards the
solution and thus renders the particle hydrophilic.[99] As already pointed out, thiol groups can bind to Au surfaces in a
quasi-covalent manner. Thus, for the bioconjugation of Au
nanoparticles with oligonucleotides, it is straightforward to
simply add thiol-modified oligonucleotides to a solution of
phosphine-stabilized nanoparticles. The oligonucleotides
will partly replace the phosphine-stabilizing shell and bind
strongly to the Au surface via the thiol group. This standard
procedure has also routinely been employed to functionalize
citrate-stabilized Au nanoparticles with oligonucleotides.[107]
From a conceptual viewpoint, it would be ideal to control the number of oligonucleotides attached per nanoparticle. This is of particular importance for the construction of
DNA-mediated particle groupings. Let us assume that a
DNA-mediated nanoparticle trimer is desired, in which two
small Au nanoparticles should be attached to one large Au
nanoparticle. For this purpose, a large nanoparticle with exactly two strands of DNA, and two small nanoparticles with
exactly one strand of complementary DNA is required. If
the large Au particle had three strands of DNA attached to
which three small Au nanoparticles could bind, a particle
tetramer would be obtained instead. Therefore, for the creation of defined building blocks the number of DNA molecules per particle has to be controlled. Unfortunately no
easy direct synthesis to obtain nanoparticles with an exact
DNA-molecule-to-particle ratio exists; if thiol-modified
DNA and nanoparticles are mixed in a 1:1 ratio, a stoichiometric distribution will always be obtained. This means that
besides nanoparticles with one DNA unit per particle, the
reaction mixture will also contain nanoparticles without
DNA and nanoparticles with two DNA molecules per particle. For this reason a method has to be found to extract the
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Au nanoparticles with the desired number of attached DNA
molecules from the reaction mixture.
One possibility to achieve this goal is through the use of
gel electrophoresis. A gel is basically a porous matrix of a
polymer to which an electric voltage can be applied. Charged nanoparticles can move through the electric field within
the gel, and their speed of migration depends on the degree
of charge associated with the nanoparticle (the higher the
charge, the more rapid the migration). The polymer matrix
hinders the flux of the nanoparticles; the larger the nanoparticles, the harder for them it is to squeeze trough the
pores and the slower the speed of migration will be. Thus,
gel electrophoresis is sensitive to both particle charge and
size. Both phosphine-stabilized Au nanoparticles and DNA
are negatively charged. It can therefore be assumed that the
total change in surface charge density of the Au nanoparticles upon conjugation with DNA is of minor importance.
On the other hand, the attachment of DNA certainly increases the total size of the Au–DNA conjugate; the more
DNA that is attached, the larger the total diameter of the
conjugate becomes. This assumption corresponds well with
our experimental findings.[87] Conjugation of nanoparticles
with DNA decreases the speed of migration on the gel,
which corresponds to an increase in conjugate diameter.
The addition of charge, on the other hand, should increase
the speed of migration, which cannot be observed in experiments. Thus, gel electrophoresis can be employed to sort
DNA–Au conjugates by their size, and in parallel, by the
number of DNA molecules attached per particle.[100] An example of such discrimination is shown in Figure 7 b. Indeed,
discrete bands corresponding to nanoparticles with zero,
one, two, three, and four DNA molecules per Au particle
can be resolved. The DNA–particle conjugates can be extracted from these bands of the gel[7] and used for further
experiments. A similar gel-sorting concept has also been applied for different types of nanoparticles.[101] Unfortunately
gel-sorting requires very good size and charge distributions
of the unconjugated nanoparticles to afford good resolution
of discrete bands.[66]
It should be noted that sorting by charge is also possible
through gel electrophoresis techniques. For uncharged unconjugated nanoparticles, the conjugation with DNA primarily increases the surface-charge density. Therefore, these
conjugates migrate faster as more DNA is attached.[66] Recently more direct concepts for the creation of nanoparticles
with a controlled number of attached biological molecules
have been reported that do not require gel sorting.[102]
Once DNA–particle conjugates with a controlled
number of DNA molecules per particle are available, DNAmediated particle groupings can be formed. For the creation
of particle dimers, two types of nanoparticles each bearing
complementary strands of oligonucleotides are required.
When both DNA–particle conjugates are brought together
under suitable buffer conditions the complementary strands
of DNA start to hybridize and thus link the two nanoparticles together. So far this method has been successfully employed for the creation of DNA-mediated dimers and trimers of Au nanoparticles (Figure 7 c).[7] To date, no larger
structures with controlled composition have been reported.
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Figure 7. Forming DNA-meditated dimers of Au nanoparticles requires each nanoparticle to be functionalized with one oligonucleotide, with
both oligonucleotides being complementary to each other. a) When phosphine- (or citric acid) stabilized Au nanoparticles and thiol-modified
oligonucleotides react, DNA binds with its thiol group to the Au surface. However, even for 1:1 mixtures of DNA and Au, Au nanoparticles with
more or less than one bound oligonucleotide will result; b) Au nanoparticles with a different number of DNA molecules bound per particle can
be sorted by gel electrophoresis (image adapted from ref. [87]). Individual bands of nanoparticles with a discrete number of DNA molecules
per particle can be observed and extracted from the gel; c) Au nanoparticles with one DNA molecule can be mixed with another solution of Au
nanoparticles modified with a complementary DNA sequence. The single-stranded DNA molecules hybridize to a double strand, thus connecting the Au nanoparticles. The resulting dimers can be observed by TEM imaging (the Au-nanoparticle dimers shown comprise two 10-nm-diameter Au nanocrystals; the DNA molecules cannot be seen by TEM). Image courtesy of D. Zanchet et al.[7]

This is mainly due to the fact that the hybridization efficiency of DNA attached to Au nanoparticles is impaired. Part
of the oligonucleotide can bind to the particle surface in a
nonspecific way and is therefore only partly accessible for
hybridization.
For some systems the number of attached DNA molecules per particle is yet to be controlled. However, such systems provide many possible applications, mainly in the area
of biosensing. The group of Mirkin has developed very elaborate protocols to use DNA-modified Au nanoparticles
(with many DNA molecules per particle) for the detection
of DNA-sequences.[103, 104] By using aptamer sequences as
DNA, even molecules other than DNA can be detected
with this universal method.[105] In addition, DNA-modified
semiconductor nanoparticles have been used as fluorescent
labels for DNA chips.[14]
So far, DNA–particle conjugates either with a small, discrete, and controllable number of DNA molecules per particle have been discussed as well as those with an uncontrolled number of DNA molecules per particle. However, there
must be a limit to the number of DNA molecules that can
be attached, a point where the particle surface will be completely saturated with DNA. This situation can be observed
very well with gel electrophoresis. Once the Au particle is
completely loaded with DNA the speed of migration reaches saturation.[87] In the case of 13 and 15.7-nm-diameter Au
nanoparticles, a maximum of 115 and 157 single-stranded
oligonucleotides of 12 bases could be bound per nanoparticle, respectively.[106, 107] Further, it could be shown that the
short oligonucleotides are fully stretched.[87] Upon the addition of more and more DNA the effective particle diameter
small 2005, 1, No. 1
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becomes larger and larger; for steric reasons, when the particle is fully loaded with DNA the oligonucleotides point
outward, fully extended along its contour length (see Figure 8 a). Therefore, the total conjugate diameter is two

Figure 8. Single-stranded DNA is attached via a thiol group to the
nanoparticle surface. a) As more DNA of the same length (black
lines) is bound to the nanoparticles (light-gray spheres), the DNA
molecules become elongated until they are fully stretched to their
contour length. If a fluorescent dye (small medium-gray spheres) is
attached to the free end of the DNA molecule, the distance between
this dye and the Au surface increases as more DNA is adsorbed by
the particle; b) When Au nanoparticles are saturated with (relatively
short) DNA molecules, the DNA is fully stretched to its contour
length;[87] the more bases the DNA is composed of, the longer its
contour length. Thus, the distance between a dye molecule and a Au
surface can be tuned by saturating Au nanoparticles with singlestranded DNA of an appropriate number of bases.
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times the contour length of the DNA molecules plus the diameter of the Au particle.
The ability to fully stretch short DNA molecules provides the possibility of creating a spacer on the nanometer
scale. One interesting photophysical problem is the quenching of fluorescence in the vicinity of gold surfaces. For detailed studies of this phenomenon, it would be desirable to
precisely control the distance between the fluorescence dye
and the gold surface. DNA-saturated Au nanoparticles seem
to be a promising system for such studies. The fluorescent
dye could be covalently attached on one end of the oligonucleotide, whose other end would be modified with a thiol
group to bind to the gold surface. By using gel electrophoresis the saturation of the Au nanoparticles with DNA can be
controlled. Since the DNA is fully stretched at full saturation, the distance between the fluorescence dye and the Au
surface would be the contour length of the oligonucleotide
(Figure 8 b). By using DNA of different lengths, separations
between 1 and 10 nm could be generated;[87] a respective
study is under way.
Although this report is limited to the modification of Au
nanoparticles with DNA, other particle materials and other
biological molecules have also been used. In the future,
such systems will allow for the controlled production of
hybrid materials on the nanometer scale; many reports in
these fields are predicted.
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cells are exposed to a culture medium that contains nanocrystals, they start to uptake the nanoparticles by endocytosis.[86, 112–115] Nanoparticles are then transported to vesicular
compartments around the nucleus of the cell where they
remain.[91, 112, 115–117] Some authors have claimed receptormediated uptake,[97, 114] whereas others report nonspecific
uptake. As mentioned above there are several ways to
transfer nanoparticles into aqueous solution, and certainly
the ingestion of the nanoparticles might well depend on the
particular protocol. In Figure 9 the distribution of CdSe/ZnS

5. Nanoparticle Uptake by Living Cells

Figure 9. MDA-MB-435s cells incubated with red-fluorescent silanized CdSe/ZnS nanocrystals: After some hours the cells incorporate
a significant amount of nanocrystals, so that microscopy is possible.
The overlay of the phase contrast and fluorescence images is shown
(For the experimental procedure see ref. [112]).

Colloidal semiconductor nanocrystals can emit fluorescence, which is suggestive of their use for the fluorescence
labeling of cells. Compared to organic fluorophores they
suffer less from photobleaching and easily allow for multiplexing (one excitation source, many channels of different
colors). Soon after high-quality nanocrystals could be transferred to aqueous solution, the first labeling experiments of
cells were reported.[16, 86] These experiments were based on
the conjugation of nanoparticles with biological ligands that
specifically bind against certain cellular structures or compartments. In one of the original papers, CdSe/ZnS nanocrystals were modified with phalloidin, which triggered specific binding of these conjugates to the actin network of fibroblasts.[16] Since then, the multicolor labeling of different
structures of fixed and living cells has been reported.[17, 18]
Recently, nanoparticles have been modified with biological
molecules to facilitate the binding of conjugates to membrane-bound receptors.[98]
Because of reduced photobleaching the diffusion pathway of the receptor molecules within the cell membrane
could be recorded over extended periods of time. It is predicted that the main labeling applications of fluorescent
nanoparticles will be found in this field of single-molecule
tracing. For a more detailed overview about labeling experiments with nanocrystals we refer the reader to already published reviews.[108–111]
In this review, the focus is towards another direction.
Besides the labeling of cellular structures it has been also
observed that living cells ingest colloidal nanocrystals. If

nanoparticles that were incorporated into a cell is shown.
The effect of particle uptake can be used to label cells and
follow their pathway or fate. Let us assume the following
situation: Two different types of cells have to be cultured in
parallel. With phase-contrast microscopy it is often not possible to determine the type of a cell, since the shapes of
many cells can vary dramatically. Certainly, cells of one type
can be stained specifically with a fluorescence-labeled antibody, which only binds to this particular type of cell. However, such staining impairs the cells and is thus not appropriate for following the fate of individual cells. Labeling with
nanocrystals could be an interesting alternative. If cells of
type A are incubated with green fluorescent nanoparticles,
and cells of type B in another flask with red fluorescent
nanoparticles, the cells ingest the respective nanoparticles.
Thus cells of type A show green fluorescence and cells of
type B exhibit red fluorescence. If both types of cells are finally seeded in co-culture on the same substrate, each type
of cell can be identified by its color of fluorescence
(Figure 10).
Nanocrystals are suitable labels for several reasons:
First, they have a reduced tendency to photobleach. Second,
they are relatively biocompatible.[114] Third, upon cell division the nanoparticles are passed to both daughter cells and
therefore the label is not lost.[91, 112, 116, 118] These facts facilitate long-term observation of the fate of individual cells.
With this technique the fate of a subpopulation of dictyostelium cells within a whole population could be traced.[115] In
another experiment nanocrystals were microinjected into
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Figure 10. MDA-MB-435s and MCF-7 cells were fed with green and
red fluorescent silica-coated CdSe/ZnS nanocrystals, respectively, in
separate culture flasks. Both types of cells were then mixed and
seeded on the same substrate. The overlay of the phase contrast
and fluorescence images is shown after some hours of incubation.
Each cell can now be identified by the color of its fluorescence.

fluorescence. The fluorescence image of the culture substrate thus resembles a blueprint of the migration pathway
of the cells.[112] The speed and pattern of migration differs
from cell type to cell type.
The phagokinetic track technique is a convenient
method to determine the migration properties of cells. The
more cells migrate, the larger the area cleared of nanocrystals per cell will be. This procedure could be highly automated; with fluorescence microscopy, intensity levels can be
observed. One can observe the homogenous fluorescence of
the undistorted layer, enhanced fluorescence within the cells
that have accumulated the nanoparticles, and no fluorescence at positions that have been traversed by cells. The
nonfluorescent area around each cell is characteristic for
different types of cells.[122] It has been demonstrated that for
different cell types derived from breast tissue the area
cleared of nanoparticles per cell is higher where the metastatic potential of the cells is at its highest.[122] This might be
the basis of a test for the metastatic potential of living cells.

specific cells of Xenopous embryos to follow their development.[118] Due to their particular properties, an increased use
of fluorescent nanoparticles in this
kind of fate-mapping study is expected.
Alternatively, the fate of individual
cells on a cell culture substrate can be
followed by using the so-called phagokinetic track method;[119–121] the principle is illustrated in Figure 11. Let us
assume a cell culture substrate is homogeneously coated with red fluorescent nanoparticles. Under the fluorescence microscope the substrate will
appear simply red. Cells will then be
cultured on the nanoparticle-coated
substrate; the cells will start to ingest
the nanoparticles. Compared to nanoparticles dissolved in solution the
uptake of nanoparticles adsorbed to a
surface is more efficient. The issue of
three-dimensional diffusion of a dissolved particle into a cell now is reduced to a two-dimensional one for
adsorbed nanoparticles. Adherent cells
can migrate along the culture subFigure 11. Phagokinetic tracks: a) Cells (gray) seeded on top of a collagen layer mixed with fluorescent
strate. Wherever the cell moves, it innanocrystals (red), start to ingest the nanocrystals while they crawl along the layer (white arrows indigests the nanoparticles of the underly- cate the direction of cell movement). The ingested nanocrystals are stored inside the cells (red spot
ing particle layer and stores the nano- inside the cell). Areas of the layer that have been cleared of nanocrystals no longer fluoresce (black
particles around its nucleus. This areas). The longer the incubation time, the more the cells move and the larger the non-fluorescent areas
means that along the pathway of every become;[112, 122] b–d) phase-contrast, fluorescence, and overlay images of a time series of phagokinetic
cell the particle layer has been re- tracks; the phase-contrast image shows the cell, while the fluorescence image displays the nanocrystal
seeded on top of a collagen layer infiltratmoved. Due to this phenomenon, the layer. The images were recorded for MCF-7 breast cancer cells[112,
ed with silica-coated red fluorescent CdSe/ZnS nanocrystals. 122] The images were recorded 30–
migration pathway of every cell ap130 min after seeding the cells on the layer; the hole in the layer clearly becomes larger with time. The
pears dark under the fluorescence mi- fluorescence of nanocrystals accumulated inside the cells cannot be seen in these fluorescence images
croscope, whereas areas where no cells because the focus of the microscope was adjusted to the layer surface and not on the middle of the
have passed still exhibit homogeneous cells.
small 2005, 1, No. 1
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6. Outlook

shells around CdSe cores was demonstrated several years
ago.[48] Nowadays fluorescent nanoparticles can also be directly grown on to magnetic ones.[60] This is an excellent
In this review, we have described some biological applications of colloidal nanocrystals, in particular of fluorescent
demonstration of the combination of two properties in one
semiconductor nanoparticles. Besides labeling applications,
particle. The clear advantage of this method is that when
nanocrystals have also been used for other purposes. The
nanoparticles are grown on top of each other there is a neguse of magnetic nanoparticles in drug delivery is particularly
ligible space between the domains. This should facilitate exworthy of mention.[123] Drugs can be immobilized on the surperiments in which the coupling between the different domains in hybrid nanoparticles is to be investigated. No
face of magnetic nanocrystals and the resulting drug–nanoenergy transfer or tunneling is possible when nanoparticles
crystal assemblies can be directed with magnetic fields to
are further apart than a few nanometers. Also the connecthe target tissue.[124] Typically, however, each particle materition between the individual domains should be very stable.
al exhibits only one “feature”: Semiconductor nanoparticles
However, the large disadvantage of this method is that it
are fluorescent and some metal and metal oxide nanopartiwill almost certainly be limited to relatively primitive struccles are magnetic. For many applications, it would be desiratures. One could, for example, imagine spheres of one mateble to have a material that combined these properties. The
rial grown on the ends of a tetrapod shaped nanoparticle of
combination of a fluorescent and a magnetic particle to one
another material. However, it does not seem feasible to
material would allow for visualization by fluorescence and
grow more than a few materials in one hybrid system.
manipulation in magnetic fields. It is therefore proposed
Larger structures could be obtained through linkage
that the creation of materials on the nanometer scale with
with biological molecules. Almost 10 years ago, the first exseveral properties will have a large future. The following
amples of DNA-mediated particle assemblies were reportsection discusses several strategies as to how such nanohyed.[85, 88, 125] However, the obtained assemblies were more like
brid materials could be obtained (see Figure 12).
Nanohybrid particles could be directly obtained through
aggregates than well-defined structures. Today, much effort
chemical synthesis by selectively growing one material on
is invested in the assembly of exactly defined structures.
top of certain positions of another. The growth of ZnS
Such examples have already been demonstrated with the
construction of DNA-mediated particle groupings.[6, 7] This
method in principle would
allow for the construction of
complex structures composed
of multiple nanoparticles of
different materials. Some
work in this direction has already been reported.[126] The
use of DNA as a linker offers
the ability to precisely program the linkage by selecting
appropriate sequences of
complementary oligonucleotides.
Unfortunately there are
also some conceptual disadvantages involved with this
technique. First, the biological
molecules that are employed
to link the nanoparticles act
as a spacer between the nanoparticles. Thus, there always
will be a gap between the inFigure 12. One goal of nanotechnology is the construction of materials with new properties, for example
dividual nanoparticles within
the combination of magnetic and fluorescent properties in one material. Hybrid structures comprising
one
particular
grouping.
three different materials are systematically sketched (drawn in green, red, and blue). a) Different materiSecond, the biological moleals can be grown directly on each other. This elegant and stable method will be limited to small structures (the growth of Au nanoparticles at the end of CdSe rods is shown; image courtesy of U. Banin
cules and especially their linket al.[134]); b) nanoparticles of different materials can be grown separately and then linked by biological
age to the nanoparticles are
molecules. These systems will be more general, but less stable because the linker-molecules keep indinot stiff, but rather flexible.
vidual nanoparticles further apart (the DNA-mediated linkage of Au nanoparticles is shown; image courSuch flexibility suggests that
[7]
tesy of D. Zanchet et al. ); c) a straightforward approach is to load containers with nanoparticles of difthe nanoparticles will not be
ferent materials. Such hybrid systems are larger but much easier to prepare (polymer capsules containlinked in a rigid assembly, but
ing fluorescent CdTe nanoparticles are shown; image courtesy of G. Sukhorukov, A. Rogach, and B.
rather the whole construct
Zebli[129]).
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will be flexible and the distance between the nanoparticles
within the assembly will fluctuate. For example, a three-dimensional construct in solution might collapse to two dimensions once it is adsorbed and dried on a surface. Third,
the stability of the linkage is limited. Biological molecules
are bound by certain conditions. DNA-mediated particle
groupings certainly will not be able to withstand high temperatures (@ 100 8C) at which biological molecules start to
degrade. There also exists possibilities of destruction in solution. For example, enzymes might digest part of the linker
molecules. With DNA the linkage can also be broken by increasing the temperature or by decreasing the salt concentration, that is, by reducing the melting temperature. Although these factors limit stability, they could also be used
for the controlled release of nanoparticles from the particle
assembly.
Maybe the easiest way to combine nanoparticles of different functionality is to simply pack them in one container.
Such an assembly will typically have dimensions on the microscale rather than the nanoscale, but certainly they would
offer the possibility of combining as many different materials as desired. One example in this direction is the incorporation of nanoparticles in hollow polymer capsules. Such
capsules are assembled layer by layer.[127, 128] First a charged
template, for example a microsphere, is required. Then polymer molecules of opposite charge are added that bind electrostatically to the template. Unbound excess polymer is removed, then a polymer of opposite charge to the first polymer layer is added, which adsorbs by electrostatic interaction. The excess polymer is then removed. These steps are
iterated and a multilayer construct like an onion of many
successive polymer layers of opposite charge is formed. Finally the template is dissolved and a hollow sphere composed of polyelectrolyte multilayers is obtained. Nanoparticles can be introduced in two different ways. By controlling
the pH- and salt conditions the mesh size of the capsule
walls can be controlled. In this way the nanoparticles can be
introduced since the capsule walls are permeable, and can
then be trapped inside the capsule by rendering the capsule
wall impermeable. Alternatively, nanoparticles can be incorporated into the capsule walls. When the outer layer of the
capsules is positively charged, then negatively charged nanoparticles will adsorb to this layer. Unbound nanoparticles
are removed and positively charged polymer is added. In
this way nanoparticles of different functionality can be incorporated at different layers of the capsule wall. The
groups of Sukhorukov and Rogach have demonstrated the
construction of magnetic and fluorescent capsules by incorporating magnetic and fluorescent nanoparticles to the capsule walls.[129] Such constructs hold great promise in many
biological applications, such as drug delivery.[130]
To conclude this Review, it should be pointed out that
the synthesis of colloidal nanocrystals and their modification
with biological molecules is already highly advanced. Research on such nanoparticles has changed from development
and characterization to real applications. Nevertheless, it is
predicted that efforts in particle synthesis will shift towards
the construction of heterostructured nanoparticles that combine multiple functionalities.
small 2005, 1, No. 1
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ABSTRACT
The fluorescence quantum yield of Cy5 molecules attached to gold nanoparticles via ssDNA spacers is measured for Cy5-nanoparticle distances
between 2 and 16 nm. Different numbers of ssDNA per nanoparticle allow to fine-tune the distance. The change of the radiative and nonradiative
molecular decay rates with distance is determined using time-resolved photoluminescence spectroscopy. Remarkably, the distance dependent
quantum efficiency is almost exclusively governed by the radiative rate.

Hybrid systems of gold nanoparticles (AuNPs), chromophores, and oligonucleotides are of current interest in
materials science as well as in biophotonics. Oligonucleotides
show high potential to be used as a programmable nanoscaffold that allows the positioning of nanoparticles or
molecules in three dimensions.1-3 Conjugates of oligonucleotides and AuNPs provide a tool for the detection of DNA
sequences.4,5 Conjugates of chromophores and AuNPs can
be used as multi labels in simultaneous optical and electron
microscopy6 and as energy transfer assays for the detection
of DNA,7,8 or proteins,9 or in optoelectronics.10
AuNPs can serve as ultra-efficient quenchers of molecular
excitation energy in chromophore-AuNP composites,7,8,11
outranging the quenching efficiency of organic acceptor
molecules. Theoretical modeling of the quenching efficiency
has been carried out extensively during the past decades.12-18
However, meaningful experiments, where important parameters such as the size of the AuNPs and the distance between
the chromophores and the AuNPs have been tightly controlled, were carried out only recently.11,19,20 In those studies,
where conjugates of chromophores and metal nanoparticles
are kept in aqueous solution, a pronounced quenching of
fluorescence is observed.7-9,11,19 Only in those cases where
the chromophores and the AuNPs are separated by bulky
spacers, such as antibodies, is the fluorescence less quenched.6
Contrary to that, enhanced fluorescence is frequently reported
if the chromophores are placed ∼10 nm above a surface
* Corresponding authors. E-mail: thomas.klar@physik.uni-muenchen.de;
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covered with nanostructured noble metals.21-26 The influence
of metal nanostructures on the fluorescence yield of chromophores is also of high importance for scanning probe
microscopy, where an increase27-29 or a decrease30 of
fluorescence from molecules underneath metal tips has been
used to provide contrast. In view of these partially controversial results, more experiments are needed to get a closer
picture of the interactions between chromophores and nearby
metal nanostructures.
In this letter we address the question of how the influence
of AuNPs on the quantum yield of fluorophores ceases when
the separation between the two species is gradually increased.
In previous studies, carbon spacers have been used to fix
the distance at 1 nm11 or to vary the distance from 1 to 2
nm using carbon chains of different lengths.19,31 At those
small distances, the large fluorescence quenching efficiency
of 99.8% is due to two effects of equal importance:11 first,
the AuNPs increase the nonradiative rate Rnonrad of the
molecules due to energy transfer, and second, the radiative
rate Rrad of the molecules is decreased because the molecular
dipole and the dipole induced on the AuNP radiate out of
phase if the molecules are oriented tangentially to the AuNPs
surface. It was found that the energy transfer rate is 2 orders
of magnitude smaller than that calculated using the GerstenNitzan model11 and that the distance dependence is much
weaker than expected from the Förster theory.19,32 The
application of the Dexter theory33 gave unusually small
coupling parameters.19 A series of measurements in which
the distance is stepwise increased and both the radiative and

Figure 1. (a) Sketch of a Cy5 dye molecule attached via a thiolfunctionalized ssDNA to a gold nanoparticle of radius r ) 6 nm.
(b) Due to limited space and repulsion, the ssDNA strands are fully
stretched at a maximal surface load, providing a Cy5-AuNP distance
d1. At a reduced surface load the ssDNA is less stretched, providing
a Cy5-AuNP distance d2 < d1. This allows to fine-tune the distance
d. (c) Dotted line: Optical density spectrum of a 1.94 nM AuNP
solution. Solid lines in order of decreasing signal: fluorescence
spectra of a 0.24 µM aqueous solution of pure Cy5-DNA43
molecules, Cy5-DNA43-AuNP, and Cy5-DNA8-AuNP, both with
highest possible surface coverage on AuNPs. The fluorescence is
reduced by 50% for Cy5-DNA43 and by 95% for Cy5-DNA8. (Inset)
Solid lines: OD for different numbers of Cy5-DNA8 molecules
per AuNP (0, 64, 98, and 123 Cy5 per gold nanoparticle in order
of increasing OD at 650 nm). Dotted line: OD of a 0.25 µM Cy5
solution.

nonradiative rates are determined should give a clearer
picture. In a recent study, where the distance has been varied
from 6 to 11 nm, the rates were not determined and hence
the true origin of the fluorescence quenching has not been
uncovered.20
Carbon spacer chains exceeding 2 nm in length cannot be
used to accomplish a defined distance between the chromophores and the AuNPs because longer chains become
increasingly floppy. However, even sufficiently stiff spacers
(i.e., molecules with a persistence length bigger than the
desired spacer length) such as double stranded (ds) DNA
do not ensure defined distances if the anchor point at which
they bind to the particle surface is flexible. Stiff anchors
pointing perpendicular to a surface are hard to realize. In
this study we used single stranded (ss) DNA as spacers to
allow for well defined distances between 2 and 16 nm (Figure
1a). ssDNA can be easily attached to Au surfaces by using
a thiol modification.34 The more ssDNA molecules are bound
per AuNPs, the closer they get packed and the more effective
the mutual repulsion between the individual molecules due
to restricted space becomes. To compensate for the restricted
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space, the ssDNA molecules get more and more stretched
(Figure 1b). In the case of full coverage of the AuNPs with
short ssDNAs (up to ∼45 bases in length), this ultimately
leads to an almost fully stretched conformation of the DNA.34
In this way the total diameter of the ssDNA/AuNP hybrids
increases in a very defined way with the number of attached
ssDNA per AuNP until it reaches a maximum for complete
coverage.34 To use ssDNA as a spacer, chromophores are
attached to one and AuNPs to the other end of ssDNAs. This
allows us to tune the spacing between chromophores and
AuNPs by varying the ssDNA surface coverage.
Gold nanoparticles of 6 nm radius ((15%) have been
prepared by citrate reduction of HAuCl4.35 Great care has
been taken to avoid any fluorescing species in the AuNP
solution. Single-stranded oligonucleotides, modified with an
SH group at their 5′ end and a Cy5 molecule at the 3′ end,
are purchased form Metabion (Martinsried, Germany). The
full sequences have the following composition: (i) SH(CH2)6-5′-GGT TAT CA-3′-NH-CO-(CH2)5-Cy5 and
(ii) SH-(CH2)6-5′-CCA GAT CCC GGA CCC CGG TGT
CGA TTG GGA TGG CTA TTC GCC G-3′-NH-CO(CH2)5-Cy5. In the following, these molecules are abbreviated as Cy5-DNA8 and Cy5-DNA43, respectively.
The binding of an SH group to gold provides enough
energy to compensate the electrostatic repulsion between the
negative citrate surface capping of the AuNPs and the
ssDNA. However, the reaction is slowed substantially by
this electrostatic repulsion. To increase the reaction rate we
concentrated the AuNP solution as high as possible without
causing clustering of the AuNPs, that is to 810 nM. Cy5DNA is added in various quantities equalling 120, 240, 480,
960, and 1900 Cy5-DNA8 molecules per AuNP or 74, 150,
300, 600, and 1200 Cy5-DNA43 molecules per AuNP. After
incubation for two weeks, the solutions are filtered in five
successive rounds with a centrifuge filter (Millipore Centricon Plus MWCO 100000) to remove unbound Cy5-DNA
molecules. After the filtration step the samples are diluted.
The number of Cy5-DNA8 molecules that have bound to each
AuNP is determined from the optical density (OD), which
is shown in the inset of Figure 1c. From these spectra we
deduce the concentrations of AuNP and Cy5 molecules,
assuming extinction coefficients of 2.4 × 108 L/(mol cm)
and 2.5 × 105 L/(mol cm), at the respective absorption peaks.
The resulting numbers of Cy5-DNA8 molecules per AuNP
for the different incubations are 41, 50, 64, 98, and 123. For
the Cy5-DNA43 we obtain 9, 13, 19, 25, and 38 molecules
per AuNP. The highest numbers in each series represent an
almost maximal surface coverage, which decreases with
increasing chain length in accordance with previous reports.36,37
In a recent study a dense matrix of data for hybrid
diameters versus ssDNA length has been provided for many
different surface coverages.34 The extrapolation of these data
allows us to estimate the diameters of the Cy5-DNA-AuNP
hybrids used in this study. From the hybrid diameters h we
can derive the distance d ) (h - 12 nm)/2 between the π
conjugated chromophoric part of the Cy5 molecules and the
Nano Lett., Vol. 5, No. 4, 2005

Figure 2. Time-resolved PL spectra. Red dots: solution containing
free Cy5-DNA43 molecules; green triangles, blue diamonds: solutions containing Cy5-DNA43-AuNP hybrids, whereby the number
of Cy5-DNA43 per AuNP is 25 and 19, respectively. The straight
black lines represent exponential decays τfluo of 1390, 900, and 950
ps, respectively. The count rates Ifluo at time t ) 0 allow for the
determination of the radiative rates (see text).

surface of the AuNPs (Figure 1). For the Cy5-DNA8 series
we deduce distances of 22, 24, 28, 37, and 43 Å, and for the
Cy5-DNA43 series we deduce 70, 83, 102, 121, and 162 Å
for the different surface coverages. Therefore, these two
series allow us to tune d from 2 to 16 nm in ten steps.
Time integrated photoluminescence (PL) measurements are
shown in Figure 1c as solid lines. The most intense spectrum
is that of a 0.24 µM aqueous solution of pure Cy5-DNA43
molecules. The PL spectrum with an amplitude of ∼50%
stems from a Cy5-DNA43-AuNP hybrid solution with
maximal surface coverage and a total amount of Cy5-DNA43
molecules equal to that of the 0.24 µM solution of free Cy5DNA43. The weakest PL signal stems from a Cy5-DNA8AuNP solution of highest Cy5-DNA8 surface coverage and
again a comparable amount of total Cy5 molecules. In this
case, the PL is suppressed by 95%. Trivial absorption of
excitation and fluorescence light by the gold nanoparticles
is taken into consideration. Assuming that absorption and
emission probabilities are proportional, we also included the
decrease of the absorption cross section at the excitation
wavelength by using the Gersten-Nitzan theory.12 The OD
spectrum of a 1.94 nM AuNP solution peaks at the AuNP
plasmon resonance at 522 nm (dotted line). Although the
spectral overlap of the Cy5 PL and the AuNP OD is fairly
weak, the Cy5 fluorescence is quenched rather than enhanced
for all samples under investigation.
To investigate the quenching of fluorescence in more
detail, we turn to time-resolved PL spectra. The samples are
excited with the frequency-doubled output (400 nm) of a
mode-locked 120 fs, 76 MHz Ti:Sa laser, and the fluorescence decay is recorded with a streak camera (Hamamatsu
C5680) or by time correlated single photon counting
(TCSPC) with a microchannel plate. Exemplary PL transients
are shown in Figure 2. The green triangles and the blue
diamonds show the PL transients of solutions containing
hybrids with 25 or 19 Cy5-DNA43 molecules per AuNP, and
the red dots show the PL transients of unconjugated Cy5DNA43 molecules. The three curves are normalized to the
Nano Lett., Vol. 5, No. 4, 2005

same total amount of Cy5 molecules and are corrected for
trivial effects. For free Cy5-DNA43 molecules, a monoexponential decay of 1390 ps is found (black fit line). For
both surface coverages a nearly monoexponential decay is
observed as well with time constants of 900 and 950 ps
(black fit lines). Importantly, no decay component on the
time scale of free Cy5-DNA molecules is observed. This
proves that the superfluous unbound Cy5-DNA molecules
have been successfully removed in the five filtration steps.
This is different than a previous study where we used weakly
binding thioether groups instead of SH groups to anchor the
chromophores to the AuNPs.11 An ultrafast PL spike at t )
0, which was observed in ref 11 and which is due to ultrafast
fluorescence from gold nanoparticles,38 is hidden by the much
more intense PL signal from the Cy5 molecules in the present
case.
The monoexponential fit of both PL traces also shows that
the 25 or 19 Cy5-DNA43 molecules attached to each AuNP
show a remarkably homogeneous PL decay. This means that
the distance between the Cy5 molecules and the AuNPs is
well defined as depicted in Figure 1b and that it is very likely
that there is a dominant orientation of the transition dipole
of the Cy5 molecules. The fact that the time-integrated
fluorescence increases with increasing surface coverage
shows that concentration quenching does not play a mayor
role. For all other samples, similar results of monoexponentially decaying PL traces are obtained.
From the time-resolved spectra we can deduce the
fluorescence rate Rfluo ) τ-1
fluo and the radiative rate Rrad of
the Cy5 molecules. The latter can be deduced from the count
rate Ifluo(t ) 0) immediately after the excitation of the dye
molecules:11,39
Ifluo (t ) 0)
Rrad ) R0rad 0
Ifluo (t ) 0)
where I0fluo(t ) 0) is the count rate and R0rad ) 1.8 × 108 L/s
is the radiative rate of the unbound Cy5-DNA molecules.
We can also determine the nonradiative rate Rnonrad from these
two quantities by subtracting Rrad from Rfluo. Rnonrad is the
sum of the intrinsic nonradiative rate R0nonrad and the energy
transfer rate RET. We neglect charge carrier transfer as an
additional route of fluorescence quenching. This is justified
because the Cy5 molecules are at least 2 nm above the
surface, and therefore charge tunneling does not play a major
role. In addition, the Cy5 molecules are attached with
ssDNA, which has been shown to be a weak conductor.40
The nonconducting alkyl spacers at both termini of the DNA
additionally inhibit charge transfer.19
Rrad and Rnonrad are shown in Figure 3a,b, respectively, as
a function of d, together with theoretical rates calculated with
the Gersten-Nitzan model.12 The x-error bars indicate the
uncertainty in d, which means that some DNA strands may
not be fully stretched. The y-error bars in Figure 3b are
determined from the quality of the fits to the PL decay curves
and are (10%. In the calculations, the orientation of the Cy5
transition dipoles is assumed to be tangential (dash dotted
587

Figure 3. (a) Radiative rate, (b) nonradiative rate, and (c) quantum
efficiency of Cy5 molecules as a function of their distance to the
gold nanoparticle surface. The solid lines are the radiative and
nonradiative rates and quantum efficiencies with negligible influence
of the Au NPs. Calculated radiative and nonradiative rates and the
resulting quantum efficiencies are shown for molecular dipole
orientations that are perpendicular (dotted lines) or tangential (dash
dotted lines) to the NP surface. The experimentally determined rates
are shown as black dots.

line) or perpendicular (dotted line) to the AuNP surface.
R0rad is given for reference by a horizontal solid line in
Figure 3a. We observe that Rrad increases monotonically from
3.65 × 106 1/s to 1.03 × 108 1/s when the distance d is
increased from 2.2 to 16.2 nm, where it has almost relaxed
to its intrinsic value R0rad. As Rrad < R0rad in all cases, we
conclude that the dominant orientation of the Cy5 dipoles is
tangential to the AuNP surface.
The experimentally observed nonradiative rates increase
from 1 × 109 to 2 × 109 1/s when d is decreased from 16.2
to 2.2 nm. This reflects the increasing contribution of
resonant energy transfer to the nonradiative decay. However,
the experimentally found increase of energy transfer with
decreasing distance is weaker than expected from the
Gersten-Nitzan model. This finding is in accordance with
previous reports where distances of 1 to 2 nm between the
chromophore and the AuNPs have been examined.11,19 In a
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very recent theoretical work it has been discussed that a
quantum mechanical treatment of the molecule and the
consideration of the response of the surrounding to a
molecular transition can give a better match between theory
and experiment.41 We also observe that for large Cy5-AuNP
spacings, Rnonrad does not recover to the intrinsic nonradiative
rate R0nonrad ) 5.4 × 108 1/s but levels off at Rnonrad ) 1.08
× 109 1/s (Figure 3b, solid line). This might be due to an
additional (weak) quenching of the Cy5 fluorescence by
nearby guanine bases of adjacent DNA molecules42 or by
some weak concentration quenching. In the latter case,
however, the absorption bands of dimers and trimers should
be observable in the absorption spectra. As we do not observe
such spectral bands, we attribute the additional quenching
to guanine bases.
The quantum efficiency defined as Rrad/(Rrad + Rnonrad)
follows the calculated quantum efficiencies using the
Gersten-Nitzan model (Figure 3c). This is due to the fact
that both radiative and nonradiative rates are overestimated
by the model. Importantly, the experimental results demonstrate that the reduced quantum efficiency is almost exclusively due to the reduced radiative rate and the energy
transfer is of minor importance. This can be explained
because the PL emission wavelength of Cy5 is red shifted
with respect to the AuNP plasmon resonance, and the
suppression of the radiative rate is due to a phase difference
between the molecular dipole and the AuNP plasmon. It is
well-known that the energy uptake of a driven resonator like
the AuNP plasmon relaxes more quickly with detuning than
does its phase lag. Therefore, AuNPs influence the radiative
rate of red dyes such as Cy5 much more than the energy
transfer rate.
We want to point out that we find decreased quantum
efficiencies for all examined distances between 2.2 and 16.2
nm. In contrast, for metal nanoparticles on a glass substrate
or a rough metal film, an increase in fluorescence is
frequently reported when the chromophores are located ∼10
nm above the surface.21-26 Only for chromophores of
extremely low intrinsic quantum efficiency (<1%) and only
if the chromophores are excited with light matching the
AuNP plasmon resonance frequency an increased fluorescence may also be found for chromophore-AuNP hybrids
in aqueous solutions. However, up to now all studies of
chromophore-AuNP hybrids show reduced fluorescence.7-9,11,19,20 Further, for both dipole orientations the
Gersten-Nitzan model predicts a reduced fluorescence
quantum efficiency (Figure 3c). Presumably, field enhancement effects, which are much more pronounced at nanostructured surfaces than at isolated spherical AuNPs,43 are
of decisive importance for increased fluorescence of chromophores near metal nanostructures.
In conclusion, we have shown that hybrid systems of Cy5
molecules attached to AuNPs using ssDNA show reduced
fluorescence in the distance range between 2.2 and 16.2 nm.
Different surface coverages of ssDNA allow us to fine-tune
the distance between the Cy5 molecules and the AuNP
surface. The changes of the radiative and the nonradiative
rates with the distance are monitored using time-resolved
Nano Lett., Vol. 5, No. 4, 2005

PL spectroscopy. The theoretical model by Gersten and
Nitzan overestimates both rates but seems to predict the
quantum efficiency correctly. This highlights that timeresolved measurements are vital for a full understanding of
the true nature of fluorescence quenching. In the case of red
emitting Cy5 molecules, the PL quenching is almost exclusively governed by a phase-induced suppression of the
radiative rate.
Acknowledgment. We thank A. Helfrich and W. Stadler
for excellent technical assistance. Financial support by the
Deutsche Forschungsgemeinschaft through the funding program SFB 486/B3 (J.F., T.A.K.) and an Emmy-Noether grant
(W.J.P.) and through the Gottfried-Wilhelm-Leibniz Award
is gratefully acknowledged.
References
(1) Mirkin, C. A.; Letsinger, R. L.; Mucic, R. C.; Storhoff, J. J. Nature
1996, 382, 607.
(2) Alivisatos, A. P.; Johnsson, K. P.; Peng, X.; Wilson, T. E.; Loweth,
C. J.; Bruchez, M. P.; Schultz, P. G. Nature 1996, 382, 609.
(3) Zanchet, D.; Micheel, C. M.; Parak, W. J.; Gerion, D.; Williams, S.
C.; Alivisatos, A. P. J. Phys. Chem. B 2002, 106, 11758.
(4) Elghanian, R.; Storhoff, J. J.; Mucic, R. C.; Letsinger, R. L.; Mirkin,
C. A. Science 1997, 277, 1078.
(5) Yguerabide, J.; Yguerabide, E. E. J. Cell. Biochem. Suppl. 2001,
37, 71.
(6) Powell, R. D.; Halsey, C. M. R.; Hainfeld, J. F. Microsc. Res. Technol.
1998, 42, 2.
(7) Dubertret, B.; Calame, M.; Libchaber, A. J. Nature Biotech. 2001,
19, 365.
(8) Maxwell, D. J.; Taylor, J. R.; Nie, S. J. Am. Chem. Soc. 2002, 124,
9606.
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ABSTRACT
Cytotoxicity of CdSe and CdSe/ZnS nanoparticles has been investigated for different surface modifications such as coating with mercaptopropionic
acid, silanization, and polymer coating. For all cases, quantitative values for the onset of cytotoxic effects in serum-free culture media are
given. These values are correlated with microscope images in which the uptake of the particles by the cells has been investigated. Our data
suggest that in addition to the release of toxic Cd2+ ions from the particles also their surface chemistry, in particular their stability toward
aggregation, plays an important role for cytotoxic effects. Additional patch clamp experiments investigate effects of the particles on currents
through ion channels.

Introduction. Recent progress in nanotechnology allows for
the creation of new materials with properties tunable on the
nanometer scale. Currently, already first attempts to use the
functionality of such “smart” nanomaterials in life sciences
are reported. Applications range from using fluorescent
nanoparticles as dyes for fluorescence labeling of cells1-3
and for motility assays4, using gold nanoparticles for
immunostaining5 and gene delivery6, to using magnetic
nanoparticles as contrast agents for magnetic resonance
imaging7,8 and for hypothermia.8,9 In addition to working with
cell cultures, nanoparticles have been successfully introduced
in animal experiments as contrast agents,10,11 and future use
in clinical applications is envisioned.12 It is evident that for
any clinical application biocompatibility of the nanoparticles
is crucial. Since nanoparticles are different from their
respective bulk material due to their size, it is an obvious
question to ask for potential dangers arising from their
smallness.13 We can think of at least three different pathways
by which nanoparticles introduced into an organism could
interfere with its function and finally lead to impairment.
(1) Most evident, introduced nanoparticles can be composed
of toxic materials. This is true, for example, for fluorescence
CdSe as well as for magnetic Co particles. Upon corrosion
inside the organism, toxic ions could be released which
finally poison the cells. Cytotoxic effects of Cd2+ (refs 1418) and other metal ions19 are well-known. Compared to the
respective bulk material, partial decomposition and release
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of ions is more likely for nanoparticles due to their enhanced
surface-to-volume ratio. (2) There might be a negative effect
of particles in general on cells, regardless of the material of
the particles. It is known that particles can stick to the surface
of cell membranes,20,21 and particles are also known to be
ingested by cells.4,21-23 Mantling of the cell membrane and
storage of particles inside cells might have impairing effects,
even for absolutely inert particles that do not decompose or
react. (3) There might be an effect caused by the shape of
the (inert) particles. It has been reported for example, that
carbon nanotubes can impale cells like needles.24,25 Particles
of the same material but in a different modification can have
a different toxic effect on cells in this way: Carbon
nanotubes that have reached the lung are significantly more
toxic than carbon-black and graphite.24,25 So far, most
cytotoxicity studies on nanomaterials are focused on aerosols26 and involve particle uptake by the lungs. Such studies
are important for many technical devices, for example,
regarding the output of platinum nanoparticles from the
catalysts of cars which might potentially endanger people
who inhale these particles.27,28 In this study we focus on the
toxic effects of colloidal nanoparticles dispersed in aqueous
solution on cells. As already mentioned above, many
different types of colloidal nanoparticles can be used for a
broad variety of applications in life sciences and medicine.
In this study we will focus on fluorescent CdSe and CdSe/
ZnS nanoparticles.
To our knowledge, so far only two studies exist in which
the cytotoxic effects of CdSe and CdSe/ZnS nanoparticles
are investigated in detail. Derfus et al. have reported that

CdSe particles dissolved in aqueous solution release Cd2+
ions29 and that the concentration of the Cd2+ ions directly
correlates with cytotoxic effects. The same authors have
demonstrated that ion release is enhanced by oxidation, either
through exposure to air or UV irradiation, but is repressed
by encapsulating the particles with appropriate shells, as with
ZnS and an additional organic shell. Shiohara et al. have
investigated the cytotoxic effects of CdSe/ZnS particles of
different size on three different cell types.30 The same group
claims that for CdSe/ZnS particles the main source of
cytotoxicity is not their cadmium content but rather the
interaction of the particle surface with the cells.31 In our work
described here we want to extend these studies to investigate
the effect of different organic shells on cytotoxicity. Also,
quantitative values for the onset of cytotoxic effects are
determined.
Materials and Methods. Several cell lines (NRK fibroblasts, MDA-MB-435S breast cancer cells, CHO cells, RBL
cells) were grown on standard cell culture substrates (All
Materials and Methods can be found in detail in the
Supporting Information). Nanocrystals of different materials
and different surface coatings dissolved in water were added
at different concentrations to adherent cells. In particular,
CdSe,32 CdSe/ZnS,33 and Au34 nanocrystals coated with
mercaptopropionic acid,35 embedded in a silica shell35,36 or
embedded in an amphiphilic polymer shell,37 were investigated. In a first set of experiments, uptake of the nanocrystals
by cells was investigated. For this purpose, green and red
fluorescent CdSe/ZnS nanocrystals with different surface
coatings were added to the cells, and after 18 h incubation
the nuclei of the cells were stained with DAPI.4 Living cells
were then imaged with differential interference contrast (DIC)
and fluorescence microscopy. In this way the position of the
nuclei and the ingested nanocrystals with two different
surface coatings could be co-localized by their color of
fluorescence (blue, green, red). In a second set of experiments, toxic effects of the ingested particles on the cells were
investigated. From previous studies it is known that the
adhesion behavior of NRK fibroblast is highly sensitive to
toxic metal ions.38 In the study described here, the proliferation of the adherent cells was blocked by exchanging the
culture medium to SATO medium.39 The number of adherent
cells per labeled region on the cell culture substrate was
counted and nanocrystals were then added at several
concentrations. After 48 h of incubation, the nonadherent
cells were removed by rinsing and the number of the adherent
cells at the same region was counted. In this way the ratio
R of the number of adherent cells after and before incubation
with nanocrystals, detected at the identical position, could
be derived. The more toxic the effect of the nanocrystals on
the cells, the lower this value is expected to be. As control,
the constituents of the nanocrystals as Cd2+ and Se2- ions
and mercaptopropionic acid were added to the cells. In
addition, the viability of the adherent cells before and after
incubation with the nanocrystals was measured with a
commercially available test (L3224, Molecular Probes). As
a third set of experiments, nanocrystals were added to cells
expressing hERG ion channels, and the effect of the
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nanocrystals on the ionic currents through these channels
was investigated with an automated patch-clamp setup
(Nanion40,41). This idea is similar to a previous study.42
Uptake of nanocrystals by the cells was monitored by
confocal microscopy.
Results and Discussion. Uptake of CdSe/ZnS Nanocrystals
by MDA-MB-435S Breast Cancer Cells. In Figure 1 fluorescence and DIC images of MDA-MB-435S breast cancer
cells that have been incubated for 18 h in serum-supplemented cell medium containing around c(CdSe/ZnS particles)
) 2-10 nM water-soluble CdSe/ZnS nanocrystals are
shown. For each experiment red and green fluorescent
nanocrystals with different surface coatings were used
simultaneously, and experiments were performed for all
different combinations. In particular, particles coated with
mercaptopropionic acid (MPA), a silica shell bearing phosphonate groups (phos-silane), a silica shell bearing polyethylene groups (PEG-silane), and an amphiphilic polymer
(polymer) were used. From the images shown in Figure 1 it
is evident that most of the different particles are ingested by
the cells. By staining the nucleus with DAPI and manually
changing the focus it could be shown that the ingested
particles are stored in vesicular structures around the nucleus.
For almost all combinations of particles with different surface
coating, the ingested particles were stored in similar vesicular
structures. Our data indicate that MPA, phos-silane, and
polymer-coated particles are ingested by the cells in a very
similar way, since these particles were found to co-localize
inside the cells. However, different behavior was observed
for PEG-silane coated particles. Whereas small greenfluorescent particles (hydrodynamic diameter of ∼13 nm,
unpublished results) were barely found inside the cells, bigger
red-fluorescent particles (hydrodynamic radius of ∼24 nm)
could be detected inside the cells. These co-localization data
demonstrate that water-soluble CdSe/ZnS particles are
ingested by MDA-MB-435S cells in a nonspecific way,
regardless of their size (in the range between 10 and 24 nm)
and surface coating. Only for small PEG-silane coated
particles uptake is significantly reduced. Nanocrystal uptake
has also been demonstrated for other cell lines, such as NRK
fibroblasts (data not shown).
Detachment of NRK Fibroblast from the Cell Culture
Substrate upon Incubation with Nanocrystals. Since a
previous study suggests that Cd2+ ions released from the
surface of Cd-containing nanocrystals are the main cause of
toxic effects,29 we converted the concentration of CdSe and
CdSe/ZnS particles to the concentration of Cd atoms on the
surface of the CdSe core (see Supporting Information). This
means that, in the case of a 1 nM concentration of CdSe
particles with 100 surface Cd-atoms per particle, the concentration of Cd surface atoms is 100 nM. Analogously, the
concentration of Au particles was converted to the concentration of Au atoms on the surface of the Au particles. The
study of Shiohara et al. showed that for the same mass
concentration (mg/mL) of particles cytotoxic effects are
higher for smaller particles.30 Since for smaller particles the
surface-to-volume ratio is higher, these findings support our
idea to plot a “concentration parameter” proportional to the
Nano Lett., Vol. 5, No. 2, 2005

Figure 1. Red and green fluorescent CdSe/ZnS nanocrystals with different surface coatings have been ingested by MDA-MB-453S cells.
Images of the cells were recorded with differential interference contrast (DIC) microscopy, and the nanocrystals and the DAPI-stained
nuclei were recorded with fluorescence microscopy. For each experiment, always red and green fluorescent nanocrystals with different
surface coatings were used so that their position within the cells can be resolved by their color of fluorescence. The DAPI-stained nuclei
appear in blue. The big images contain the merged DIC and fluorescence images, the smaller images show only the fluorescence. All scale
bars represent 10 µm.

surface and not to the volume of the particles (i.e., to use
the surface atom instead of the particle concentration). In
Figure 2, the ratio R between the number of adherent cells
after and before incubation with nanoparticles is shown. As
reference, this ratio is shown also for the case of incubation
with Cd salts.
As is seen in Figure 2a, the same characteristic tendency
can be observed in Figure 2b. For low Cd concentrations, R
adopts a constant value well below 1. With an increased
number of Cd (surface) atoms, R first decreases to a
minimum value and then increases again to a value that can
be close to 1. Thus, we can divide these curves in three
different concentration regions. In the first region, the
concentration of Cd atoms is very low and cell viability tests
showed that all attached cells were alive (see Supporting
Information). Exchanging the serum-containing cell culture
medium to serum-free SATO medium resulted in the
detachment of a significant fraction of cells, i.e., R < 1 even
for c(Cd) ) 0. Therefore, we assume that there are no toxic
effects due to Cd in the first region of low Cd concentration
and that the value of R < 1 can be simply explained by the
effect of the SATO medium. In the second concentration
Nano Lett., Vol. 5, No. 2, 2005

region, R drops. This means that more cells are detached
due to the increased concentration of Cd (surface) atoms.
Viability tests showed that attached cells in this region were
still alive. For this reason we assume that in this region the
viability of the cells is decreased due to poisoning by Cd2+
ions in solution. Poisoned cells detach and therefore are not
counted, which results in a decrease in R. We might refer to
this effect as apoptosis. Upon further increment of the Cd
concentration R raises again, even sometimes to values larger
than the value for very low Cd concentrations. Viability tests
showed that the attached cells in this region were dead. We
therefore assume that the concentration of Cd2+ ions in
solution was sufficiently high to immediately poison the cells
before they could start to detach. We might refer to this effect
as necrosis. This differentiation is suggested by the detailed
study of López et al., in which apoptosis and necrosis are
reported to be the pathway for cell death for low and high
cadmium concentrations, respectively.18 The same authors
also have shown that cytotoxic effects of Cd2+ ions are more
severe in serum-free medium compared to serum-containing
medium. Therefore, our experimental conditions of serum333

Figure 2. (a-e) Ratio R(c) of adherent cells after/before incubation with Cd salts, CdSe and CdSe/ZnS particles, and Au particles. NRK
fibroblasts have been incubated with (a) cadmium acetate hydrate (CAH) and cadmium perchlorate hydrate (CPH), (b) mercaptopropionic
acid coated CdSe- and CdSe/ZnS nanocrystals, (c) silica-coated CdSe and CdSe/ZnS nanocrystals, (d) polymer-coated CdSe and CdSe/ZnS
nanocrystals, and (e) polymer and mercaptoundecanoic acid (MUA) coated Au nanocrystals. The Cd salts fully dissociate in aqueous
solution. Therefore, in (a) the x-axis represents the concentration c(Cd atoms) of Cd atoms in solution. In (b-d) the x-axis represents the
concentration c(Cd surface atoms) of all the Cd atoms that are on the surface of the nanoparticles (see the Supporting Information; there
also the scaling factor between c(Cd surface atoms) and c(CdSe particles) is given), and in (e) the x-axis represents the concentration c(Au
surface atoms) of all the Au atoms that are on the surface of the nanoparticles. In each case results are shown for at least three separate
series. For each data point within each series around 20000 cells were analyzed. For practical reasons in each series only a limited number
of data points could be recorded (due to the limited number of cells that could be analyzed under the same conditions). For this reason not
all series span the whole concentration range. Therefore, to compare the separate series for similar tendencies, the data points of each series
were fitted with a double sigmoidal curve: R(c) ) a1 - a2/(1 + exp((a3 - c)/a4)) + a5/(1 + exp(a6 - c)/a7)) with seven fit parameters
a1-a7. The derived parameters for the respective series are enlisted in the table shown below. The value R(c ) 0) represents the control
sample to which no Cd, or CdSe or CdSe/ZnS nanoparticles have been added, but in which cell growth has been affected by changing the
serum-containing medium to SATO medium. Due to a limited amount of nanocrystals, the accessible concentration range was limited. In
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(a) and (b) clearly the double sigmoidal behavior of R(c) can be seen. As indicator for the concentration limit of the onset of cytotoxic
effects we use the a3 parameter from the fits (a) <a3> ) <0.35, 0.60, 0.48> µM ) 0.48 ( 0.13 µM, (b) <a3> ) <0.58, 0.58, 0.79> µM
) 0.65 ( 0.12 µM for CdSe and (c) <a3> ) <4.9, 6.8> µM ) 5.9 ( 1.3 µM for CdSe/ZnS particles. In (c) no general tendency of R(c)
can be seen for PEG-silica coated nanoparticles and R(c) seems to remain constant over the investigated concentration range. On the other
hand, R(c) decreases for increased concentrations of phosphonate-silica coated nanoparticles. In (d) and (e) the shape of R(c) can be
approximated with a sigmoidal curve with the a3 parameter from the fits as indicator for the concentration limit of the onset of cytotoxic
effects: (d) <a3> ) <0.83, 0.77> ) 0.80 ( 0.04 µM for CdSe and <a3> ) <0.93, 1.0> µM ) 0.98 ( 0.07 µM for CdSe/ZnS particles,
(e) <a3> ) 3.2 µM for polymer and <a3> ) <1.2, 2.7> µM ) 2.0 ( 1.1 µM for MUA-coated Au particles. In the case of CdSe and
CdSe/ZnS particles λcore denotes the wavelength of the first exciton peak of the CdSe core. In the case of Au and CdSe particles dcore
denotes the diameter of the particles, and in the case of CdSe/ZnS particles dcore denotes the diameter of the CdSe core underneath the ZnS
shell. The number of surface atoms per core in the case of CdSe, Au, and CdSe/ZnS particles is the number of Cd, Au, and Cd atoms on
the surface of each CdSe particle, Au particle, and CdSe core underneath the ZnS shell, respectively. The terms a1, a2, a3, a4, a5, a6, and
a7 are the resulting fit parameters for the function R(c) ) a1 - a2/(1 + exp((a3 - c)/a4)) + a5/(1 + exp(a6 - c)/a7)). R(c) describes a double
sigmoidal curve. Sigmoid curves are typically used in toxicology to describe dose-response functions. All values of one sigmoidal curve
are between two asymptotes, determined by a1 and a1+a2. The parameter a2/(4a4) controls the slope in terms of a rate at the inflection point
a3, which is the response halfway between the baseline and the maximum, also called EC50. A double sigmoidal curve is the superposition
of two single sigmoidal curves. (f) Overlay of phase-contrast and fluorescence image for NRK cells incubated for 48 h with CdSe/ZnS
nanocrystals. The images of these cells correspond to the high concentration range shown in (b), (c), and (d). For MPA-coated CdSe/ZnS
particles, cells incubated at high particle concentrations are dead, while the cell debris remains on the substrate. For silane coated particles
no effect of the particles on the cells can be observed; even for high particle concentrations, the particles are ingested and stored around
the nucleus and cells remain adherent. Polymer-coated particles at high concentrations tend to precipitate on the cell surface. Most cells
detach from the surface, while the few still adherent cells are alive. Clearly different behavior dependent on the particle surface compared
to the low concentration regime shown in Figure 1 can be seen.
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CdSe (PEG)
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560
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560
560
560
560
560
560
510
510
560
599
599
510
-

3.3
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3.3
3.3
3.3
3.3
3.3
3.3
2.4
2.4
3.3
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4.5
2.4
4.6
4.6
4.6

110
213
213
61
61
110
110
110
110
110
110
62
62
110
213
213
62
831
831
831

free culture should allow for a very sensitive detection of
cytotoxic effects.
In Figure 2a the concentration of Cd atoms is equal to the
concentration of free Cd2+ ions in solution because Cd was
administered as salt. In Figure 2b the concentration of Cd is
given as the concentration of Cd atoms on the surface of
CdSe particles or on the surface of the CdSe core below the
ZnS shell of CdSe/ZnS particles. Taking into account the
findings of Derfus et al.,29 who have shown by inductively
coupled plasma optical emission spectroscopy (ICP/OES)
measurements that free Cd2+ ions are released by CdSe
particles, we can assume that a part of the Cd surface atoms
Nano Lett., Vol. 5, No. 2, 2005

a1

a2

a3
[µM]

a4

a5

a6 [µM]

a7

0.52
0.76
0.61
0.75
-0.049
0.52
0.47
0.45
0.51
0.61
0.76
0.77
0.78
0.53
0.48

0.12
0.42
-0.22
0.22
0.88
1.6
0.60
0.18
-0.29
-0.25
-0.43
-0.38
-0.43
-0.20
-0.22

0.35
0.60
0.48
0.58
0.58
0.79
4.9
6.8
0.83
0.77
0.93
1.0
3.22
1.2
2.7

0.042
0.22
-0.11
0.083
0.37
0.39
1.4
0.88
0.73
0.51
0.45
0.48
0.93
1.2
1.1

0.29
0
0.20
0.25
1.7
1.8
1.2
0.66
0
0
0
0
0
0
0

3.6
2.7
1.1
0.22
0.80
8.5
16
-

0.43
0.31
0.37
1.1
0.63
2.4
2.1
-

is released to solution as Cd2+ ions, which are, according to
this study, primarily responsible for cytotoxic effects. Our
data suggest that, for our conditions (serum-free medium,
48 h incubation time, NRK cells), toxic effects of Cd2+ ions
start at concentrations of about c(Cd atoms) ) 0.48 ( 0.13
µM (see Figure 2a). For CdSe and CdSe/ZnS particles, toxic
effects start at concentrations of about c(Cd surface atoms)
) 0.65 ( 0.12 µM and 5.9 ( 1.3 µM Cd surface atoms (see
Figure 2b). Within the hypothesis that Cd2+ ions released
into solution are the main source for cytotoxic effects, a
comparison of these values suggests that a significant amount
of the Cd atoms on the surface of CdSe particles is released
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as Cd2+ ions into solution (≈0.48 µM/0.65 µM ≈ 75% as a
very rough estimate), but that the mantling of CdSe with a
ZnS shell drastically reduces this value to a rough estimate
of 0.48 µM/5.9 µM ≈ 8%. Here we want to point out again
that both the CdSe and the CdSe/ZnS particles had the same
surface chemistry, a ligand shell of mercaptopropionic acid.
Therefore, this direct comparison is another indicator that
in this case indeed the release of Cd2+ and not eventual
effects of the surface chemistry is responsible for the
cytotoxic effects.
We also tested the other constituent of mercaptocarbonic
acid coated CdSe and CdSe/ZnS nanoparticles for cytotoxic
effects. No cytotoxic effects of Se2- (selenious acid) and
Zn2+ (zinc chloride) ions could be observed up to concentrations of 40 µM (we were not able to investigate higher ion
concentrations). The ligands used to stabilize the particles
in water, mercaptopropionic acid (MPA), led to cell detachment at concentrations between 1 and 10 mM (the same value
was found for an alternative ligand, mercaptoacetic acid).
Compared to the onset of cytotoxic effect of Cd2+ ions at
concentrations of about 0.48 µM, this suggests that cadmium
is the main source of cytotoxic effects of mercaptopropionic
acid stabilized CdSe and CdSe/ZnS nanocrystals (at most,
one MPA molecule can be attached per Cd surface atom).
Instead of coating the nanocrystals with a monolayer ligand
shell of mercaptopropionic acid, more stable coatings are
also possible. First, we investigated the effect of embedding
nanocrystals in a silica shell, which comprises many layers
of cross-linked silane molecules. From Figure 2c it can be
seen that a PEG-silica shell basically prevented toxic effects
of particles on cells in the investigated concentration range.
Even for PEG-silica coated CdSe nanoparticles, no clear toxic
effects up to Cd surface atom concentrations of 30 µM were
found. On the other hand, R(c) decreased upon increasing
the concentration of phosphonate-silica coated CdSe nanoparticles. Microscopy images showed reduced particle uptake
for PEG-silica coated particles, whereas phosphonate-silica
coated particles were ingested by the cells and stored around
the nucleus even for high Cd concentrations (Figures 1 and
2f). Viability tests showed that as well for PEG-silica as for
phosphonate-silica coated particles within the whole concentration region, all adherent cells were living. For phosphonate-silica coated CdSe particle R(c) started to decrease
only at higher Cd surface atom concentrations than MPA
coated CdSe particles. Therefore, we conclude that the crosslinked silica shell around the particles in general is a good
barrier against the release of Cd2+ ions from the particle
surface. In addition, embedding PEG-groups in the silica shell
reduced the uptake of the particles (see microcopy images
Figure 1), which resulted in reduced cytotoxicity (see the
R(c) curves shown in Figures 2b and 2c). Since silica shells
embedding PEG and phosphonate groups should prevent the
release of Cd2+ ions, in the same way we can further
conclude that not only is the absolute concentration of Cd2+
ions responsible for cytotoxic effects but also the location
where the Cd2+ ions are released is very important. If
particles are ingested by cells, Cd2+ can be released directly
inside cells (e.g., for phos-silica coating), which seems to
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cause more severe cytotoxic effects than release of Cd2+
outside cells (e.g., for PEG-silica coating).
For polymer-coated CdSe and CdSe/ZnS nanocrystals, a
gradual decrease of R upon increased Cd concentration was
observed (Figure 2d). Viability tests showed that all adherent
cells were living for all Cd surface atom concentrations,
although there were basically no adherent cells left in the
case of high Cd concentrations (right part of the curve in
Figure 2d). Phase contrast and fluorescence microscopy
analysis showed that, in the case of high concentrations,
clouds of nanoparticles precipitated on the surface of the cells
and on the cell culture substrate (Figure 2f). In the case of
low concentrations no precipitation effects were observed,
and it is important to point out that under these conditions
polymer-coated particles were ingested by cells similar to
silanized and mercaptopropionic acid coated ones (Figure
1). Reduction in the number of adherent cells already started
at Cd surface atom concentrations of 0.80 ( 0.04 µM for
CdSe and 0.98 ( 0.07 µM for CdSe/ZnS particles.
Most striking, for inert polymer-coated Au nanoparticles
the same effects were observed as for polymer-coated CdSe
and CdSe/ZnS nanoparticles (Figure 2e). This excludes the
effect of Cd2+ ion release as the only source for poisoning
of the cells in the case of polymer-coated particles. We
therefore conclude that in the case of our polymer-coated
particles the precipitation of the particles on the cells and
not the release of Cd2+ atoms is the major factor for cell
impairment. Again, we have to recall that for low particle
concentration regular particle uptake by the cells has been
observed and that therefore our polymer-coated particles are
still useful for cellular labeling. Recently, other groups have
reported a modified polymer coating procedure in which
polyethylene groups are incorporated in the polymer shell,10
which should make these particles more stable against
precipitation. Also, for other systems such as C60 fullerenes,
it has been observed that cytotoxicity correlates with water
solubility and thus with the surface chemistry of the
particles.43
Impairment of Currents through Ion Channels upon
Incubation of Cells with Nanocrystals. Two cell lines (RBL
and CHO) were investigated regarding changes in their
morphology and their electrophysiological properties upon
incubation with nanocrystals. The CHO cell line was stably
transfected to express the hERG channel, and the used RBL
cell line endogenously expressed an inward rectifying
potassium channel. For CdSe/ZnS particle concentrations in
the nM range and incubation times of up to 2 days in serumcontaining medium, no morphological changes of the cells
were identified using high magnification light microscopy
(see Supporting Information), although uptake of the nanocrystals by the cells was clearly verified by fluorescence
microscopy (Figure 3a). Patch-clamp recordings under
identical experimental circumstances of untreated and incubated cells revealed no changes of ion channel function and
characteristic electrophysiological properties of the cells. In
Figures 3b and 3c, currents through the ion channels of RBL
and CHO cells before and after incubation with nanocrystals
are displayed. As ion channels play an important role in the
Nano Lett., Vol. 5, No. 2, 2005

Figure 3. (a) RBL cells after 4 h incubation with c(CdSe/ZnS
particles) ) 10 nM MPA-coated CdSe/ZnS particles on the patchclamp chip (wavelength of the absorption peak of the CdSe core λ
) 508 nm, corresponding to a CdSe core diameter of d ) 2.4 nm;
61 Cd surface atoms per nanoparticle). The bright field and
fluorescence image as well as the overlay of both of them are
shown. (b) hERG currents as obtained from one nontreated CHO
cell and from one cell incubated 3 h in 5 nM MPA-coated CdSe/
ZnS nanocrystals (wavelength of the absorption peak of the CdSe
core λ ) 508 nm, corresponding to a CdSe core diameter of d )
2.4 nm; 61 Cd surface atoms per nanoparticle). (c) Endogenous
K+ inward rectifier currents of RBL cells without treatment and 3
h after incubation in 5 nM MPA-coated CdSe/ZnS nanocrystals
(wavelength of the absorption peak of the CdSe core λ ) 508 nm,
corresponding to a CdSe core diameter of d ) 2.4 nm; 61 Cd
surface atoms per nanoparticle).

cells vitality and function, their characteristics and functionality are a subtle indicator of the condition and viability of
the cells. We suggest that for our experimental conditions
for concentrations sufficient for CdSe/ZnS fluorescence
labeling of cells no impairment of the ion channels of the
investigated cells is observable.
Conclusions. In addition to a previous study,29 we have
determined the concentration limits of mercaptopropionic
acid coated CdSe and CdSe/ZnS nanocrystals in a more
detailed and absolute way. Poisoning of NRK cells due to
the release of Cd2+ ions starts at concentrations of 0.65 (
0.12 µM and 5.9 ( 1.3 µM of surface Cd atoms for
mercaptopropionic acid coated CdSe and CdSe/ZnS particles,
respectively (Figure 2b). In agreement with previous studies29
our data show that coating of CdSe particles with a ZnS
shells increases the critical concentration up to which no toxic
effects can be observed by almost a factor of 10. Since a
ligand shell of mercaptopropionic acid around the particles
is not very stable, such a shell cannot prevent the release of
Cd2+ ions from the particle surface. On the other hand,
embedding the particles in a stable ligand shell of crosslinked silica molecules dramatically reduces the release of
Cd2+ ions. In the case of PEG-silica coated CdSe and CdSe/
ZnS particles we could not observe any toxic effect up to
concentrations of 30 µM Cd surface atoms (Figure 2c). We
ascribe this to the fact of reduced uptake of these particles
by cells. For polymer-coated nanocrystals, an additional
pathway of poisoning was observed. For polymer-coated
CdSe and CdSe/ZnS nanocrystals, cytotoxic effects started
at concentrations of approximately 0.80 ( 0.04 µM and 0.98
( 0.07 µM Cd surface atoms, respectively. These values
seem to be independent of an optional ZnS shell around the
Nano Lett., Vol. 5, No. 2, 2005

CdSe particles. Cytotoxic effects for polymer-coated particles
start at slightly higher concentrations than for MPA-coated
CdSe, but already at significantly lower concentrations than
for MPA-coated CdSe/ZnS particles. These data suggest that
the polymer shell rather than an MPA shell is a better
diffusion barrier against the release of Cd2+ ions from CdSe
surfaces. On the other hand, if Cd2+ is drastically hindered
by a ZnS shell around the CdSe particles, cytotoxic effects
are more severe for polymer- than for MPA-coated particles.
This effect could be attributed to a precipitation of the
polymer-coated particles on the cell surface (Figure 2f).
We conclude that, in addition to the release of Cd2+ ions
from the surface of CdSe or CdSe/ZnS nanoparticles, cells
can also be impaired if nanoparticles precipitate on the cell
surface. Furthermore, cytotoxic effects are different in the
case that particles are ingested by the cells compared to the
case that particles are just present in the medium surrounding
the cells. From this point of view it is important to correlate
any study on the cytotoxicity of particles with a detailed
microscopy analysis about the pathway of particle uptake.
In accordance with another study,31 our data indicate a
massive influence of the surface chemistry of the particles
on their cytotoxic behavior in addition to the release of toxic
molecules. Certainly many aspects of particle cytotoxicity
still have to be investigated, since effects strongly depend
on many parameters such as surface chemistry, type of the
cell line, incubation time, serum-containing/free medium, etc.
Cleary, Cd-containing nanoparticles cannot be considered as
100% biocompatible, but depending on the experimental
situation conditions can be found under which no cytotoxic
effects occur.
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(I) Synthesis of the nanoparticles
The synthesis of hydrophobic CdSe, CdSe/ZnS, and Au nanoparticles is described in detail in
the supporting information of a previous paper 1. We have followed these protocols without
change. The hydrophobic particles were transferred to aqueous solution using three different
protocols.
1) The silanization of CdSe/ZnS particles with phosphonate silane has been described by
Gerion et al. 2,3 and the silanization of CdSe/ZnS particles with PEG silane has been
performed as reported by Parak et al. 3.
2) The polymer coating of Au and CdSe/ZnS particles has been described in detail by
Pellegrino et al. 1. We have followed these protocols without change. The same protocol was
applied for the polymer coating of CdSe particles.
3) We have changed our previous protocol in which the transfer of particles to aqueous
solution by ligand exchange with mercaptocarbonic acids is described 2.
The protocols for ligand exchange with mercaptocarbonic acids as used in this study are
reported below:

Coating of CdSe and CdSe/ZnS particles with mercaptopropionic acid
First, CdSe or CdSe/ZnS particles (as prepared in organic solvent as described above)
were washed one time by precipitating them with methanol and redissolving them in
chloroform. The particles were then precipitated by the addition of methanol and the sample
was centrifuged and the supernatant discarded. The ligand exchange on the semiconductor
particles was carried out by taking the wet precipitate (approximately 10 nmol of red
fluorescent particles, or 40 nmol of green fluorescent particles) and adding 2 ml of anhydrous
DMF (N,N-Dimethylformamide, purchased from Sigma, #22,705-6). A homogeneous
distribution of the particles, which did not dissolve, was established by vortexing the sample.
Then, equal molar amounts of mercaptopropionic acid (200 ml, purchased from Sigma,
#M580-1) and 2-mercaptoethanol (160 ml, purchased from Sigma, #56,867-2) were added.
After vortexing the solution turned transparent in the case of CdSe/ZnS particles. The CdSe
cores did not produce a clear solution. This product was stored in the dark at room
temperature until actual experiments with the particles were scheduled. Then, the particles
were precipitated by adding 2 ml of deionized water and centrifugation. The particles were
resuspended in deionized water. The addition of 50-100 ml Base (TMAH dissolved in
methanol in a ratio of 1:3, tetramethylammonium hydroxide pentahydrate from Sigma,
#T7505) yielded a clear solution with a pH of 10. The solution was then run through two
NAP 25 gel columns (purchased from Amersham Biosciences, #17-0852-02) loaded with
deionized water in order to neutralize the pH and to clean the product of remaining reactants.
Coating of Au particles with mercaptoundecanoic acid
Tetraoctylammonium bromide stabilized Au particles dissolved in toluene have been
prepared according to standard protocols 4-7. We have followed the detailed description of the
gold synthesis reported by Pellegrino et al. 1. In this report the tetraoctylammonium bromide
ligands were then replaced by dodecanethiol ligands and the particles remained hydrophobic.
Here we performed a ligand exchange to mercaptoundecanoic acid, which resulted in
hydrophilic and thus water-soluble particles. For the ligand exchange with
mercaptoundecanoic acid we followed the protocol of Mayya et al. 8.
100 ml of tetraoctylammonium bromide stabilized Au particles dissolved in toluene as
prepared by Pellegrino et al. 1 were heated to 65°C. A hot solution (65°C) of 5.8 g
mercaptoundecanoic acid (MUA, Sigma #45.056-1) dissolved in 10 ml toluene was added.
This corresponds to a thirty-fold molar excess of MUA over the initial amount of gold. The
solution was kept at 65°C for 1 hour. Then it was stirred overnight at room temperature. The
day after a precipitate had formed. The solution was then centrifuged, and the translucent
supernatant was discarded. The precipitate was dissolved in 0.1M TRIS buffer and sonicated
to obtain a homogeneous, clear, violet solution of mercaptoundecanoic acid stabilized watersoluble Au-particles.

(II) Calculation of the number of surface atoms per nanoparticle and of the nanoparticle
/ surface atom concentrations
1) Calculation of the number of Cd surface atoms per CdSe particle
Given a certain radius of the particles, the number of surface atoms could be
calculated by comparing the spherical particles with a small, faceted nanorod with the same
surface. We assume, that we find the same number of atoms on a rod as we would find on a
spherical particle. A rod has six lateral and two basal facets, see Figure S1a. On the lateral
(non-polar) facets of the rods one finds one Cd-Atom per 30Å2. This can be understood by
looking at a unit cell of a wurtzite structure, see Figure S1b. The unit cell has the same shape
as the rod; especially it also has the six lateral facets. Each of these facets contains one CdAtom. The area of one of these facets is a•c, with a and c being the lattice constants of the
CdSe-wurtzite structure. With a = 4.28 Å and c = 7.01 Å, one obtains 30.00 Å2 for the area
occupied by one Cd-atom on the lateral facets. A rod can be constructed by adding an
adequate number of layers of atoms onto one core unit cell.
On the hexagonal basal facets of the unit cell there are three atoms. This facet can be
split into six equivalent triangles, each of them with an area of 1/2 • 31/2/2 • a2. So the total
area per atom on this facet can be calculated to 15.86 Å2. However, due to the intrinsic
asymmetry of the wurtzite structure, and due to the growth mechanism, the (0001)-facet is
only occupied by Cd atoms, whereas the opposing (000-1)-facet is composed exclusively of
Se-atoms 9, so that the overall density of atoms of one species on the basal facets, is one per
31,72 Å2, which is roughly the same as on the lateral facets.
As the lateral facets mainly constitute the surface of the rod, a density of 1 atom per 30
2
Å surface area is a good approximation. Overall the number of Cd-atoms on the surface of a
CdSe particle can be calculated as N = 4 ! r2/30Å2, whereby r is the radius of the CdSe
particle.

Figure S1: a) A schematic drawing of a rod. b) A unit cell of the wurtzite structure. Cd atoms
are drawn in blue, Se atom in yellow. In each of the lateral facets there is one cadmium atom
and one Selenium atom. Inner atoms are screened by atoms of the other species. From this
picture one can also understand the difference between the two basal facets (0001) and (000-1).
In this figure the Cd atoms have three bonds upwards, the selenium atoms only one. In the other
direction the situation is contrary. From this derives the chemical difference of the two facets.

2) Calculation of the number of Cd atoms on the surface of the CdSe core of CdSe/ZnS
particles
Since we identified Cd as the main source for cytotoxic effects, the ZnS shell around
the CdSe cores rather has to be considered as a protection shell preventing the release of Cd
atoms from the CdSe core than as an additional source of contamination. For this reason we
consider the Cd atoms on the surface of the CdSe particle core as surface atoms, which are
shielded by the ZnS shell. Thus, the number of Cd surface atoms for one CdSe/ZnS particle is
N = 4 ! r2/30Å2 (analogues to CdSe particles), whereby r is the radius of the CdSe core and
not of the whole CdSe/ZnS particle.
3) Calculation of the number of Au atoms on the surface of Au particles
To estimate the number of atoms on the surface of Au particles a method similar to
that used for the estimation of surface atoms of the CdSe particles is employed. First, we
calculate a mean surface area AAu per atom on a particle, then we calculate the number of
atoms on the surface of a particle with given radius r as N = 4 ! r2 / AAu. In the case of the
gold particles we have to consider that gold grows in fcc-structure. We assume that the
particles’ surface is mainly constituted by (111) and (100) facets. They have a close packing,
and therefore are very stable. On the (100) facet of the unit cell there are two atoms, so with a
lattice constant of a = 4.08 Å we find a density of one atom per 8.3 Å2. On the (111) facet we
find one atom per 7.21 Å2. This can be understood by looking at a cross section of the fcc unit
cell perpendicular to the [111] axis as marked in figure S2b. We find a triangle with three
atoms on each side. The side length is 21/2 • a. One of these triangles contains 2 atoms. So we
find a density of one atom per 7.21 Å2 on the (111) facet. Looking at the model systems Au55
and Au147 (see Figure S2a and b), which have closed shells, one can easily see that their
surface is mainly constituted by (100) facets. Therefore, as an approximation, we used the
value of AAu = 8 Å2 surface area per atom. Overall the number of Au atoms on the surface of
an Au particle can be then calculated as N = 4 ! r2 / 8 Å2, whereby r is the radius of the Au
particle.

Figure S2: a) A model of Au55. This cluster is obtained by covering one single Au atom with two
closed layers of atoms. b) A model of Au147. Marked with arrows on the (100) plane is one face of the
cubic unit cell. On the (111) plane the triangle marks six atoms that can be assigned to one cubic unit
cell.

4) Determination of the concentration of CdSe particles and Cd surface atoms
Measurement of the CdSe particle concentration c(CdSe particles):
The concentration of the CdSe nanocrystals is evaluated according to Yu et al. 10. Here,
absorption spectra of the cores in the range of 200-800 nm were measured with an UV/visible
spectrophotometer (BIOCHROM Ultraspec 3100 pro). The absorption A at first exciton peak
at wavelength l0 is related to the particle concentration of the sample cP = c(CdSe particles)
c ¥ l ¥ e( l0 )
10
by A = P
, where e(l0) is size-dependent the extinction coefficient
, l the
d
pathlength of the cuvette, and d the dilution factor. Thus the particle concentration can be
obtained from the absorption spectra.

†

Calculation of the concentration of cadmium atoms c(Cd surface atoms) of the CdSe
core surface in solution:
For the estimation of the number NCd of cadmium atoms on the surface of a CdSe core we
A (l )
calculate NCd = core 0 , where A Cd = 30 Å 2 (see II.1) is the average area of one Cd atom
ACd
and Acore(l0) the core surface area. The latter value is calculated by Acore (l0 ) = 4r( l0 ) 2core p ,
where rcore(l0) is taken from Yu et al. 10, in dependence of the wavelength l0 of the first
exciton peak. Thus the particle concentration cP = c(CdSe particles) can be converted to a
†
cadmium surface atom concentration cN = c(Cd surface atoms) according to c N = c P ¥ NCd .
†
Calculation of the mass concentration of CdSe nanocrystals in solution:
The mass mNC of one CdSe particle was calculated according to mNC = mcore = dCdSe ¥ Vcore ,
†
4 3
g
using the particle volume Vcore = rcorep and the mass density of CdSe dCdSe = 5.810 3 and
3
cm
ignoring the mass contribution of organic surface ligands. The mass concentration is
†
c m = c P ¥ mNC ¥ N A , where N A = 6.022 ¥10 23 mol-1 is the Avogadro constant.

†
†

†

5) Determination of the concentration of CdSe/ZnS particles and Cd surface atoms
†
Measurement of the CdSe particle concentration:
In the case of CdSe cores with ZnS shell we assume the same extinction coefficient as for
CdSe particles without shell to get the particle concentration. The extinction coefficient is
taken from the data publishes by Yu et al. 10. We neglect the fact that upon growing a ZnS
shell the first exciton peak of CdSe/ZnS particles is shifted to higher wavelength by 5 to 15
nm compared to CdSe cores.
Calculation of the concentration of cadmium atoms c(Cd surface atoms) of the CdSe
core surface of CdSe/ZnS particles in solution:
For CdSe/ZnS particles we calculate the number of Cd surface atoms as the number of Cd
atoms that lie on the surface of the CdSe core. For this purpose the first exciton peak of the
CdSe cores has to be determined before growing the ZnS shell around them. From the
wavelength of the first exciton peak the diameter of the CdSe core and thus the number of Cd
atoms on the surface can be derived as described above for CdSe particles.

†

†

†
†

†
†

Calculation of the mass concentration of CdSe/ZnS nanocrystals in solution:
The mass mNC = mcore of a CdSe particle without ZnS shell was calculated according to
4 3
Vcore = rcore
p and the mass density of CdSe
mNC = mcore = dCdSe ¥ Vcore , using
3
g
dCdSe = 5.810 3 by ignoring the mass contribution of organic surface ligands. In the case of
cm
an additional ZnS shell around the CdSe particles the mass
†
4
3
mZnS = dZnS ¥ p ((rcore + Drshell ) 3 - rcore
) of the ZnS shell was added to the core mass m core to
3
g
get mNC = mcore + mZnS , where
dZnS = 4.090 3 is the mass density of ZnS and
cm
Drshell = 0.75nm is an average empirical value for the thickness of a ZnS shell, derived from
TEM measurements reported by Gerion et al. 2. The mass concentration is
c m = c P ¥ mNC ¥ N A , where N A = 6.022 ¥10 23 mol-1 is the Avogadro constant and c
P the
†
concentration of CdSe/ZnS particles in M.
6) Determination of†the concentration of Au particles and Au surface atoms
Measurement of the Au particle concentration:
As in the case of CdSe particles absorption spectra of the Au particles in the range of 200-800
nm were measured with an UV/visible spectrophotometer (BIOCHROM Ultraspec 3100 pro).
c ¥ l ¥ e(rP )
The absorption A at the wavelength of the plasmon peak is A = P
, where e(rP) =
d
1.29•107 M-1cm-1 is assumed as extinction coefficient for our gold particle with a radius of rP
= 2.3 nm, l the pathlength of the cuvette, d the dilution factor, and cP = c(Au particles) the
concentration of Au particles in the sample.
†
Calculation of the concentration of Au atoms located on the Au particle surface:
As in the case of CdSe particles, for the estimation of the number NAu of Au atoms on the
A (r )
surface of an Au particle we use N Au = P P , where A Au = 8 Å2 (see II.3.) is the average
AAu
area of an Au atom and Ap(rP) is the surface area of a particle with radius rP. The latter value
2
is calculated by AP (rP ) = 4rP p , where all the Au particles used in this study had a radius of rP
= 2.3 nm as determined†by TEM. Thus the particle concentration cP = c(Au particles) was
converted to an Au surface atom concentration cN = c(Au surface atoms) according to
c N = c P ¥ N Au .
†

†

7) Table of the used CdSe, CdSe/ZnS, and Au samples
In order to compare our results with the observations of other groups we give here a table in
which the conversion between different ways of quantifying nanocrystal concentrations is
given.
CdSe nanocrystals
l [nm] c(CdSe particles) [nM]
560
10
599
10

c(Cd surface atoms) [mM] c(CdSe particles) [mg/ml]
1.1
0.63
2.1
1.7

l [nm] = wavelength of the first exciton peak in the absorption spectrum of the CdSe core
particle
c(CdSe particles) [nM] = concentration of CdSe particles
c(Cd surface atoms) [mM] = concentration of Cd atoms which are located on the surface of
the CdSe particles
c(CdSe particles) [mg/ml] = mass concentration of CdSe particles
CdSe/ZnS nanocrystals
l [nm] c(CdSe/ZnS particles) [nM]
508
10
510
10
560
10
599
10

c(Cd surface atoms) [mM]
0.61
0.62
1.1
2.1

c(CdSe/ZnS particles) [mg/ml]
0.86
0.87
1.6
3.3

l [nm] = wavelength of the first exciton peak in the absorption spectrum of the CdSe core of
the CdSe/ZnS particle (must have been determined before the growth of the ZnS shell)
c(CdSe/ZnS particles) [nM] = concentration of CdSe/ZnS core/shell particles
c(Cd surface atoms) [mM] = concentration of Cd atoms which are located on the surface of
the CdSe core of the CdSe/ZnS particles
c(CdSe/ZnS particles) [mg/ml] = mass concentration of CdSe/ZnS particles
Au nanocrystals
c(Au particles) [nM]
10

c(Au surface atoms) [mM] c(Au particles) [mg/ml]
8.31
5.92

c(Au particles) [nM] = concentration of Au particles
c(Au surface atoms) [mM] = concentration of Au atoms which are located on the surface of
the Au particles with a diameter of 4.6 nm
c(Au particles) [mg/ml] = mass concentration of Au particles with a diameter of 4.6 nm

(III) Uptake of CdSe/ZnS nanocrystals by MDA-MB-435S breast cancer cells
MDA-MB-435S breast cancer cells were purchased from American Type Cell Culture
(ATCC) and cultivated at 37°C and 5% CO2 in the media proposed by ATCC. For uptakeexperiments the adherent cells were rinsed twice with PBS without Ca++ and Mg++ (PBS,
9,55g/l, Biochrom AG, Germany) in order to reduce the concentration of adhesion-promoting
Ca++ and Mg++ -ions inside the cells. The cells were then covered with Trypsin-EDTAsolution (Biochrom AG, Germany) and incubated at 37°C for 5 minutes. After incubation the
now detached cells were diluted in PBS, filled into test tubes and centrifuged (5 min, 300g).
The Trypsin-EDTA containing supernatant was removed and the cells were resuspended in
media. The cells were diluted to a concentration of 7 * 104 cells/ml. For all uptakeexperiments 1 ml of cell-suspension was filled into a nunc-chamber® (Nalge, U.S.). To each
chamber 10 ml of 2-10 mM solution of two types of different coated nanocrystals, fluorescing
in red and green, respectively, were added. The final concentration of each type of
nanocrystals in the serum-supplemented media was 2-10 nM. After 18 h of incubation at 37°C
and 5% CO2 the cells were rinsed twice with PBS and fresh medium was added. The cells
were then incubated for additional 4 h to allow the cells to ingest the nanocrystals.
Before visualizing the cells their nucleus was stained with DAPI (Molecular Probes,
U.S.) following the providers protocol for adherent cells. For visualizing the cells the nuncchambers® were mounted onto a fluorescence microscope (Axiovert 200, Zeiss, Germany)
using a 100x oil-immersion objective. For every image one channel in differential
interference contrast mode (bw) and three individual channels in the fluorescence mode were
recorded using the following filters: blue channel (DAPI): excitation: G 365, beamsplitter: FT
395, emission: BP 445/50; green channel (green nanocrystals): excitation: BP 450,
beamsplitter: FT 480, emission: BP 535; red channel (red nanocrystals): excitation: BP 546,
beamsplitter: FT 580, emission: LP 590. For excitation a 100 Watt Mercury lamp (HBO 100,
Osram) was used at half power. The acquisition times varied between 100 and 500 ms for the
different types of nanocrystals, as they have different quantum yields. Images were recorded
with a Zeiss AxioCam CCD camera. The recorded channels were overlaid using the
microscope software (Axiovision 4.1).

(IV) Detachment of NRK fibroblast from the cell culture substrate upon incubation with
nanocrystals
Chemicals
Ultrapure water (MilliQ-grade) was used in all experiments. Octadecyltrichlorosilane
(OTS) was obtained from ABCR, Karlsruhe, Germany. Hexadecane, hexane, chloroform,
mercaptopropionic acid (MPA), cadmium acetate hydrate (CAH), cadmium perchlorate
hydrate (CPH), selenious acid (SA), zincchloride (ZC) PBS (phosphate buffer saline),
Penstrep solution (containing 10,000 units/ml Penicillin and 10 mg/ml streptomycin-sulfate,
and 0.9% NaCl), Liquid Media Supplement (ITS) as well as trypsin were purchased from
Sigma-Aldrich. Dulbecco’s Modified Eagle Medium (DMEM, FG 0435), HAM’S F-12
Medium (FG 0815) and fetal bovine serum (FBS, S0115) were from Biochrom KG (Berlin,
Germany). All chemicals were used as received.
Cell culture
Normal Rat Kidney (NRK)-fibroblasts (CRL-6509) were obtained from ATCC,
Manassas, USA. As cell culture medium DMEM with 10% FBS (fetal bovine serum) and 1%
Penstrep solution was used. During incubation with nanocrystals cells were cultivated in
serum free SATO medium (HAMS F12 with 1% serum supplement ITS), which stopped cell
proliferation. Measurements had to be performed in serum free medium since for our applied
automated counting procedure (see below) it is important that cell do not proliferate and
migrate too much. Otherwise it would be impossible to verify for each individual cell whether
it is still adherent at the same place of whether it has detached from the surface.
NRK-fibroblasts were seeded in 6-wellplates (TPP, Switzerland; polyethylene, tissue
culture treated) to a concentration of 3600 cells / cm2. Special care was taken to achieve a cell
population of separated single cells, in order to get optimal conditions for the optical counting
procedure. Adhesion of the cells was observed after 5 to 24 hours. After cell adhesion, the cell
layer was gently rinsed three times with PBS buffer, and the adherent cells were counted in
PBS buffer within 20 min. The buffer then was replaced by the incubation medium (SATO
and the toxin, i.e. Cd salts or nanocrystals, in a target concentration). SATO treatment always
caused a certain loss of cells by detachment, even without toxin. After 48 hours of incubation,
cells were rinsed three times with PBS buffer, removing detached cells, while the residual
adherent cells were counted again in PBS buffer within 20 min.
Automated procedure to count adherent cells
A computer based optical counting method was used to sensibly detect the effects of
very low toxin concentrations to the adhesion behavior of living cells. Cells were counted on
images recorded with a phase contrast microscope before and after incubation with the toxin,
and the ratio R(c) of cells adherent to the surface after / before incubation versus the toxin
concentration c is plotted. For this purpose for each individual cell which was adherent before
incubation with the toxin, it was tested if the same cell is still adherent after incubation with
the toxin. Therefore, the position of each cell within the wellplate had to be registered before
incubation with the toxin and had to be found again after 48 hours incubation with the toxin.
While the motorized xy-stage of the microscope allowed for a very precise repositioning of
the wellplate holder, placing the wellplates led to an overall repositioning error of approx. 100
µm. This contributes to the relative error of about 10% for the measured average ratios R.
While a ratio R close to zero indicates the complete detachment of the cells from the surface,
a ratio of R = 1 means that statistically every cell is found after the incubation time where it
was seeded. The reference value R(c = 0) never is found to be = 1, because of the SATO
medium. Changing the serum-containing medium to serum free SATO medium alone results
in a detachment of some cells, even when no toxin is added (i.e. c = 0). Moreover, R(c) never

is found to be = 0 since always a certain amount of dirt, dust particles, or cell debris is
counted wrongfully as adherent cells. In the worst case this background noise in R(c) due to
cell debris and other impurities could be as high as R(c) = 0.34. In the case of the polymer
coated nanocrystals for high particle concentrations there are basically no adherent cells left
and the constant R(c) > 0 background level is due to impurities wrongfully counted as
adherent cells. Therefore, for the interpretation of our data it is important to correlate the R(c)
curve with microscopy images. Another important information additional to the R(c) curves is
result of the viability tests performed for different concentrations. These data indicate whether
the counted adherent cells are alive or dead.
In practice, for each toxin concentration approximately 20000 cells were monitored in
94 pictures taken from two wellplate chambers. This was done with an inverted optical
microscope (Axiovert 200, Carl Zeiss, Jena) in phasecontrast mode with a 4x Achroplan
objective. Hydrophobic circular glass cover slides (preparation see below) were placed to
float on the buffer surface to avoid light scattering through the meniscus of the liquid at the
chamber walls, which would result in a brightness gradient in the pictures. The pictures, taken
with a Zeiss AxioCam HRm CCD camera, showed a surface area of 2.6 mm ¥ 3.5 mm as a
black background with the light spots of adherent cells (and dirt), see Figure S3. This high
contrast and the low brightness variations of the background allowed for a computer based
particle analysis with the data evaluation software Igor Pro 4.1, running on a Dual 2.0 GHz
Macintosh PowerPC. Using the subroutine package of Igor Pro for image processing, it was
possible to automate the cell counting. For particle analysis, a threshold in the grayscale was
used for the particle detection based on the average brightness of a picture. The threshold and
a minimum value for the spot size were the necessary parameters for a reliable counting of
surface adherent particles.

a)

b)

c)

d)

e)

Figure S3.1: a) Phase contrast image of NRK fibroblasts in SATO medium, cultured for 24 hours, before
the addition of nanocrystals. b) Same image with the NA=198 counted cells (marked in the image) that
have been detected by the image analysis software. c) Phase contrast image of NRK fibroblasts after 48
hours of incubation in 50 nM MPA coated CdSe/ZnS nanocrystals wavelength of the absorption peak of
the CdSe core l = 508 nm, corresponding to a CdSe core diameter of d = 2.4 nm; 61 Cd surface atoms
per nanoparticle) in SATO medium. This image shows the same area of the cell culture substrate as
shown in a) and b). The area could be identified by the scratch in the surface. d) Same image with
NB=108 cells counted by the image analysis software (marked in the image). e) Overlay of image a)
(black) and c) (red). This image compares the adherent cells before (a) and after (c) incubation with the
nanocrystals. Note that a lot of cells detached from the surface upon incubation with the nanocrystals,
while the still adherent cells moved during the 48 hours incubation time in SATO medium. They show a
spindle-like shape and viability tests indicate that these cells are alive. The situation is typical for the
intoxication of the NRK fibroblasts in serum free medium and for a low concentration of cadmium. The
value R = N B is taken for the same concentration from in total 94 positions (pictures). The averaged
NA
value is plotted in the diagrams R vs. concentration as one data point including the standard deviation of
R as error bar.
†
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Figure S3.2: a) Phase contrast image of NRK fibroblasts in SATO medium, cultured for 24 hours, before
the addition of nanocrystals. b) Same image with the NA=228 counted cells (marked in the image) that
have been detected by the image analysis software. c) Phase contrast image of NRK fibroblasts after 48
hours of incubation in 325 nM MPA coated CdSe/ZnS nanocrystals wavelength of the absorption peak of
the CdSe core l = 508 nm, corresponding to a CdSe core diameter of d = 2.4 nm; 61 Cd surface atoms
per nanoparticle) in SATO medium. This image shows the same area of the cell culture substrate as
shown in a) and b). d) Same image with NB=225 cells counted by the image analysis software (marked in
the image). e) Overlay of image a) (black) and c) (red). This image compares the adherent cells before
(a) and after (c) incubation with the nanocrystals. Note that almost no cells detached from the surface
upon incubation with nanocrystals. Adherent cells did not move on the substrate during the 48 hours
incubation in the SATO medium. They show a sphere-like shape and viability tests indicate that the cells
are dead. The situation is typical for intoxication of the NRK fibroblasts in serum free medium at high
concentration of cadmium. In general, non-adherent cells and dirt were suppressed by rinsing with PBS
buffer prior to image capturing. The value R = N B is taken for the same concentration from in total 94
NA
positions (pictures). The averaged value is plotted in the diagrams R vs. concentration as one data point
including the standard deviation of R as error bar.
†

Hydrophobic glass cover slides
A solution of 10 mM octadecyltrichlorosilane (OTS) in hexadecane was used to
functionalize the surface of glass cover slides by dip coating for one hour. Finally the slides
were rinsed with hexadecane, hexane and chloroform. The resulting surface showed
advancing contact angles of approx. 92° for water.
Fluorescence microscopy to image the nanocrystals ingested by individual cells
Fluorescence microscopy was performed on an inverted microscope (Axiovert 200
from Carl Zeiss) with a Carl Zeiss FluoArc system, using a mercury lamp HBO 100. The
filters for the fluorescence detection of the nanocrystals were the Q-dot TM 500 LP from
AHF, Germany, as well as the filter sets 15 and 49 from Carl Zeiss.
Viability test
The Viability Kit L3224 from Molecular Probes was applied to distinguish between
living and dead cells. Esterase activity of living cells converts non-fluorescent calcein-AM to
intensely green fluorescent calcein. The second agent of this kit, Ethidium homodimer-1,
enters defect cell membranes of dead cells and shows a 40-fold enhanced red fluorescence
when it binds to nucleic acids of the cytoplasm. Following the manufacturers instructions for
this test, cells were rinsed thoroughly with PBS buffer and a 4 µM solution of the agents was
applied for 45 min. The filter set 00 from Carl Zeiss was used to watch the red fluorescence,
while a 31001 filter from Chroma was used for the green fluorescence. In Figure S4 an
example of this viability test is shown.
Similar viability tests have been used by other groups to determine cytotoxic effects of
Cd ions, and CdSe and CdSe/ZnS particles 11-13. These tests are based on measuring metabolic
activity of cells or on the staining of dead cells, and are from this point conceptually different
from our experiments in which cell survival was measured in terms of cell adherence.
a)

b)

Figure S4: NRK fibroblasts were cultivated for 24 hours in DMEM cell medium with serum.
After this incubation they were rinsed with PBS buffer. Further culture was performed in
serum free SATO medium containing cadmium perchlorate hydrate as cadmium source. The
viability test was applied. Pictures show an overlay of the phase contrast image and the
images of green and red fluorescence. a) NRK fibroblasts after incubation in 0.1 mM
cadmium perchlorate hydrate. All adherent cells are marked as living (green color) and show
a spindle like shape. b) NRK fibroblasts after incubation in 5 mM of cadmium perchlorate
hydrate. Almost all adherent cells are marked as dead (red color) and show a spherical shape.

(V) Patch clamp experiments
To further evaluate the biocompatibility of nanocrystals we conducted
electrophysiological studies of cells incubated with nanocrystals using the planar patch clamp
technique 14. Two cell lines (RBL and CHO) were investigated in regard to changes in their
morphology and their electrophysiological properties upon incubation with nanocrystals. The
CHO cell line was stably transfected to express the hERG channel and the RBL cell line used
endogenously expresses an inward rectifying potassium channel.
All cells were grown to 60-80% confluence in their standard serum-supplemented
medium as described in the ATCC catalogue. The cells were incubated with nanocrystals at
the desired concentration in their normal growth medium at 37 degrees Celsius and 5% CO2
(several hours up to 2 days). After the incubation period, cells were isolated with a brief
trypsin treatment. The resulting cell suspension was centrifuged twice at 1000 U/min for 2
minutes and the supernatant was pipetted off to remove cell fragments and debris. For
resuspension the electrophysiological recording solutions were used. The cleaned cell
suspension had a cell concentration of about one million cells per milliliter. Cells were
examined with a confocal laser microscope to validate the quantum dot uptake by
fluorescence measurements.

Figure S5: The Port-a-Patch electrophysiology workstation. In a) the chip mounting station and the
software steered suction control unit are shown. The full Port-a-Patch system including amplifier and
PC is depicted in b) and c) displays the micro structured borosilicate glass chips, which are glued
onto small twist caps. The caps contain an O-ring and are screwed onto the holder in the chip
mounting station to obtain an airtight arrangement for suction application. Electrolyte solutions and
cell suspension is pipetted onto the backside and top of the chip with standard pipettes as shown. The
solutions are electrically contacted via Ag/AgCl electrodes, which are implemented in the system.

Electrophysiological characterization and evaluation of cell function/viability of the
cells ion channels were performed by whole cell recordings 15. All measurement have been
performed with the chip-based patch clamp technique 14 using the Port-a-Patch system by
Nanion Technologies (www.nanion.de) 16. The system uses micro structured borosilicate
glass chips for whole cell patch clamp assays in an automated format. The Port-a-Patch was
used in conjunction with an EPC-10 patch clamp amplifier (HEKA, Lambrecht, Germany)
and is shown in Figure S5.
Cells were positioned and sealed on a micron-sized aperture in the glass chips by
feedback controlled suction application. Brief suction pulses were applied to rupture the cells
membrane across the aperture to obtain access to the cells interior, e.g. getting into the whole
cell configuration. In the whole cell configuration, the current through the complete ensemble
of all ion channels in the cell membrane is recorded, allowing the investigation of the ionic
current conducted by the entire cell.
The chips for the recordings had an open aperture resistance of 2-3 MΩ. The recorded
data were filtered at 3 kHz and sampled at 10 kHz. The electrophysiological recording
solutions had the following ionic compositions (mM): extracellular (top of chip): NaCl (140),
KCl (3), MgCl2 (1), CaCl2 (1), HEPES (10), pH = 7.4, 270 mOsm; intracellular (underside of
chip): for RBL cells: K-Aspartate (120), EGTA (10), HEPES (10), NaCl (10), pH=7.2; for
CHO cells: KCl (120), NaCl (10), EGTA (10), Hepes (10), pH = 7,2. About 5 ml of cell
suspension were pipetted onto the chip and standard suction protocols of the Port-a-Patch
system were applied for cell positioning and achieving tight seal whole cell configurations.
Standard voltage protocols were applied for the recordings of ionic currents.
After the electrophysiological characterization, the patch clamped cell on the aperture
was examined with the confocal microscope to evaluate the fluorescence of nanocrystals
inside the cell. In Figure S6, images of patch clamped cells on the chip are displayed, showing
the fluorescence of the quantum dots inside the cell. Below the cell is the micron-sized
aperture in the chip, which can be perceived as a small dot. The larger circle around aperture
in the centre corresponds to the 3-D-microstructure in the chip. On the chip surface are more
cells in the vicinity of the patch clamped cell and all show the characteristic fluorescence. By
this procedure it was guaranteed, that all cells investigated had incorporated the nanocrystals.

Figure S6: Electrical properties of RBL cells after 4 h incubation with MPA-coated CdSe/ZnS
nanocrystals (wavelength of the absorption peak of the CdSe core l = 508 nm, corresponding to a
CdSe core diameter of d = 2.4 nm; 61 Cd surface atoms per nanoparticle). Top: Currents as
obtained after incubation in 10 nM, 50 nM, and 100 nM CdSe/ZnS particles. Measurements were
performed in two different external K+ concentrations showing the characteristic inward rectifying
current of the fully functional potassium channels. The current at the higher potassium
concentration is larger due to the abundance of permeating ions. Bottom: Each picture shows a cell
positioned on the hole in the glass chip as seen under white light (WL, bright field) and as
fluorescence while excitation with 488 nm laser light. The images at the bottom show an overlay of
the bright field and fluorescence pictures.

In addition the cell morphology before and after incubation of the cells was investigated by
optical microscopy (Figures S7, S8). No changes in cell morphology could be detected at the
used concentrations and incubation time. Incubation with nanocrystals was performed for 4
hours in serum-supplemented medium.

Figure S7: RBL cells before and after 3-4 h incubation with MPA-coated CdSe/ZnS nanocrystals
(wavelength of the absorption peak of the CdSe core l = 508 nm, corresponding to a CdSe core
diameter of d = 2.4 nm; 61 Cd surface atoms per nanoparticle). The images show RBL cells before
(a) and 3 h after (b) incubation in 5 nM CdSe/ZnS particles; RBL cells before (c) and 4 h after (d)
incubation in 10 nM; before (e) and 4 h after (f) incubation in 50 nM; before (g) and 4 h after (h)
incubation in 100 nM CdSe/ZnS particles.

Figure S8: CHO cells expressing hERG before and after incubation with MPA-coated CdSe/ZnS
nanocrystals. The images show cells before (a) and 3 h after (b) incubation in 5 nM nanocrystals
(wavelength of the absorption peak of the CdSe core l = 508 nm, corresponding to a CdSe core
diameter of d = 2.4 nm; 61 Cd surface atoms per nanoparticle); before (c) and 3 h after (d) incubation
in 5 nM nanocrystals (wavelength of the absorption peak of the CdSe core l = 547 nm,
corresponding to a CdSe core diameter of d = 3.0 nm; 92 Cd surface atoms per nanoparticle); before
(e) and 3 h after (f) incubation in 200 nM nanocrystals (wavelength of the absorption peak of the
CdSe core l = 547 nm, corresponding to a CdSe core diameter of d = 3.0 nm; 92 Cd surface atoms
per nanoparticle); before (g) and 10 h after (h) incubation in 200 nM (wavelength of the absorption
peak of the CdSe core l = 547 nm, corresponding to a CdSe core diameter of d = 3.0 nm; 92 Cd
surface atoms per nanoparticle).
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Abstract
Cytotoxic effects of micrometer-sized polymer capsules composed out of alternating layers of polystyrenesulfonate (PSS) and polyallylamine
hydrochloride (PAH) on a fibroblast cell line have been investigated with an adhesion assay. For the purpose of visualization with fluorescence
nanometer-sized CdTe nanoparticles have been embedded in the walls of the capsules. Similar to free CdTe nanoparticles, toxic Cd-ions are
also released from CdTe nanoparticles that have been embedded in capsules. At high capsule concentrations, the capsules start to sediment
on top of the cells and thus impair cell viability.
© 2005 Elsevier B.V. All rights reserved.
Keywords: Cytotoxicity; Nanoparticle; Polymer capsule

1. Introduction
The aim of targeted drug delivery is to selectively deliver
drugs to desired parts of a tissue and to release them locally
at the target in a way that only the target tissue but not the
surrounding tissue is affected by the effect of the drugs
[1–3]. Many different drug carrier systems have already been
developed and investigated. One concept is to load drugs
into the interior of hollow carriers, such as lipid vesicles [4]
or polymer capsules [3,5]. In this way, the drug is protected
inside the carrier against degradation. Furthermore, the
encapsulation of the drug inside a carrier prevents any effect
of the drug outside the target tissue. Once the carrier system
has reached the target tissue, the carrier has to open in order
to release the drug.
Recently, we have suggested a concept for the practical
realization of such a carrier system based on polyelectrolyte
multilayer capsules in whose shells fluorescent, magnetic
and metallic nanoparticles are embedded, on whose surface
proteins are adsorbed and whose interior is loaded with
drugs [6]. In our concept, such loaded polymer capsules are
∗
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administered by injecting them close to the target tissue. A
magnetic field gradient is then focused on the target tissue.
Due to the magnetic particles incorporated in the walls of the
capsules, the capsules should be accumulated in the target
tissue by trapping them in the magnetic field. Focusing of
magnetic particles in magnetic field gradients has already
been successfully demonstrated in animal experiments for
so-called ferrofluids [7–12]. The proteins adsorbed to the
capsule surface should be chosen in a way that they specifically recognize receptors on the cell membranes of the target
tissue [1,2,13,14], resulting in specific receptor–ligandmediated uptake of the capsules by the cells. The whole
process of the capsule uptake by the cells of the target tissue
could be followed by the fluorescence of the fluorescent
nanoparticles that are incorporated in the capsule walls. Once
inside the cells, the capsules are irradiated in the infrared at a
wavelength that is barely absorbed by the tissue, but which is
absorbed by the metallic particles embedded in the capsule
shell. By absorption of the infrared light, the metallic particles are heated. We now can envisage two different strategies.
By heating the metallic particles to a high degree, the temperature increase will result in a burst of the capsules [15,16] and
should finally lead to a destruction of the cell by heat [17,18].
This strategy is know as hyperthermia and has already been
demonstrated by several groups [19–24]. On the other hand,

C. Kirchner et al. / Talanta 67 (2005) 486–491

by moderately heating of the capsules, their shells could
be ruptured in a controlled way, resulting in holes through
which the drug loaded inside the capsules could be released.
We have to point out that the individual ideas are not new,
but the novelty of our concept is the combination of several
mechanisms in one single carrier system. So far, one important aspect has been neglected. If capsules are to be introduced
as drug carrier systems into animals or human beings, first
their biocompatibility has to be proven. Capsules can be
assembled out of most polyelectrolytes and therefore it is
no problem to compose capsules out of biocompatible materials. Living cells can, for example, be embedded in shells of
such polyelectrolytes [25,26]. However, although capsules
can be composed out of biocompatible and biodegradable
materials, cells still might be affected by their uptake. In addition, the biocompatibility of nanoparticles incorporated in the
capsule walls in order to render them functional can be problematic. Iron oxide-based magnetic particles can be highly
biocompatible [27] because iron oxide particles that have
been incorporated by cells are eventually degraded to iron and
oxygen, which are both natural compounds. However, cytotoxic effects of other magnetic particles have been observed
[28]. Commonly used fluorescent nanoparticles are based
on cadmium-containing materials, such as CdTe or CdSe. It
has been reported that upon corrosion, highly toxic cadmium
ions are released from these particles, although embedding
the particles in appropriate shells can hinder corrosion [29].
Another group has pointed out the influence of the surface
chemistry of such particles on the cytotoxicity [30,31]. Even
inert gold particles can be cytotoxic under certain conditions
[32].
Recently, we have developed a standard assay to investigate cytotoxic effects of nanoparticles on cell cultures [33]. In
this report, we applied this assay to investigate the cytotoxicity of polymer capsules and of polymer capsules loaded with
fluorescent CdTe particles. As reference, the cytotoxicity of
plain CdTe nanoparticles was investigated.

2. Materials and methods
Mercaptoacetic acid stabilized fluorescent CdTe nanoparticles have been synthesized in aqueous solution following
standard protocols [34]. In this work, we used particles with
an absorption wavelength of the first electronic transition at
530 nm. From this wavelength, the mean diameter of the
CdTe particles can be deduced to be 3.0 nm [35] and each
CdTe particle exposes around 80 Cd atoms on its surface.
Polymer capsules of 5 m diameter have been composed
out of 8–10 alternating layers of polystyrenesulfonate (PSS)
and polyallylamine hydrochloride (PAH) [36]. In part of the
capsules, fluorescent CdTe nanoparticles were incorporated
[6,36]. CdTe nanoparticles, plain capsules and CdTe-labeled
capsules were added to NRK normal rat kidney cells [6,33]
and cytotoxic effect on the cells were detected using an adhesion assay [33]. For this assay, cells were seeded on a glass
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substrate, imaged with an automated optical microscope and
the number of adherent cells was counted using an image
processing software. After the counting – procedure cells
were kept in serum-free SATO medium and CdTe nanoparticles, plain capsules or CdTe-labeled capsules were added
at different concentrations. After 48 h of incubation, nonadherent cells were removed by rinsing and the adherent cells
were again imaged and counted by optical microscopy. An
automated x–y-stage of the microscope allowed for finding
the same positions on the cell culture substrate, so that the
number of adherent cells before and after incubation with
particles could be counted at exactly the same region [33].
As a result, the ratio R(c) of adherent cells after and before
incubation with particles with concentration c was obtained.
In addition, the viability of adherent cells before and after
incubation with particles was measured with a commercial
kit (L3224, Molecular Probes) [33].

3. Results and discussion
In this work, we could demonstrate that CdTe nanoparticles, as well as plain and CdTe-labeled polymer capsules, are
ingested by NRK cells. Ingestion of nanometer-sized colloidal semiconductor nanoparticles by living cells has first
been observed almost 10 years ago [37] and for a general
overview, we refer to recent reviews and the references cited
therein [38,39]. The uptake of mercaptoacetic acid-coated
CdTe nanoparticles investigated in this study was found to
be identical to the uptake of mercaptopropionic acid-coated
CdSe nanoparticles that has been described in detail elsewhere [33]. Moreover, it has been demonstrated that also
micrometer-sized particles can be incorporated by living cells
[40]. The cellular uptake of the polymer capsules used in
this study (see Fig. 1) has already been reported previously,
although by another cell line [6]. The incorporation of particles is nonspecific, i.e. there are no specific ligands present
on the surface of the particles.
One potential point of criticism is that fluorescence
microscopy images as shown in Fig. 1 are no definite proof
that the particles actually have been ingested by the cells. For
nanometer-sized semiconductor nanoparticles, it has been
shown by confocal microscopy that particles are incorporated by cells [41]. More details can be found in a recent
review [39]. For micrometer-sized particles, such as the polymer capsules used in this study, one might argue that they are
too big to be ingested by cells, since the height of adherent cells typically is only in the order of a few micrometer,
in the case of NRK fibroblasts around 4 m [42]. However,
as can be seen in Fig. 1, cells can adjust their shape and
bulge around ingested capsules. Confocal microscopy images
show that polymer capsules of 5 m diameter can indeed be
ingested by NRK fibroblasts (data not shown). With conventional microscopy (such as the image shown in Fig. 1),
an indication whether capsules are inside the cells or just
adsorbed to their outside can be obtained by changing the
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Fig. 1. Overlay of phases contrast and fluorescence image of a NRK normal rat kidney fibroblast cell with internalized capsules. Ingested capsules (labeled with
green fluorescent colloidal CdTe nanoparticles) are stored around the nuclei inside the cells. The used capsules of about 5 m diameter have a polyelectrolyte
polymer shell that is terminated with a positively charged polymer. Experimental details about the uptake of capsules by cells can be found in a previous report
[6]. The shape of the cell has been deformed by some of the ingested capsules (see white arrow).

focus [6]. Naturally, capsules will be adsorbed to the outside
of the cell membrane before they can be ingested. Therefore,
upon incubation of cells with capsules, parts of the capsules
located at a cell will be only adsorbed to the outer cell membrane, while others already will have been incorporated. It
has to be pointed out that in the present study the degree of
capsule ingestion has not been analyzed in detail. In general,
three species will exist: capsules floating in the medium, capsules adsorbed to the cell membrane and capsules ingested by
the cells. Dependent on the incubation time, the equilibrium
will shift from free floating to ingested capsules.
In Fig. 2, the results for the adherence assay of CdTe
particles are shown. The curves show the same behavior as
has been previously reported for CdSe particles [33]. For low
particle concentrations, the R(c) value is constant, decreases
and increases again at higher particle concentrations to
finally reach a constant value for high concentrations. The
commercial viability test showed that all adherent cells at low
particle concentrations were alive, whereas all adherent cells
at very high particle concentrations were dead. This can be
interpreted in the following way [33]. Even without addition
of CdTe particles, R(c = 0) is smaller than 1 because culture
in serum-free medium impairs the cellular development and
after 48 h culture in serum-free medium, less adherent cells
are present than before. However, serum-free medium had
to be used in order to hinder cell proliferation so that the
number of cells after and before incubation with particles
could be directly compared. For low CdTe concentrations, no
additional effect besides the effect of the serum-free culture
medium was observable and R(c) stayed constant. Upon
further increasing the CdTe concentration, R(c) decreased,
i.e. the number of adherent cells decreased. CdTe particles
release toxic Cd-ions [29], which lead to an impairment of
parts of the cells within this concentration region. Poisoned
cells slowly lost contact to the cell culture substrate, detached

and the number of adherent cells decreased. Cell adhesion
is an active process and for this reason, slow poisoning
of the cells results in detachment from the surface. We
have to point out that the commercial viability test showed

Fig. 2. Ratio R(c) of adherent cells after and before incubation of NRK
fibroblasts with mercaptoacetic acid stabilized CdTe particles as a function of the particle concentration c. Values are shown for two independent
series of measurements (shown in black and grey). The mean value and
standard deviation of each data point has been obtained from 20,000 investigated cells [33]. The data points of each series were fitted with the function R(c) = a1 − a2 /(1 + exp((a3 − c)/a4 )) + a5 /(1 + exp((a6 − c)/a7 )). The fit
results are a1 = 0.67, a2 = 0.57, a3 = 6.0 nM, a4 = 1.1, a5 = 0.89, a6 = 36 nM
and a7 = 13 for the series shown in black and a1 = 0.57, a2 = 0.45,
a3 = 5.1 nM, a4 = 1.1, a5 = 0.82, a6 = 37 nM and a7 = 14 for the series shown
in grey. The a3 parameter yielded from the fit describes the onset of the
decay in the R(c) curve and thus the critical concentration for the beginning of cytotoxic effects. The a3 parameter of both fits were found to be 6.0
and 5.1 nM, which results in a mean value for the critical concentration of
5.5 ± 0.6 nM.
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that all adherent, and thus counted, cells were alive under
these conditions. Further increase in the CdTe concentration
resulted in an increase of R(c) until a final saturation. The
commercial viability test showed that under these conditions,
all adherent cells were dead. This suggests that at high CdTe
concentrations, the number of released Cd-ions is sufficient
enough to kill the cells very fast. Instead of slowly poisoning
the cells, which leads to a slow detachment of the cells,
at such high Cd concentrations, cells are instantaneously
killed and their debris remains on the cell culture substrate
surface. These dead cells (=cell debris) are counted as
adherent cells, and therefore, R(c) is increasing again.
R(c) is even higher for very high CdTe particle concentrations compared to very low particle concentrations. At
very high concentrations, cells are instantaneously killed
and most of them remain as fragments on the substrate,
resulting in a high R(c) value. As reported previously, we
have fitted the R(c) curves with a bi-sigmoidal function
R(c) = a1 − a2 /(1 + exp((a3 − c)/a4 )) + a5 /(1 + exp((a6 − c)/
a7 )) with seven fit parameters a1 –a7 [33]. The a3 parameter
of the function is a measure for onset of the decrease in
the R(c) function and thus for the beginning of cytotoxic
effects of the CdTe particles on the cells. In our study, we
found a3 (CdTe particles) = 5.5 ± 0.6 nM, and thus, this
concentration of CdTe particles can be considered as critical
concentration for the onset of cytotoxic effects. The use of
the fitting procedure thus allows us to extract a quantitative
threshold for the onset of cytotoxic effects from our data.
Since cytotoxic effects are caused by the release of Cd-ions
from the CdTe particle surface for these particles [29], we
have converted the concentration of CdTe particles to the
concentration of Cd atoms lying on the surface of the CdTe
particles [33]. For the CdTe particles of 3 nm core diameter
used here, each particle has around 80 Cd atoms on its
surface. This results in a critical concentration of a3 (Cd
surface atoms) = 440 ± 50 nM. This is in good agreement
with the value a3 (Cd surface atoms) = 650 ± 120 nM found
for CdSe particles in a previous study [33]. We have to point
out that the CdTe particles used in this study have been
directly synthesized in the presence of mercaptoacetic acid
in aqueous solution [34], whereas the CdSe particles used
in the previous study [33] have been synthesized in organic
solution and then have been transferred to aqueous solution
by a ligand exchange procedure in which the original TOPO
ligands were partly replaced by mercaptopropionic acid.
This independence from the actual synthesis procedure
suggests that for these particles, the release of Cd-ions via
corrosion of the particles and not an effect connected to the
surface chemistry of the particles is primarily relevant for
the cytotoxic effects.
For plain polymer capsules, the experimentally obtained
R(c) curve has a completely different shape (Fig. 3). R(c) is
constant for low capsule concentrations c and starts to slightly
decrease at higher concentrations. Viability assays using the
commercial kit showed that for all concentrations, all adherent cells were alive. For concentrations of roughly around

489

Fig. 3. Ratio R(c) of adherent cells after and before incubation of NRK
fibroblasts with plain (shown in open boxes) and CdTe-loaded (shown in
black circles) polymer capsules of 5 m diameter as a function of the
capsule concentration c. The mean value and standard deviation of each
data point has been obtained from 20,000 investigated cells. The data
points of the series using CdTe-loaded capsules were fitted with the function R(c) = a1 − a2 /(1 + exp((a3 − c)/a4 )) + a5 /(1 + exp((a6 − c)/a7 )). The
obtained parameters are: a1 = 1.1, a2 = 0.43, a3 = 60 capsules/l, a4 = 27,
a5 = 0.38, a6 = 190 capsules/l and a7 = 25. The a3 parameter of the fit was
found to be a3 = 60 capsules/l. At this capsule concentration, clear cytotoxic
effect for the CdTe-labeled capsules can be seen, whereas for plain capsules,
no decrease in R(c) can seen at least until concentrations of 100 capsules/l.
The concentration of 100 capsules/l corresponds to 10 capsules in the incubation medium per cell.

100 capsules/l, no effects of the capsules on the cells are
visible (Fig. 3). Higher capsule concentrations lead to a slow
impairment of the cell viability, which eventually results in
cell detachment. Microscopy images showed a massive precipitation or sedimentation of capsules on the cell surface
and on the cell culture substrate (Fig. 4). We assume that this
sedimentation is responsible for the impairment of the cells.
A similar effect has been observed for the sedimentation of
polymer-coated nanoparticles on cell surfaces in a previous
study [33].
The embedding of CdTe particles in the wall of polymer
capsules leads to an R(c) curve similar to that of free CdTe
particles (Fig. 3). Application of the commercial viability test
showed that adherent cells were alive for low capsule concentrations (before the dip in the R(c) curve) and dead for high
capsule concentrations (after the dip in the R(c) curve) similar
to the case of cells incubated with free CdTe nanoparticles
(Fig. 2). These findings suggest that in the case of CdTeloaded polymer capsules, the release of Cd-ions from the
CdTe particles is responsible for cytotoxic effects. The wall
of the CdTe nanoparticles-containing capsules is permeable
for ions and thus does not offer protection again the release
of Cd-ions from the surface of the CdTe nanoparticles. However, the CdTe particles are embedded inside the walls in
a way that they cannot be released from there as a whole.
By comparing the critical concentrations a3 for the cases of

490

C. Kirchner et al. / Talanta 67 (2005) 486–491

Fig. 4. Phase contrast microscopy image of adherent NRK fibroblast to which plain 5 m diameter polymer capsules have been added at concentrations of:
(a) 50 capsules/l and (b) 1000 capsules/l. For high capsule concentrations, massive sedimentation of capsules on the surface of the cells and the cell culture
substrate is visible.

free CdTe particles and CdTe-labeled capsules, we can derive
an estimate on how many CdTe nanoparticles are embedded in each capsule. Cytotoxic effects for CdTe-labeled
capsules started at a3 = 60 capsules/l (Fig. 3). This corresponds to a critical capsule concentration of a3 = 60 capsules
(l−1 )/6 × 1023 capsules (mol−1 ) = 1 × 10−16 M. For free
CdTe nanoparticles, a critical particle concentration of
a3 = 5.5 × 10−9 M was found (Fig. 2). Thus, we can estimate
that roughly 5.5 × 10−9 M/1 × 10−16 M = 5.5 × 107 CdTe
nanoparticles (with a core diameter of 3 nm) are embedded in
the shell of each capsule (with a diameter of 5 m), assuming that the pathway of cytotoxic effects is the same in both
cases.
In summary, we have shown that polystyrenesulfonate/polyallylamine hydrochloride multilayer capsules do
not show a detectable effect on cell viability in case cells
are only incubated with a few capsules per cell. However,
at high concentrations, capsules start to sediment on top
of the cells and thus impair cell viability. Nanoparticles of
different materials can be embedded in the capsule walls
to provide functionality. Since capsule walls form a porous
network of polyelectrolyte layers, they are highly permeable
for small molecules, such as inorganic ions. Therefore,
toxic ions released from the nanoparticles embedded in the
capsule walls due to corrosion can diffuse into the medium.
For this reason, cytotoxicity of these nanoparticles has to
be considered. For fluorescent mercaptoacetic acid-coated
CdTe nanocrystals, cytotoxic effects are visible above
a critical particle concentration of 5.5 nM. Accordingly,
capsules comprising CdTe nanoparticles exhibit higher toxic
effects than plain capsules. For this reason, the nanoparticle
systems, which are to be embedded into the capsules, have
to be chosen very carefully. Instead of mercaptoacetic acidcoated CdTe particles, for example, silica-coated CdSe/ZnS
nanoparticles could be used, which are far less cytotoxic [33].
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U.O. Häfeli, Int. J. Pharm. 277 (2004) 19–24.
C. Alexiou, W. Arnold, R.J. Klein, F.G. Parak, P. Hulin, C. Bergemann, W. Erhardt, S. Wagenpfeil, A.S. Lübbe, Cancer Res. 60 (2000)
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Freitas, V.A.P. Garcia, C.A. Rébula, A.P.C. Lemos, M.H. Sousa,
F.A. Tourinho, M.F.D. Silva, P.C. Morais, J. Magn. Magn. Mater.
201 (1999) 431–434.
[29] A.M. Derfus, W.C.W. Chan, S.N. Bhatia, Nanoletters 4 (2004)
11–18.
[30] A. Shiohara, A. Hoshino, K. Hanaki, K. Suzuki, K. Yamamoto,
Microbiol. Immunol. 48 (2004) 669–675.
[31] A. Hoshino, K. Fujioka, T. Oku, M. Suga, Y.F. Sasaki, T. Ohta, M.
Yasuhara, K. Suzuki, K. Yamamoto, Nano Lett. 4 (2004) 2163–2169.
[32] R. Bhattacharya, P. Mukherjee, Z. Xiong, A. Atala, S. Soker, D.
Mukhopadhyay, Nano Lett. 4 (2004) 2479–2481.

491

[33] C. Kirchner, T. Liedl, S. Kudera, T. Pellegrino, A.M. Javier, H.E.
Gaub, S. Stölzle, N. Fertig, W.J. Parak, Nano Lett. 5 (2005) 331–
338.
[34] N. Gaponik, D.V. Talapin, A.L. Rogach, K. Hoppe, E.V. Shevchenko,
A. Kornowski, A. Eychmüller, H. Weller, J. Phys. Chem. B 106
(2002) 7177–7185.
[35] W.W. Yu, L. Qu, W. Guo, X. Peng, Chem. Mater. 15 (2003)
2854–2860.
[36] N. Gaponik, I.L. Radtchenko, G.B. Sukhorukov, A.L. Rogach, Langmuir 20 (2004) 1449–1452.
[37] W.C.W. Chan, S. Nie, Science 281 (1998) 2016–2018.
[38] X. Michalet, F.F. Pinaud, L.A. Bentolila, J.M. Tsay, S. Doose, J.J.
Li, G. Sundaresan, A.M. Wu, S.S. Gambhir, S. Weiss, Science 307
(2005) 538–544.
[39] W.J. Parak, T. Pellegrino, C. Plank, Nanotechnology 16 (2005)
R5–R25.
[40] S. Faraasen, J. Voros, G. Csucs, M. Textor, H.P. Merkle, Pharm. Res.
20 (2003) 237–246.
[41] W.J. Parak, R. Boudreau, M.L. Gros, D. Gerion, D. Zanchet, C.M.
Micheel, S.C. Williams, A.P. Alivisatos, C.A. Larabell, Adv. Mater.
14 (2002) 882–885.
[42] W.J. Parak, J. Domke, M. George, A. Kardinal, M. Radmacher, H.E.
Gaub, A.D.G. deRoos, A.P.R. Theuvenet, G. Wiegand, E. Sackmann,
J.C. Behrends, Biophys. J. 76 (1999) 1659–1667.

full papers

W. J. Parak et al.

Cellular uptake
DOI: 10.1002/smll.200500282

Combined Atomic Force Microscopy and Optical
Microscopy Measurements as a Method To Investigate
Particle Uptake by Cells
Almudena MuÇoz Javier, Oliver Kreft, Alicia Piera Alberola, Christian Kirchner,
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Andrey L. Rogach, Joachim R)dler, Gleb B. Sukhorukov, Martin Benoit, and
Wolfgang J. Parak*

We propose a combination of atomic force microscopy (AFM) and
optical microscopy for the investigation of particle uptake by cells. Positively and negatively charged polymer microcapsules were chosen as
model particles, because their interaction with cells had already been
investigated in detail. AFM measurements allowed the recording of
adhesion forces on a single-molecule level. Due to the micrometer size of
the capsules, the number of ingested capsules could be counted by optical
microscopy. The combination of both methods allowed combined measurement of the adhesion forces and the uptake rate for the same model
particle. As a demonstration of this system, the correlation between the
adhesion of positively or negatively charged polymer microcapsules onto
cell surfaces and the uptake of these microcapsules by cells has been investigated for several cell lines. As is to be expected, we find a correlation
between both processes, which is in agreement with adsorption-dependent
uptake of the polymer microcapsules by cells.
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Cells can incorporate objects ranging from the molecular
up to the micrometer scale by processes including pino-,
endo-, and phagocytosis.[1–7] Uptake of particles is preceded
by a contact of the particle with the cell membrane. This
contact can be of a nonspecific nature but can also be
highly specific when ligands on the particle surface bind to
membrane-bound receptors.[8] Consequently, a correlation
between the particle$s adhesion to the cell membrane and
the rate of uptake can be expected. Cell membranes are
charged objects, typically with a net negative charge, although positively charged domains exist.[9, 10] Therefore, adhesion and, related to it, the uptake of particles should
depend on the particle$s charge. For an experimental analysis of charge-dependent adsorption, model particles have
been used, such as ferritin[10, 11] or hemeundecapeptide.[10, 12]
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Measurement of Particle Uptake in Cells

Studies on several systems showed
an increased uptake of positively
charged particles compared to that
of
negatively
charged
particles.[6, 13, 14] This could be explained
by enhanced adsorption due to
electrostatic interaction between
the positively charged particles and
the
predominantly
negatively
charged cell membrane. Studies
with fluorescent colloidal semiconductor nanoparticles also suggest
this interpretation.[15] While the
uptake rate of particles is relatively
easy to access experimentally, it is
more complicated to quantify the
strength of adsorption to the cell
membrane.
The aim of this study is to get
quantitative numbers for the adhesion forces of charged particles to
cell surfaces and for the rate of particle ingestion by the cells and to Figure 1. Results of the AFM measurements. a) Force–distance, F(z), curves recorded for MCF-10A cells
probed with a negatively charged microsphere. z refers to the distance between the surface of the cell and
compare both values with regard to the surface of the microsphere plus an arbitrary constant. In the upper image, no bond between the cell
correlation. For this purpose we and the microsphere has been formed, whereas in the lower image a bond has formed which ruptures
have chosen polymer microcap- upon pulling the microsphere away from the cell surface. The rupture force is depicted as Fbind. b) Histogram
sules[16] as a model system. These for the recorded rupture forces in the case of bond formation between the cell and the microsphere. f(Fbind)
microcapsules are composed of sev- refers to the frequency with which rupture forces Fbind have been observed. < Fbind > is the mean rupture
eral onion-like layers of oppositely force as determined from the histogram. c) Rbind (data points shown as circles) and < Fbind > (data points
shown as triangles) for different cells (MCF-10A/MDA-MB-435S) and microcapsules (positively/negatively
charged polymers. By a change of
charged). Data for MCF-10A cells are plotted in dark gray; data for MDA-MB-435S cells are plotted in light
the outermost layer, they can be gray. The R value is the percentage of recorded force–distance curves in which the formation of a bond
bind
[16]
made either positive or negative.
between cell and microsphere has been observed.
The use of these microcapsules as
delivery systems of pharmaceutical
agents into cells is under investigation.[17] Due to their miderived from the set of force–distance curves recorded for
each cell line and each type of microcapsule: The percentcrometer size, the capsules are easily experimentally accessiage of F(z) curves in which bond formation between the mible. We have measured the adhesion rate of the microcapcrosphere and the cell surface was found (Rbind), and the
sules by using atomic force spectroscopy.[18–20] The rate of
uptake was determined by counting the number of ingested
mean deadhesion force (< Fbind > ) in the cases of bond formicrocapsules inside the cells with optical microscopy.[17]
mation. The resulting data are displayed in Table 1 and Figure 1 c.
Experiments were performed for negatively and positively
An obvious trend can be seen from these data. For both
charged microcapsules and for two different cell lines.
cell lines the adhesion rate and the adhesion force are
higher for the positively charged microspheres than for the
negatively charged ones, with the effect being more pro2. Results and Discussion
2.1. AFM Measurements:
Two typical force–distance F(z) curves are shown in Figure 1 a. Whereas no bond between the microcapsule and the
cell membrane had been formed in the case shown in the
upper diagram, the rupture of a single bond between microsphere and cell can be observed in the case shown in the
lower diagram. The rupture force is displayed as Fbind in the
diagram. In Figure 1 b, the histogram for the distribution of
the measured rupture forces is displayed for the case of
MCF-10A cells probed with negatively charged microspheres. From this diagram, the mean rupture force,
< Fbind > , was determined. In this way, two data points were
small 2006, 2, No. 3, 394 – 400

Table 1. a) Adhesion rate, Rbind, in % and b) mean deadhesion force,
< Fbind > , in pN, recorded for two different cell lines (MCF-10A, MDAMB-435S) that have been probed with negatively and positively
charged microspheres. See also Figure 1.
a)

negative

positive

MCF-10A
MDA-MB-435S

31
19

47
74

b)

negative

positive

MCF-10A
MDA-MB-435S

19
18

27
24
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nounced for MDA-MB-435S cells. This trend is in agreement with the simplified picture of electrostatically promoted adhesion, that is, positively charged microspheres stick
more strongly to negatively charged cell membranes than
negatively charged microspheres. We have to point out
again that this simplified global picture does not, of course,
reveal any information about the mechanism of bond formation. However, it fits quantitatively with the AFM data
in which bond formation between cells and microspheres
has been investigated on a molecular level.

2.2 Uptake of Microcapsules by Cells: Counting Statistics
of Incorporated Microcapsules
As has been described in a previous study, some cells
have already incorporated some microcapsules after one
hour of incubation with microcapsules.[17] We have also
demonstrated that incubation with microcapsules at moderate concentrations does not show any significant effect on
cell viability, as determined with an adhesion assay.[30] Cells
with incorporated microcapsules preserve their ability to
divide into two daughter cells (Figure 2), whereby the ingested microcapsules are passed to both daughter cells. This
is similar to the behavior of cells with incorporated nanoparticles,[2] although the size of the capsules used here is in the
micrometer range.
The aim of this study is to relate the number of ingested
microcapsules to their surface chemistry. Therefore, the ability to count the number of microcapsules that have been incorporated by each single cell is a prerequisite. In previous
studies we have claimed that MCF-10A, MDA-MB-435S,
and NRK cells can internalize capsules of 5 mm diameter,[17, 30] although the height of the cells lies in the same
range.[31] Due to the very limited height resolution of conventional light microscopy, we found it rather difficult to
distinguish between microcapsules just adsorbed on to the
cell surface and microcapsules that have already been internalized by the cells, even after manually changing the focus.
Therefore we employed confocal microscopy to obtain
three-dimensional images of the cells and the microcapsules.
As can be seen in Figure 3, cells indeed incorporate micrometer-sized capsules. We imaged cells after incubation with
microcapsules by conventional light microscopy (Figure 4
shows an example image) and counted the number of microcapsules that we considered to be internalized by these
cells. The same cells were imaged afterwards in the same
set-up with confocal microscopy and three-dimensional
images were reconstructed. From these images the actual
number of internalized microcapsules could be determined
with high reliability, since internalized microcapsules could
be clearly distinguished from the ones adherent to the outside of the cells. Frequently, the number of microcapsules
counted by conventional light microscopy was significantly
higher than that determined by confocal microscopy. This
means, that the number of internalized microcapsules as determined by conventional light microscopy is overestimated,
as some microcapsules that are adsorbed to the outside of
the cell membrane are de facto counted as internalized.
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Figure 2. MDA-MB-435S cells have been incubated with positively
charged polymer microcapsules of 5 mm diameter. During incubation
a movie of the cells and microcapsules (with green-fluorescent CdTe
particles in their walls) was recorded (1 photo every 8 min) with an
optical microscope equipped with an incubation chamber. Overlays
of phase-contrast and fluorescence images recorded after
a) 880 min, b) 896 min, c) 1200 min, and d) 1432 min of incubation
are shown. In this time interval, the cell divides and the ingested
microcapsule is passed to one daughter cell.

There are three alternatives to obtain useful data about
the number of actually incorporated microcapsules per cell.
The first method is to use confocal microscopy. Unfortunately this method is much more laborious (staining of the
cell membrane, recording of images at several focal planes,
three-dimensional reconstruction) than conventional light
microscopy. Secondly, addition of a quencher to the cell
medium could quench the fluorescence of the microcapsules
outside the cells. In this way only microcapsules inside the
cells would preserve their fluorescence and all fluorescent
microcapsules could be reliably counted as incorporated by
conventional fluorescence microscopy.[6] Although this
method has been used for some organic fluorophores, we
were not able to find an appropriate biocompatible quencher for the CdTe nanoparticles used to fluorescence label the
microcapsules in this study. Therefore, we have opted the
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1000 different individual
cells. To avoid systematic
errors connected to the experimenter or the particular batch of cultured cells/
microcapsules, we used for
each system at least two
different batches of microcapsules and at least four
different batches of cultured cells. In addition, microcapsules were counted
by three different persons.
Similarly to the selection
criteria reported in previous
studies,[17, 30]
only
microcapsules distributed
around the nucleus and in
its focal plane (as determined by manually changing the focus) were considFigure 3. An MDA-MB-435S cell with one ingested positively charged polymer capsule of 5 mm diameter. The ered as internalized. A
microcapsules have been fluorescence labeled with green-fluorescent Alexa and the membrane has been
representative photo is
stained with red-fluorescent FM 4-64. The FM 4-64 also stained the microcapsules, which therefore appear
shown in Figure 4. We note
in yellow as an overlay of the green and red. The overlay of the three-dimensional green- and red-fluoresthat sometimes the cells
cence images that have been obtained with confocal microscopy is shown. a) The three-dimensional reconwere deformed at the
struction of the cell as seen from above (that is, a view of the xy plane). b) The image from the same cell as
region around the ingested
seen from the side (that is, a view of the xz plane). The vertical red line through the whole image corremicrocapsules.[30]
Also,
sponds to the fluorescence of FM 4-64 adsorbed to the glass slide on which the cell has been cultured.
Image (b) reveals that the microcapsule is indeed inside the cell.
some of the internalized
microcapsules were deformed (Figure 4).[17] At
this point, the detailed mechanism of uptake remains unclear. However, we speculate that a significant part of the
microcapsules is squeezed upon incorporation, thereby resulting in a reduction of size.
Figure 5 a shows the histogram f(Nin) for the number of
positively charged microcapsules that have been ingested by
single MCF-10A cells. For better visualization, the cumulative probability, p(Nin), of this distribution is plotted in the
same diagram. From the diagram, it can be seen that after
one hour of incubation with microcapsules, more than 50 %
of cells did not have any incorporated microcapsules. To
Figure 4. An MCF-10A cell with incorporated positively charged polycompare the results for different systems, cumulative probamer microcapsules. The microcapsules were infiltrated with greenfluorescent CdTe nanoparticles. The overlay of the phase-contrast
bility plots of MCF-10A and MDA-MB-435S cells with negand fluorescence images is shown.
atively and positively charged microcapsules are shown in
Figure 5 b. Both cell lines incorporated more positively
charged microcapsules than negatively charged ones during
third alternative. By knowingly taking into account an overthe same interval of incubation. The difference in ingestion
estimated number of internalized microcapsules, we decided
rate between the oppositely charged microcapsules is bigger
to compensate for the uncertainty in the counting procedure
for the MDA-MB-435S cells than for the MCF-10A cells.
by evaluating a huge number of cells.
As can be seen in Figure 5 c and Table 2, after one hour of
By application of the same criteria to judge whether a
incubation only p(Nin=0) = 44 % of the MDA-MB-435S cells
microcapsule is counted as incorporated or not for all different types of microcapsules and cells, a relative comparison
had not ingested any positively charged microcapsules,
between the uptake rates should yield reliable numbers, alwhereas p(Nin=0) = 82 % of the same cells had not ingested
though the absolute number of counted microcapsules will
any negatively charged microcapsules.
certainly be overestimated. Therefore, the data presented
The findings demonstrate that there is a remarkable
here have to be considered valid only for a relative comparinonspecific uptake of microcapsules by cell lines. Therefore,
son between the different systems. For each system, the
in order to investigate receptor-mediated uptake, first the
number of ingested microcapsules was counted for at least
nonspecific uptake has to be reduced. This could be done,
small 2006, 2, No. 3, 394 – 400
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Table 2. Percentage of cells that have a) ingested at least one microcapsule per cell (1 p(Nin=0) in %) and that have b) ingested at least
two microcapsules per cell (1 p(Nin=1) in %) after one hour of incubation, recorded for two different cell lines (MCF-10A, MDA-MB435S) that have been probed with negatively and positively charged
microspheres. See also Figure 5.
a)

negative

positive

MCF-10A
MDA-MB-435S

20
18

35
56

b)

negative

positive

MCF-10A
MDA-MB-435S

5.8
3.8

16
38

for example, by coating the microcapsules with poly(ethylene glycol) (PEG).[5] Ligands specific to receptors on the
cell membrane could then be added to the shell of PEG.

2.3. Comparison of AFM and Uptake Experiments

Figure 5. The number of ingested microcapsules per cell after one hour of incubation. a) Left scale: histogram for the number of ingested positively charged
microcapsules per MDA-MB-435S cell. f(Nin) is the number of the cells that
have incorporated Nin microcapsules. Right scale: for better visualization, the
data of the histogram have been converted to a cumulative probability plot.
p(Nin) corresponds to the normalized integral of the f(Nin) histogram.[32] In fact,
p(Nin) is the probability that cells have ingested  Nin microcapsules. b) Cumulative probability plots for MDA-MB-435S and MCF-10A cells that have ingested positively and negatively charged polymer capsules of 5 mm diameter. The
trace for the MDA-MB-435S cells and positively charged microcapsules corresponds to the histogram shown in (a). c) 1 p(Nin=0) taken from the plot
shown in (b). Data for MDA-MB-435S cells are shown in blue; data for MCF10A cells are shown in red. The charge of the microcapsules is indicated by
“ + ” and “ ”. 1 p(Nin) corresponds to the probability with which cells have
ingested > Nin microcapsules. This means that 1 p(Nin=0) is the probability
that cells have ingested at least one microcapsule per cell, whereas p(Nin=0)
is the probability that cells have ingested no microcapsules. 1 p(Nin=1) is the
probability that cells have ingested at least one microcapsule per cell, whereas
p(Nin=1) is the probability that cells have ingested less than 2 microcapsules.
The data are also shown in Table 2.
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The findings of the uptake study correspond well to the
results obtained by AFM measurements (Figure 1 c). We
can conclude that, for short periods of incubation, there is a
correlation between the probability of adsorption of a microcapsule to the cell membrane and the probability of internalization of the microcapsule. However, we have to
point out that while the maximum contact time between the
microcapsule and the cell surface is very short during AFM
measurements (a few milliseconds), it can be up to one hour
during the counting studies performed with optical microscopy. In total, for all investigated cell lines, both the adhesion rate and the adhesion force, as well as the number of
ingested microcapsules, were higher for positively charged
microcapsules than for negatively charged ones. This trend
fits with the simplified picture of electrostatically promoted
adhesion: positively charged capsules stick more strongly to
overall negatively charged cell membranes than negatively
charged ones and thus are ingested at a higher rate.
It has already been demonstrated in a previous report[17]
that the number of internalized microcapsules per cell increases with time until saturation is reached. In this study,
we have incubated MCF-10A, MDA-MB-435S, and NRK
cells with positively charged microcapsules for 48 h. The
result is shown in Figure 6. After 48 h, there are basically no
cells that have not ingested at least one microcapsule
(p(Nin=0)  5 %). Interestingly, the differences in the
number of ingested microcapsules between the three types
of cells become negligible (compared to the experimental
error) after 48 h of incubation (see Figure 6), whereas a
clear difference could be seen after only 1 h of incubation
between MCF-10A and MDA-MB-435S cells (see Figure 5 b). This pattern could be explained by different kinetics of the respective uptake pathways. Alternatively, it might
be ascribed to shielding of the microcapsule surface by nonspecifically adsorbed constituents from the cell culture
medium, so that previous differences in the surface chemistry of the microcapsules are smeared out.
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Figure 6. Cumulative probability plot of the number of ingested capsules for several cell lines that have been incubated for 48 h with
positively charged polymer microcapsules. p(Nin) is the probability
that cells have ingested  Nin microcapsules per cell.

3. Conclusion
We conclude that polymer microcapsules are a suitable
system to study cellular uptake mechanisms. This has been
demonstrated in this study with a model system with already
known interactions. The interesting feature of our system
lies in the fact that, while adhesion to cells can be measured
on a molecular level in terms of single bonds with AFM, the
microcapsules are big enough to be visualized and counted
by conventional light microscopy. With this system it should
be possible to investigate surfaces that are more relevant
for biological processes and thus obtain new knowledge
about the processes with which cells ingest particles.

4. Materials and Methods
Microcapsule preparation: Polymer microcapsules of approximately 5 mm diameter have been assembled by coating a template melamine formaldehyde core of 4.88 mm diameter (10 %
(v/v) aqueous suspension; Microparticles GmbH, Germany) successively with five alternating bilayers of negatively charged
poly(styrenesulfonate) (PSS, Mw = 70 000 g mol 1; Aldrich) and
positively charged poly(allylamine hydrochloride) (PAH, Mw =
70 000 g mol 1; Aldrich).[16] Polyelectrolyte concentrations were
2 mg mL 1 in 0.5 m NaCl. The cores were removed by dissolution
in 0.1 m HCl. For visualization purpose, green-fluorescent CdTe
nanoparticles (3 nm diameter, stabilized by thioglycolic acid[21])
have been incorporated into the walls of the microcapsules by a
previously reported method.[22] To define the net charge of the
microcapsules, two (PSS/PAH) or three (PSS/PAH/PSS) additional polyelectrolyte layers were deposited after the CdTe nanoparticle infiltration, thereby rendering the surface either positive or
negative, respectively. The microcapsules were washed three
times with water before use.
Cell culture: We have used invasive MDA-MB-435S and noninvasive MCF-10A breast cancer cells and normal rat kidney (NRK) fibroblasts (ATTC). Cells were grown on uncoated glass slides
(LabTek II, Nunc) and were cultured according to the specifications of the provider.
Adhesion measurements with atomic force microscopy (AFM):
Since the attachment of polymer microcapsules to the cantilever
small 2006, 2, No. 3, 394 – 400

of the atomic force microscope was not straightforward in a reproducible way, we used an alternative system to emulate the
microcapsule surface. Negatively charged polystyrene latex
spheres of 10 mm diameter were glued with a tiny spot of epoxy
glue to the tip of the microscope cantilevers and were then successively dipped into solutions of positively charged PAH and
negatively charged PSS. According to the protocol for the microcapsule preparation this process was repeated five times to
create a polyelectrolyte multilayer shell. The outermost layer determines the charge of the shell. During AFM experiments, the
cantilever modified with the polymer-coated latex microsphere
was lowered towards the surface of a single cell until a contact
force of about 50 pN was reached. After making contact, the cantilever was immediately retracted until it was completely separated from the cell. This resulted in an average cell-to-microsphere
contact of only a few milliseconds. During this short contact
time adhesive bonds between the microsphere and the cell surface were formed with a probability of Rbind = 20–80 %, which
can easily be observed in the force–distance curves recorded by
AFM.[23] Under conditions of Rbind < 40 %, more than 90 % of the
formed bonds could be ascribed to a single bond between the
microsphere and the cell and only 10 % to multiple bonds.[19] We
define the adhesion rate Rbind as the percentage of the force–distance scans in which the formation of a bond between the microsphere and the cell could be observed. We define the deadhesion force < Fbind > as the mean value of the strength of this
bond.[24, 25] Each prepared microsphere was approached to and
retracted from the surface of a MDA-MB-435S cell at least 100
times while force–distance curves were recorded. Afterwards, an
MCF-10A cell was probed with the same microsphere another
100 times. With the next microsphere the order was changed so
first the MCF-10A cells and then the MDA-MB-435S cells were
probed. In total, at least 500 force–distance traces were recorded for each cell line (MDA-MB-435S and MCF-10A) and for each
type of microsphere (negatively and positively charged). By
pressing the microspheres in a controlled way with minimum
force of around 50 pN to the surface of the cells, we ruled out
the deformation of cells larger than 200 nm, although microspheres are more rigid than microcapsules.[26–29]
Confocal microscopy: To test whether microcapsules had been
internalized by cells or were just adherent to their outer surface,
images of cells that had been exposed to microcapsules were recorded with confocal microscopy (Zeiss Axiovert 200/LSM 5). Microcapsules labeled in their walls with green-fluorescent Alexa
dye were used. After incubation of the cells with microcapsules
for some hours, the free microcapsules were removed from the
solution by carefully rinsing the cells. A red-fluorescent dye with
high affinity to the cell membrane (FM 4-64; Molecular Probes)
was then added according to the manual of the supplier. In this
way, cells and microcapsules could be visualized in parallel by
their red and green fluorescence, respectively, by using confocal
microscopy. Images were recorded for several image planes and
a three-dimensional image was obtained by convoluting the zstack scans.
Counting of the number of internalized microcapsules with optical microscopy: Cells were seeded on uncoated glass cover slips
and, after 12 h incubation time, microcapsules were added (32
microcapsules per seeded cell). After 1 or 48 h of incubation of
the cells with microcapsules, images were recorded with phase-
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contrast and fluorescence microscopy (Zeiss Axiovert 200M). The
number of internalized microcapsules per cell was counted by
changing the focus .[17] As described in more detail in the Results
section, this counting procedure has to be interpreted with care.
We define the number of ingested microcapsules per cell, as defined by our criteria, as Nin. For each cell line and each type of
microcapsule, at least 1000 different cells were analyzed by determining the number of internalized microcapsules. The distributions of Nin are visualized as histograms, f(Nin), and cumulative probability diagrams, p(Nin).

[11]
[12]
[13]
[14]
[15]
[16]

[17]

[18]

Acknowledgements

[19]

This project has been funded by the Volkswagen Foundation
(Grant I/80 051-054; A.L.R., G.B.S., W.J.P.), by the Center for
Nanoscience (M.B., A.L.R., W.J.P.), and by the Fonds der
Chemischen Industrie (A.L.R., W.J.P.). The authors are grateful
to Prof. Dr. H. E. Gaub, Christian Albrecht, and Kerstin Blank
for critical comments and to Thomas Nicolaus for help with
the cell culture. The authors want to thank Mrs. Catherine
Jones for proofreading the manuscript.

[20]
[21]

[22]
[23]
[24]
[25]

[1] W. C. W. Chan, S. Nie, Science 1998, 281, 2016.
[2] W. J. Parak, R. Boudreau, M. L. Gros, D. Gerion, D. Zanchet, C. M.
Micheel, S. C. Williams, A. P. Alivisatos, C. A. Larabell, Adv.
Mater. 2002, 14, 882.
[3] K. Ogawara, M. Yoshida, Y. Takakura, M. Hashida, K. Higaki, T.
Kimura, Biochim. Biophys. Acta 1999, 1472, 165.
[4] E. Gagnon, S. Duclos, C. Rondeau, E. Chevet, P. H. Cameron, O.
Steele-Mortimer, J. Paiement, J. J. M. Bergeron, M. Desjardins,
Cell 2002, 110, 119.
[5] S. Faraasen, J. Voros, G. Csucs, M. Textor, H. P. Merkle, Pharm.
Res. 2003, 20, 237.
[6] L. Thiele, B. Rothen-Rutishauser, S. Jilek, H. Wunderli-Allenspach, H. P. Merkle, E. Walter, J. Control. Release 2001, 76, 59.
[7] H.-Y. Xie, C. Zuo, Y. Liu, Z.-L. Zhang, D.-W. Pang, X.-L. Li, J.-P.
Gong, C. Dickinson, W. Zhou, Small 2005, 1, 506.
[8] J. Gruenberg, K. E. Howell, Annu. Rev. Cell Biol. 1989, 5, 453.
[9] J. N. Mehrishi, Prog. Biophys. Mol. Biol. 1972, 25, 1.
[10] L. Ghitescu, A. Fixman, J. Cell Biol. 1984, 99, 639.

400

www.small-journal.com

[26]
[27]
[28]
[29]
[30]
[31]

[32]

S. Mutsaers, J. Papadimitriou, J. Leukocyte Biol. 1988, 44, 17.
N. Ghinea, N. Simionescu, J. Cell Biol. 1985, 100, 606.
M. Williams, Proc. Natl. Acad. Sci. USA 1984, 81, 6054.
K. Foster, M. Yazdanian, K. Audus, J. Pharm. Pharmacol. 2001,
53, 57.
N. Gomez, J. O. Winter, F. Shieh, A. E. Saunders, B. A. Korgel,
C. E. Schmidt, Talanta, 2005, 67, 462.
E. Donath, G. B. Sukhorukov, F. Caruso, S. A. Davis, H. Mçhwald,
Angew. Chem. 1998, 110, 2323; Angew. Chem. Int. Ed. 1998,
37, 2202.
G. B. Sukhorukov, A. L. Rogach, B. Zebli, T. Liedl, A. G. Skirtach,
K. Kçhler, A. A. Antipov, N. Gaponik, A. S. Susha, M. Winterhalter, W. J. Parak, Small 2005, 1, 194.
M. Rief, M. Gautel, J. Fernandez, P. Oesterhelt, H. Li, H. E. Gaub,
Eur. Biophys. J. 1997, 26, 5.
M. Benoit, D. Gabriel, G. Gerisch, H. E. Gaub, Nat. Cell Biol.
2000, 2, 313.
H. Clausen-Schaumann, M. Seitz, R. Krautbauer, H. E. Gaub,
Curr. Opin. Chem. Biol. 2000, 4, 524.
N. Gaponik, D. V. Talapin, A. L. Rogach, K. Hoppe, E. V. Shevchenko, A. Kornowski, A. EychmMller, H. Weller, J. Phys. Chem. B
2002, 106, 7177.
N. Gaponik, I. L. Radtchenko, G. B. Sukhorukov, A. L. Rogach,
Langmuir 2004, 20, 1449.
E.-L. Florin, V. T. Moy, H. E. Gaub, Science 1994, 264, 415.
R. Merkel, P. Nassoy, A. Leung, K. Ritchie, E. Evans, Nature
1999, 397, 50.
M. Grandbois, W. Dettmann, M. Benoit, H. E. Gaub, J. Histochem.
Cytochem. 2000, 48, 719.
F. Dubreuil, N. Elsner, A. Fery, Eur. Phys. J. E 2003, 12, 215.
F. Dubreuil, D. G. Shchukin, G. B. Sukhorukov, A. Fery, Macromol. Rapid Commun. 2004, 25, 1078.
V. V. Lulevich, D. Andrienko, O. I. Vinogradova, J. Chem. Phys.
2004, 120, 3822.
O. I. Vinogradova, J. Phys. Condens. Matter 2004, 16, R1105.
C. Kirchner, A. MuÇoz Javier, A. S. Susha, A. L. Rogach, O. Kreft,
G. B. Sukhorukov, W. J. Parak, Talanta, 2005, 67, 486.
W. J. Parak, J. Domke, M. George, A. Kardinal, M. Radmacher,
H. E. Gaub, A. D. G. deRoos, A. P. R. Theuvenet, G. Wiegand, E.
Sackmann, J. C. Behrends, Biophys. J. 1999, 76, 1659.
L. Sachs, Angewandte Statistik, 8th ed., Springer, Berlin, 1997.

E 2006 Wiley-VCH Verlag GmbH & Co. KGaA, D-69451 Weinheim

Received: August 10, 2005
Revised: November 2, 2005

small 2006, 2, No. 3, 394 – 400

Colloids and Surfaces A: Physicochem. Eng. Aspects 281 (2006) 40–43

Luminescent CdTe nanocrystals as ion probes and pH
sensors in aqueous solutions
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Abstract
CdTe nanocrystals capped by short-chain thiol molecules can easily be prepared in aqueous solution, possess a single narrow emission band and
can potentially be used as luminescence sensors and ions probes. We report the effect of pH and various ions, including physiology important cations
such as calcium(II), manganese(II) and iron(III), on the luminescence intensity of CdTe nanocrystals capped by thioglycolic acid. Quenching of
luminescence of CdTe nanocrystals by Ag(I)-cations points out their use in cellular studies as fluorescent labels and quenching agents, respectively.
Micromolar amounts of Hg2+ ions caused quenching of the emission of CdTe nanocrystals, while at increasing Hg2+ concentration alloyed
Cdx Hg1−x Te nanocrystals were formed, followed by appearance of a near-infrared luminescence band. Luminescence of both bare CdTe nanocrystals
and CdTe nanocrystals embedded into polymer microcapsules was found to be pH sensitive within the pH range of 4–6.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Nanocrystals; CdTe; Ion probes; Photoluminescence; Sensors

1. Introduction
Colloidal semiconductor nanocrystals (NCs) with sizedependent optical properties and variable surface chemistry
determined by capping ligands have extensively been used in the
last several years as luminescent species for imaging, detection
and biolabeling [1]. Among the properties of NCs considered to
be superior over traditional fluorescent labels based on organic
fluorophores, high resistance to photobleaching, broad absorption spectra in combination with single, narrow and symmetric
luminescence bands, and high molar extinction coefficients are
the key points. The NCs used in biological systems should
be water-soluble, which is possible to achieve either through
the post-preparative treatment of NCs originally synthesized in
organic solvents [1], or by the synthesis of NCs in water directly
[2].
Another area where luminescence properties of NCs can be
utilized is the development of fluorescence sensors for analytical
detection of chemically and biologically important ionic species,
a field dominated at present by organic fluorophores. Because of

the large surface-to-volume ratio of NCs, their luminescence is
sensitive to surface states, especially in the case of core-only NCs
passivated with organic ligands only. Electronic interactions of
anions [3] or cations [4] with the surface of semiconductor NCs
influence the emission through electronic coupling or creation
of non-radiative pathways for recombination of photoexcited
charge carriers. A principal possibility to use water-soluble CdS
[5] and CdTe [6,7] NCs for the detection of divalent metal ions
based on emission quenching has recently been demonstrated,
although the scientific activity in this important field is still in
its infancy as compared to the explosively developing biolabeling applications of NCs. In this communication, we demonstrate
the influence of several physiologically important monovalent,
divalent and trivalent cations on the emission of water-soluble
CdTe NCs capped by thioglycolic acid. We further demonstrate
that the emission of CdTe NCs is pH-sensitive in the acidic
region, and discuss the possibility to use CdTe NCs in combination with Ag+ -cations in cellular studies as fluorescent labels
and quenching agents, respectively.
2. Materials and methods
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Milli-Q water (Millipore) was used as a solvent in all experiments. Photo luminescence (PL) spectra were taken at room
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of oppositely charged polyelectrolytes: poly(styrene sulfonate)
(PSS, Mw ∼ 70.000) and poly(allylamine hydrochloride) (PAH,
Mw ∼ 50.000). The capsule walls were labeled with CdTe NCs
utilizing electrostatic attraction between the acidic groups of the
nanoparticles’ ligands and the amino groups of PAH [10].
KI, NaCl, AgNO3 , Hg(ClO4 )2 , CaCl2 , MgCl2 and FeCl3 salts
in the concentration range of 2 × 10−6 to 1 × 10−2 M have been
checked for their ability to influence the emission of CdTe NCs.
The results are presented in the next section.
3. Results and discussion

Fig. 1. Representative luminescence spectra of CdTe NCs (2–5 nm size range)
capped by thioglycolic acid. λex = 450 nm.

temperature with a Cary Eclipse spectrofluorimeter (Varian)
from solutions of NCs in standard 10 mm path cuvettes. pH
dependent PL measurements were carried out with a MicroMax
384 microplate reader connected to a Fluorolog-3 spectrofluorimeter (Jobin Yvon). PL intensities were normalized to the
absorbance at the excitation wavelengths allowing direct comparison of all the samples studied.
CdTe NCs capped by thioglycolic acid have been synthesized directly in aqueous solution by the method described in
details in Ref. [2] Different sizes of NCs in the range of 2–5 nm
with a single emission band tunable from 520 to 680 nm and
full width at half maximum of 35 nm (smallest NCs) to 60 nm
(largest NCs) have been obtained by adjusting refluxing time
and by post-preparative size-selective precipitation. The NCs
can conveniently be excited at any energy exceeding their optical band gap. Fig. 1 shows representative PL spectra of CdTe
NCs of different sizes; for further studies reported in this paper,
NCs of ∼3 nm in diameter emitting at 580 nm have been used.
The concentration of NCs was kept at ∼10−6 M in all experiments, as estimated from the optical density of the solution in
accordance with Ref. [8].
Polymer microcapsules [9] were templated on melamine
formaldehyde cores (Microparticles GmbH, Berlin), 3 m in
diameter, which were dissolved afterwards by treatment with
0.1 M HCl. The walls of the capsules were grown by applying layer-by-layer coating and consisted of five double layers

Fig. 2 shows changes in the emission of CdTe NCs in aqueous
solutions (without any other additives and/or buffers) upon addition of different mono-, di- and trivalent metal cations, and I−
anions. I− ions have previously been shown to quench luminescence of polyphosphate-capped CdS NCs in aqueous solutions,
attributed to the collisional quenching [11]. We did not detect
any quenching effect of I− on thioglycolic acid capped CdTe
NCs (Fig. 2); instead, a slight increase of the PL intensity by
30% at 10−2 M KI was observed. The difference lies most probably in the surface capping: thiols are known to be much stronger
capping agents for II–VI semiconductor NCs in comparison to
sterical polyphosphate stabilizers [12], so that the collisional
short-contact quenching plays a minor role. No quenching by
NaCl, the common ingredient of the most physiological buffer
solutions, of the emission of CdTe NCs was found (not shown),
which coincides with our previously reported measurements on
luminescence of CdTe NCs in saline buffer even at higher concentration of NaCl (0.137 M) [13].
Addition of physiologically important Mg2+ and Ca2+ ions
led to an increase of the emission of CdTe NCs by 20–40% in
the concentration range of 2 × 10−6 to 5 × 10−5 M, followed
by three- to four-fold decrease in the concentration range of
5 × 10−5 to 5 × 10−4 M (Fig. 2). For further increased concentrations of Mg2+ /Ca2+ ions (in the range of 5 × 10−4 to
1 × 10−2 M), the emission of CdTe NCs remained constant.

Fig. 2. Influence of different mono-, di- and trivalent metal cations and I− anions
on the luminescence intensity of CdTe NCs in aqueous solution.
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These divalent cations, electrostatically adsorbed at the surface
of CdTe NCs capped by negatively charged thioglycolic acid,
can coordinate several NCs together, leading to formation of
closely-packed NC aggregates. This causes a decrease of the
luminescence intensity due to self-quenching mechanism well
known for nanoparticles in films [14]. Electrostatic screening
of surface charges at high concentrations of metal cations in
physiological buffer solutions has been shown to promote the
formation of nanowires out of spherical CdTe NCs, as recently
reported [15].
Ag+ and Fe3+ ions were found to be very efficient quenchers
for CdTe NC in aqueous solution, whose luminescence was
quenched almost completely by addition of 5 × 10−5 M of Fe3+
and only 1 × 10−5 M of Ag+ . Trivalent Fe cations are able to promote the coordination of negatively charged NCs as discussed
above for the Ca2+ /Mg2+ ions. The main mechanism of quenching is most probably related to a transfer of electrons from the
photoexcited semiconductor nanoparticle to the cation bound at
its surface [4], which involves a reduction of Ag+ to Ag0 or Fe3+
to Fe2+ in a chemical sense. These new-formed non-radiative
surface channels for electron annihilation effectively compete
with the radiative electron–hole recombination within the semiconductor NC, giving rise to the luminescence quenching. In
case of Ag+ ions, their reduction to Ag0 may lead to formation
of silver clusters at the surface of CdTe NCs, which provide an
additional channel for scavenging photoexcited charge carriers
[16].
Motivated by the very efficient quenching of CdTe NC emission by Ag+ ions in water, we have checked the possibility to
use these cations as quenchers for CdTe NCs embedded in polymer microcapsules. As discussed in our recent concept paper
[9], the polymer microcapsules may find use as potential drug
delivery systems. For the anticipated use of water-soluble luminescent CdTe NCs for the visualization of microcapsules in
optical microscopy studies on cellular uptake [9], the availability
of a selective quencher being able to quench the fluorescence of
NC-labeled microcapsules outside the cells while preserving the
intracellular fluorescence of internalized capsules would greatly
facilitate fluorescence microscopy measurements. Fluorescence
quenching assays are known for organic fluorophores [17], and
we have tried to employ Ag+ ions as a quencher for CdTe NCs
embedded into polymer microcapsules in cell medium [18]. The
luminescence of CdTe NCs in polymer capsules decreased upon
35% by addition of 10−5 M of Ag+ , and was quenched completely at the concentration of Ag+ ions of 10−4 to 10−3 M.
Unfortunately, the cell medium itself influenced the emission
of CdTe NCs very strongly, leading to approximately six-fold
decrease in comparison with purely aqueous solution. Experiments on the selective intercellular quenching of NCs emission
by Ag+ could not effectively be carried out so far due to the lack
of sensitivity towards the remaining CdTe emission.
The influence of Hg2+ ions on the emission of CdTe NCs was
more complex than the influence of other metal ions studied.
For the low concentration of Hg2+ ions in solution (2 × 10−6 to
1 × 10−5 M range), gradual decrease of the intensity of CdTe PL
band has been observed (Fig. 3), coinciding with measurements
of Ref. [6]. For increasing amounts of Hg2+ ions added, substi-

Fig. 3. Influence of Hg2+ -ions on the luminescence spectra of CdTe NCs. A new
PL band appears in the near-IR region at higher Hg2+ -concentrations because
of the formation of alloyed Cdx Hg1−x Te nanoparticles. PL spectra of samples
at 5 × 10−5 M and 5 × 10−4 M of Hg2+ ions are scaled by a factor of 10.

tution of Cd-ions constituting CdTe NCs by Hg-ions takes place,
the process driven by approximately 20 times lower solubility of
HgTe than CdTe in water. As described in our previous publication [19], this process leads to formation of alloyed Cdx Hg1−x Te
NCs which emit in the near-infrared. The appearance of a new
PL band of these NCs at 700–900 nm can be clearly seen in
Fig. 3. The formation of alloyed Cdx Hg1−x Te NCs luminescent
at wavelengths distinctly different to those of CdTe NCs should
be thus kept in mind in case of using of water-soluble CdTe NCs
as fluorescence sensors for Hg2+ ions.
Finally, we studied the pH dependence of the emission of
CdTe NCs. Different values of pH have been adjusted by using
different ratios of 0.01 M CH3 COOH and 0.01 M NaOH solutions. The measurements have been carried out both for the bare
CdTe NCs and for the CdTe NCs embedded into polymer microcapsules. The spectral position of the emission maximum of
CdTe NCs did not show any pH dependence in the both cases.

Fig. 4. pH dependence of the luminescence of CdTe NCs. Squares: bare CdTe
NCs; triangles: CdTe NCs embedded in polymer microcapsules.
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PL intensity of CdTe NCs remained almost constant at the pH
range from 12 down to 6, followed by an almost linear decrease
from pH 6 down to pH 4 (Fig. 4), when NCs start to precipitate. Note, that the increase of luminescence intensity of the same
CdTe NCs as used in this work has been detected in the pH range
of 10 down to 4.5 in our previous publication [20] in presence
of excess of Cd2+ ions and thioglycolic acid molecules, which
was ascribed to the additional passivation of CdTe NC surface
by a shell of cadmium thiolate complexes [20,21]. Complete
quenching of CdTe emission was observed at pH 3.3 both for
bare NCs and for NCs in capsules. The results obtained indicate
that the water-soluble CdTe NCs can be used as a pH indicator for the pH range of 6–4, although for intracellular studies
the influence of physiologically active ions will complicate the
spectral response.
4. Conclusions
We have checked different inorganic cations and anions for
their ability to influence the luminescence intensity of thioglycolic acid capped CdTe NCs in aqueous solutions. CdTe
emission was only slightly influenced by KI and NaCl, and
showed a complex dependence on the concentration of physiologically important Mg2+ and Ca2+ ions. Ag+ and Fe3+ ions
were found to be very efficient quenchers for CdTe NC in aqueous solution, while the quenching action of Ag+ ions on CdTe
NCs embedded in polymer microcapsules requires further studies. Micromolar amounts of Hg2+ ions caused quenching of the
emission of CdTe NCs, while at increasing Hg2+ concentration
alloyed Cdx Hg1−x Te NCs were formed, followed by appearance
of a near-infrared luminescence band. Luminescence of both
bare CdTe NCs and CdTe NCs embedded into polymer microcapsules was pH sensitive within the pH range of 4–6. These
results point out the potential use of water-soluble CdTe NCs as
selective ion probes and pH sensors.
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offer a unique opportunity to combine surface multifunctionality with design flexibility for the delivery of encapsulated
materials into designated compartments and cells.[6] Furthermore, microcapsules can be arranged in arrays for imaging,[7a,b] could be appropriate candidates for a cell-sorting
system,[7c,d] and serve as fluorescence markers for the
characterization of cells by fluorescence-activated cell sorting
(FACS).[7e] The capsules are fabricated using the layer-bylayer (LbL) method[8] by alternately adsorbing oppositely
charged polymers on colloidal templates followed by core
dissolution. In this regard, proteins and biocompatible
polymers have also received increased interest.[9] The main
advantage of such a method is the precise control over the
chemical composition of the surfaces.
In the area of biomedical applications, polyelectrolytemultilayer capsules are envisioned for the delivery of
encapsulated materials into biological cells.[6] Recently, we
have presented the real-time monitoring and remote release
of encapsulated materials from polyelectrolyte-multilayer
capsules on the single-capsule level.[10] Such an approach[10]
is different from the studies reported by other research
groups[11] in that it is performed on a single-capsule level,
which is the method ideally suited to applications where
precise control is necessary. In addition, the distinctive feature
reported in reference [10b] is the measurement of the
temperature rise induced locally by absorption of laser light
by nanoparticles.
In general, nanoparticles[12] are becoming ubiquitous
components that link chemistry and physics with biology
and biochemistry. They can be embedded in the walls of
capsules to provide functionality,[6a] and they are also finding
increasing interest for biological imaging.[13] Herein, we show
that polyelectrolyte-multilayer capsules containing metallic
nanoparticles in their walls can be remotely activated to
release encapsulated material inside living cells. Fluorescently
labeled polymers were chosen as a model system for
encapsulated materials. The remote-release experiments
were conducted according to the following scheme. The
polyelectrolyte-multilayer shells were doped with metal
nanoparticles, which served as absorption centers for energy
supplied by a laser beam. These absorption centers cause local
heating that disrupts the local polymer matrix and allows the
encapsulated material to leave the interior of the capsule.
When using lasers with biological objects, it is important
to minimize the absorption of laser light by cells and tissue.
This can be accomplished by choosing the laser wavelength in
the biologically “friendly” window[14a,b]—the near-infrared
(NIR) part of the spectrum. Usually the spectral properties of
water[14c] serve as a good criterion, as it constitutes 80–85 % of
eukaryotic cells. Indeed, in water the temperature rise in the
focus of a laser diode with wavelength 850 nm and operating
at optical powers up to 100 mW during less than 1 s exposure
time was reported to be under 1 K.[14d] Other important
parameters that control the interaction of laser light with the
absorption centers are the size of the nanoparticles and their
concentration on the microcapsules.[10b] The concentration of
metal nanoparticles plays an important role for two reasons:
1) when the distance between the two adjacent nanoparticles
is of the order of their size, the thermal effects produced by
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adjacent nanoparticles add up; and 2) the interaction of
nanoparticles located in close proximity to each other results
in an increase of absorption at lower energies or higher
wavelengths (causing the so-called red shift) compared to the
surface plasmon resonance band of stand-alone nanoparticles.[15] In this regard, spatial arrangement of the nanoparticles
is essential[16a–c] and control of their distribution is paramount.[16d]
In the present studies we used silver nanoparticles[10a] for
the remote activation of microcapsules, defined as deformation of their shape upon laser illumination, inside the cells.
These nanoparticles were chosen because they provide dark
contrast in transmission microscopy as a result of their high
concentration on the capsules. Most of the silver nanoparticles were larger than 20 nm. These features lead to
nonvanishing absorption[10a] in the NIR part of the spectrum
as a consequence of dipolar and higher-order multipolar
contributions[15b,c] and interaction between the nanoparticles.[15a] This finding is consistent with the visible–NIR
spectral characteristics of silver nanoparticles with larger
sizes[15b] located in clusters.[15c] Further studies were conducted
of the release of encapsulated polymers from microcapsules
containing gold and gold sulfide nanoparticles.[17] These
nanoparticles absorb in the NIR part of the spectrum,[17]
and the nature of the NIR absorption is the subject of
continuing research.[17e]
Encapsulation of macromolecules can be performed, for
example, by pH-controlled[18] swelling and shrinking of
capsules[19] or with a matrix polyelectrolyte system.[20] We
encapsulated an Alexa Fluor 488 (AF-488) dextran conjugate
by a thermal[21] treatment method developed by KDhler
et al.[21b] and based on the size reduction of strong polyelectrolyte sodium poly(styrene sulfonate)(PSS)/poly(diallyldimethylammonium chloride) (PDADMAC) microcapsules
upon heating. Indeed, temperature was shown to affect the
polyelectrolyte multilayers.[22] The heat-induced shrinking of
microcapsules with a balanced charge ratio of polyelectrolytes is attributed to the reduced water/polyelectrolyte interface and subsequently lower surface energy.[21b] Therefore, the
heat treatment of microcapsules applied in our study was
accompanied by a reduction in size from about 4.5 to about
3 mm, which entrapped the dextran.
Figure 1 presents AFM images of a typical dried capsule
before and after heat treatment. Upon heat treatment, the
thickness of the walls of the capsules increases from about 14
to about 42 nm. Furthermore, the polymers incorporated
inside the capsules smooth the surfaces of their walls. Peaks
and valleys in the range of 55–120 nm can be seen in the
thermally treated capsules without encapsulated polymer
(Figure 1 d–f). In contrast, the thermally treated capsules
containing encapsulated polymer exhibit a uniform thickness
of about 40 nm. The presence of polymers inside the microcapsules leaves the average wall thickness virtually
unchanged but alters the texture and reduces the roughness
(Figure 1 g–i). Nanoparticles embedded in the walls of the
capsules can also be seen after heat treatment (inset to
Figure 1 i). The capsules were constructed on silica templates,
which have a negligible effect on polyelectrolyte multilayers.[21b]
Angew. Chem. Int. Ed. 2006, 45, 4612 –4617

Figure 1. a,b) AFM and c) TEM images of (PSS/PDADMAC)4 polyelectrolyte-multilayer capsules with gold and gold sulfide nanoparticles
embedded in their walls before thermal treatment; the height marked
by the red arrows in the inset to (b) corresponds to 28 nm. d,e) AFM
and f) SEM images of a similar capsule after thermal treatment
without encapsulated polymer; the heights marked by the green, red,
and black arrows in the inset to (e) are 55, 87, and 120 nm,
respectively. g,h) AFM and i) TEM images of a similar capsule after
thermal treatment with encapsulated AF-488 dextran. The height
marked by the red arrows in the inset to (h) is 82 nm; the inset to (i)
shows a magnified area. All values for heights correspond to the
double wall thickness. The scale bars in all images correspond to
1 mm.

The mechanical properties of the polyelectrolyte microcapsules[23a–f] and multilayers[23g–j] have been the subject of
extensive research. The studies conducted by AFM[23b,c]
revealed that forces in the range of hundreds of piconewtons
are sufficient to induce buckling of capsules that were not
thermally treated. The study of the mechanical properties of
thermally treated PSS/PDADMAC capsules at room temperature demonstrated[23e] that after heating for 20 min at 50 8C,
the stiffness increased by four times (from  220 to
 870 pN nm 1) and, even more remarkably, by more than
ten times (from  220 to  2600 pN nm 1) upon heat treatment at 55 8C. Such an enhancement of the stiffness is
attributed to the increase of the wall thickness that accompanies the heat shrinking. The improvement of the mechanical integrity of thermally treated capsules was also consistent
with our observations,[6c] as the thickness of the walls has an
important influence on the percentage of capsules that are
deformed upon ingestion by cells. Capsules with thicker walls
are less likely to be deformed, and are thus more suited to the
delivery of encapsulated materials.
All encapsulation and release experiments were performed with the AF-488 dextran conjugate because it is
significantly brighter and more photostable than other green
fluorophores,[24a,b] which is a required condition for experiments under physiological conditions. The pH stability of
encapsulated AF-488 dextran at different pH values was
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investigated in comparison to that of fluorescein isothiocyanate (FITC) dextran (see Supporting Information), which is a
commonly used, strongly pH-dependent, fluorescently
labeled polymer that exists in four forms in solution.[24c–f] At
pH > 5, both phenol and carboxylic groups of the FITC dye
molecules are ionized, whereas at pH < 5 the majority of them
are in their neutral or cationic, predominantly nonfluorescent,
state. This results in decreasing fluorescence at lower pH
values (see Supporting Information). A sharp contrast
between the pH stability of AF-488 and FITC dextran is
observed. Therefore, AF-488 can be used in experiments
where stability is required, whereas FITC is intended for pH
and other sensors. In addition, experiments were performed
to determine both the mechanical integrity of capsules
without nanoparticles and the photostability of encapsulated
AF-488 dextran.
In fluorescent dyes the excitation from the ground state to
the first singlet state S1 dominates the absorption processes,[25]
while higher-order photon excitation may influence the signal
only at high photon fluxes (typically with femtosecond
lasers).[25b] The laser wavelength (830 nm) is located outside
the 450–510 nm absorption band of AF-488 dextran (see
Supporting Information). Notwithstanding this fact, a control
experiment was conducted in which microcapsules without
embedded nanoparticles were exposed to laser light with
intensities and conditions similar to those used in the release
studies (see Supporting Information). It served to test both
the photostability (or exclude the possibility of photobleaching) and the mechanical integrity of microcapsules filled with
AF-488 dextran but without nanoparticles in their walls upon
laser excitation. Illumination was performed by a laser
operating in the continuous wave (CW) mode at 830 nm
with an incident intensity of 50 mW. Notably, although the
laser operated in a CW mode, the shutter of the laser was
opened for a short pulse (on the order of seconds or less)
during the illumination. No fluorescence intensity changes
were observed before and after illumination. In addition to
test the photostability, this experiment also provides evidence
that a capsule without nanoparticles is not deformed upon
illumination with laser light. Note that the laser beam was
directed from the top, thus pushing the capsule against the
cover slide as a result of the radiation pressure of light[26] so
that the capsule remained in the focus. Further studies were
conducted with capsules containing nanoparticles in their
walls.
Before the release studies, we performed experiments on
the remote activation of capsules inside living cells. For this
purpose, we fed living cells with capsules containing silver
nanoparticles in their walls. These capsules were prepared
according to the method described previously;[10a] they had no
encapsulated material inside and were chosen for dark
contrast in transmission. An ingested capsule was illuminated
with a CW laser beam directed from the bottom and
operating at 830 nm with a power of 50 mW. Figure 2
demonstrates that a capsule can be opened or activated
remotely inside a cell. The rupture of the capsule (Figure 2 c)
demonstrates that a laser–nanoparticle interaction through
thermal processes[10b] is responsible for its activation. Other
processes, for example transport of protons or electron
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Figure 2. Remote activation of a capsule containing silver nanoparticles in its walls. The capsule was ingested by a living MDA-MB-435S
cancer cell. The images show the cell before (a), during (b), and after
(c) illumination with a laser. The scale bars correspond to 10 mm.

redistribution around the nanoparticles,[27] do not determine
the activation of and eventual release from microcapsules,
because the polyelectrolyte multilayers were shown to be
permeable for protons[24c] and the local redistribution of
electrons cannot cause the rupture of the capsules. In the next
step, release experiments were conducted with AF-488
dextran-filled capsules containing gold and gold sulfide
nanoparticles in the walls.
Figure 3 demonstrates the release of encapsulated AF488-labeled dextran inside a living cell upon laser illumination. The fluorescence image of the capsules is presented in

Figure 3. Sequence of images showing the release of fluorescent AF488 dextran inside a living MDA-MB-435S cell. a) Fluorescence image
of a filled capsule; b) superimposed fluorescence and transmission
images of the capsule inside the same cell; c) fluorescence intensity I
profile plotted along the length L of the red line in (a). d)–f) Similar
data after exposure of the cell to a laser beam. The scale bars in all
images correspond to 5 mm.

Figure 3 a, while Figure 3 b shows the superimposed fluorescence and transmission signals from the same cell and the
same capsules before illumination by laser light. The capsule
appears filled (Figure 3 c) before illumination. Similar images
of the same capsule after illumination (Figure 3 d–f) show
that, although there is some leftover fluorescence in the walls
of the capsules, most polymer molecules had left the interior
of the capsule. The leftover fluorescence traces in the walls of
the capsule are consistent with earlier reported experiments.[10b] Notably, the rise in temperature during laser
illumination of capsules with embedded nanoparticles is
several degrees and it is concentrated in the vicinity of the
capsules.[10b] In our experiments, the cells adhered to the
substrate both before and after the release of the encapsu-
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lated polymer, which indicates that this method is feasible for
the delivery of encapsulated materials into cells.
In the activation and release experiments, contrary to the
photostability tests, the laser beam was directed from the
bottom onto the chamber containing the living cells because
of its design. In such a geometry, capsules not taken up by
cells are pushed up by the laser beam and away from the field
of view as a result of the radiation pressure of light.[26] This
effect is demonstrated in Figure 4, which shows that capsules

the interior of a capsule inside a living cancer cell. Capsules
not internalized by the cells are pushed up by the laser and
move away from the field of view upon laser illumination
from the bottom. The study presented herein serves as a
significant step toward the use of polyelectrolyte-multilayer
capsules for the delivery of medicine into biological cells, and
is, therefore, relevant to research on drug delivery.[1] The
presented method is different from previous, albeit also
important, studies in that it is conducted on an individualcapsule level and offers an improved degree of control and
monitoring.

Experimental Section

Figure 4. Fluorescence images demonstrating the lifting up of noninternalized capsules located on top of a living MDA-MB-435S cell
above and away from the imaging plane or the focus a) before,
b) during, and c) after the laser beam illuminated the chamber from
the bottom. The capsules were lifted up with a laser power of 50 mW.
The red arrows indicate the locations of the capsules that were lifted
up. The scale bars in all images correspond to 5 mm.

situated on top of a cell are pushed out of the field of view by
the laser. Figure 4 a shows that an agglomerate of capsules is
located in the field of view slightly above the cell, whose
contours can also be seen. Figure 4 b shows the same cell and
the same agglomerate of capsules during laser illumination,
while Figure 4 c presents the same cell after liftoff of the
capsules. The agglomerate of the capsules is not a heavy
aggregate, as part of it can still be seen in Figure 4 c. Besides,
the cell itself did not undergo changes, which is consistent
with the data reported for the temperature rise during laser
illumination.[14d] These experiments with “flying capsules”
demonstrate that the release of encapsulated material can be
carried out only from capsules internalized by the cells;
capsules merely adherent to the outer membrane were lifted
up and away from the imaging plane.
In conclusion, the release of encapsulated material from
polyelectrolyte-multilayer capsules has been demonstrated
inside living cells. Metal nanoparticles were incorporated
inside the walls of the capsules, and served as energyabsorbing centers for illumination by laser light. AF-488
dextran was successfully incorporated into the capsules using
a novel heat-shrinking method. The capsules obtained by such
a method exhibit improved mechanical stability—properties
important for the delivery of encapsulated material. Upon
illumination by laser light, the encapsulated dextran leaves
Angew. Chem. Int. Ed. 2006, 45, 4612 –4617

Polyelectrolyte-multilayer capsules were prepared according to the
previously described method.[5, 21] Silica particles (SiO2, 4.55 mm;
Microparticles GmbH, Berlin, Germany) were alternately coated
with four double layers of PDADMAC (Mw  200–350 kDa; Sigma–
Aldrich, Munich, Germany) and PSS (Mw = 70 kDa; Sigma–Aldrich).
FITC dextran (Sigma–Aldrich) was used in pH stability tests. All
chemicals were used without further purification. The water used in
all experiments was prepared in a three-stage Millipore Milli-Q
Plus 185 purification system and had a resistivity higher than
18.2 MW cm.
For activation studies, silver-containing microcapsules were
prepared according to the method described earlier.[10a] For release
studies, gold and gold sulfide[17] nanoparticles were deposited in the
layers according to the method described earlier.[10b] After deposition
of eight polyelectrolyte monolayers, silica cores were dissolved in
0.1m HF.[21b] Alexa Fluor 488 dextran conjugate (AF-488 dextran,
Mw = 10 kDa; Invitrogen, Karlsruhe, Germany) was encapsulated in
(PDADMAC/PSS)4 capsules according to the thermal treatment
method.[21b,c]
The optical setup used in the experiments was similar to that
described previously.[10] The laser was operated in CW mode, and the
shutter was opened during illumination for brief pulses of the order of
seconds or less. MDA-MB-435S cancer cell lines were used in the
experiments; they were seeded on the substrate overnight, then
approximately 30 capsules per cell were added and the experiments
were carried out after incubation for 4 h as previously reported.[6c]
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Laser Induced Release of Encapsulated Materials inside Living Cells
Andre G. Skirtach, Almudena Munoz Javier, Oliver Kreft, Karen Köhler, Alicia Piera Alberola, Helmuth Möhwald,
Wolfgang J. Parak, Gleb B. Sukhorukov
1. pH dependence of AF-488 and FITC-dextrane. The fluorescence signal of encapsulated AF-488 dextrane
demonstrates that the fluorescence does not vary upon change in pH, Figure S1 (upper row). Therefore, AF-488 was
chosen for intracellular experiments.
In a sharp contrast, FITC-dextrane exhibits pH dependence, Figure S1 (bottom row). Both the phenol and
carboxylic acid functional groups of fluorescein are almost totally ionized in aqueous solutions above pH 9.
Acidification of the fluorescein dianion first protonates the phenol (pKa ~6.4) yielding the fluorescein monoanion, then
the carboxylic acid (pKa <5) to produce the neutral species of fluorescein. Further acidification generates a fluorescein
cation (pKa ~2.1). The dianions of fluorescein are the most fluorescent species with a quantum yield of 0.93, while the
quantum yield of the anion, neutral form, and cation successively decrease to 0.37, 0.30, and 0.18, respectively. The
series of experiments, Figure S1 (top row) demonstrate that the fluorescence disappear at low pH value.

Figure S1. Fluorescence intensities of both encapsulated AF-488 dextran, upper row: a) - d), and FITC-dextran, lower row: e) - h) at
different pH-values. Chemical formulas are given nearby images. The changes in fluorescence intensity of FITC-dextran can be used
as a pH-sensor, while AF-488 dextran is used where the stability is needed. The scale bars in all images correspond to 5 µm.
2. Photostability of AF-488 dextrane and mechanical stability of capsules without nanoparticles. In addition to pH
independent fluorescence, AF-488 is remarkably photostable. The laser wavelength is located outside of the absorption
band, Figure S2 (a), and fluorescence in the capsules without metal nanoparticles in the walls remains even after the
laser illumination, Figure S2 (b)-(d).

Figure S2. a) UV-vis absorption spectrum of AF-488; arrow points to the location of the laser wavelength. b)-d) Control experiment
demonstrating both photostability and integrity of capsules with encapsulated AF-488 dextrane but without nanoparticles upon laser
light illumination. No release takes place and no deformation of capsules was found. Images are shown before b), during c) and after
d) laser illumination. The red arrow indicates the location of the laser wavelength, the blue arrow shows the fluorescence excitation.
The scale bars in all images correspond to 5 µm.

concepts
Multifunctional capsules
DOI: 10.1002/smll.200600622

Multifunctionalized Polymer Microcapsules: Novel
Tools for Biological and Pharmacological Applications
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We describe recent developments with multifunctional nanoengineered
polymer capsules. In addition to their obvious use as a delivery system,
multifunctional nanocontainers find wide application in enzymatic
catalysis, controlled release, and directed drug delivery in medicine. The
multifunctionality is provided by the following components: 1) Luminescent semiconductor nanocrystals (quantum dots) that facilitate imaging
and identification of different capsules, 2) superparamagnetic nanoparticles that allow manipulation of the capsules in a magnetic field,
3) surface coatings, which target the capsules to desired cells, 4) metallic
nanoparticles in the capsule wall that act as an absorbing antenna for
electromagnetic fields and provide heat for controlled release, and
5) enzymes and pharmaceutical agents that allow specific reactions. The
unique advantage of multifunctional microcapsules in comparison to
other systems is that they can be simultaneously loaded/functionalized
with the above components, allowing for the combination of their properties in a single object.
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1. Introduction
Functionalized nano- and microparticles are of increasing interest in a variety of scientific fields such as cell biology, biotechnology, diagnostics, nanoanalytics, and pharmaceutics.[1–4] In medicine, for example, such functionalized
particles find applications in sensing and diagnostics on the
single-cell level.[2]
Less investigated is the advantage of a controlled microenvironment by using hollow nano- and micrometer-sized
containers. Here we report on the development of novel
functionalized nano- and microcapsules as intracellular reactors and reporters providing new tools in cell biology. In
nature, vesicular trafficking inside a cell is carried out by
nanometer-sized vesicles that are continuously formed and
transported to specific sites. This example inspired us to develop small capsules able to probe the intracellular environments and, subsequently, the release of the encapsulated
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contents upon an external trigger. These capsules can protect proteins, enzymes, peptides, hormones, drugs, metabolites, or reporter molecules against chemical and biological
degradation and upon being targeted to a specific compartment inside a cell the encapsulated molecules can be released in a controlled manner.[1–3]
Recent progress in polymer science allows the preparation of mechanically stable, size- and shape-persistent polymer nano- and microcapsules using the layer-by-layer assembly of non-biodegradable polyelectrolytes.[5] Permeability through the polyelectrolyte layer can be modified by
varying the physical or chemical conditions. For example,
changing the pH or incorporating a pH-sensitive, redox-sensitive, or temperature-sensitive polymer modifies the permeability of molecules having masses between 100 Da to
1 000 kDa.[6–8] These processes are reversible and have been
successfully employed to fill hollow polyelectrolyte capsules
with a variety of substances such as drugs, dyes, catalysts,
and even biopolymers such as proteins and nucleic acids.[9]
For introduction of these capsules into the intracellular
environment, mechanical delivery techniques such as electropermeabilization (or electroporation) and microcapillary
pressure injection and natural uptake mechanisms such as
phagocytosis have been explored and found to be effective.
Upon delivery to a specific location once inside a cell, the
microcapsules need to be activated or opened to release
their content. Such activation could be accomplished using
laser light.[10–12] It was shown that this technique allows to
release encapsulated materials from a microcapsules inside
mammalian cells in culture.[12] The advantage of employing
a laser is that it can be used at conditions where chemical
means of triggering the opening of the capsule for releasing
the encapsulated molecules are not possible.

Figure 1. Photoluminescence of aqueous solutions of CdTe nanocrystals with diameters of 2–5 nm.

Furthermore, for separation purposes, magnetic Fe3O4
nanoparticles (10–20 nm diameter, Figure 2) have been synthesized in water. Fe3O4 nanoparticles tend to agglomerate

2. Various Nanocrystals for the Functionalization
of Microcapsules
A necessary step in the development of multifunctional
capsules and making them functional in the intracellular
space is the availability of appropriate antennae that will
communicate across the cell wall. For example, this can be
achieved by incorporation of a fluorescent molecule sensitive to changes in the local environment; this change can be
detected by a shift in its emission pattern. Alternatively information can be also transmitted by the interaction between high-frequency electromagnetic fields and magnetic
particles. Nanoparticles can be synthesized from different
materials, such as semiconductor, magnetic oxide, metal, or
dielectric core/metal-shell nanocrystals, which exhibit desired optical and magnetic properties. Water-compatible
semiconductor CdTe quantum dots (QDs) or nanocrystals
(NCs) emitting in the visible spectral range (from green to
red depending on diameter, which was varied from 2.0 nm
to 5.0 nm depending on the reaction conditions; see
Figure 1) with a photoluminescence quantum yield at room
temperature as high as 40–50 % have been synthesized by
using thioglycolic or mercaptopropionic acid as surface ligands.[13, 14]
small 2007, 3, No. 6, 944 – 955

Figure 2. TEM image of Fe3O4 nanoparticles.

on the transmission electron microscopy (TEM) grid, but
can be incorporated as isolated nanoparticles into the capACHTUNGREsule walls because of electrostatic interactions with oppositely charged polyelectrolytes.
For remote release studies, water-soluble gold nanoparticles were stabilized with dimethylaminopyridine (DMAP)
and transferred to water; the nanoparticles had a mean diameter of 6 nm and exhibited a plasmon band centered at
520 nm.[15] Composite nanoparticles consisting of a gold sulfide core surrounded by a thin gold shell (AuxS/Au; size
range 30–50 nm) possessing a pronounced plasmon resonance in the near-infrared spectral region (700–900 nm), coinciding with the biological window of high transparency for
tissue (Figure 3), were synthesized in water.[16] Au and AuxS/
Au nanoparticles have been used to release encapsulated
materials under laser irradiation in the near-infrared region
(see below).
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Figure 3. Absorption spectra of different-sized AuxS/Au nanocrystals
with an absorption peak in the near-infrared part of the spectrum.
The reaction times in minutes are indicated on the spectra (image
taken with permission from Skirtach et al.[16]).

Luminescent CdTe QDs with green (2 nm diameter) and
red (5 nm diameter) emission have been used for the luminescence labeling of capsules of different size and polymer
composition. The nanocrystals have been embedded into
the capsule walls making use of the electrostatic interactions
of thioacids with the positively charged polyelectrolytes that
constitute the capsules; these capsules have been produced
for uptake and toxicity studies. Apart from toxicity studies
on labeled capsules, evaluation of the toxicity of CdTe- and
CdSe-based nanoparticles has been carried out.[17, 18]
CdTe QDs embedded into the capsules can potentially
be used not only as fluorescent markers, but additionally as
luminescence sensors and ion probes. For the use of CdTe
QDs for the visualization of microcapsules in optical microsACHTUNGREcopy studies upon cellular uptake, the availability of a selective quencher being able to quench the fluorescence of QDlabeled microcapsules outside the cells while preserving the
intracellular fluorescence of internalized capsules would
greatly facilitate fluorescence microscopy measurements.
The effect of pH conditions and various ions (including
physiologically important cations such as Ca2 + , Mn2 + , and
Fe3 + ) on the luminescence intensity of CdTe nanocrystals
capped by thioglycolic acid has been studied.[19] Luminescence of both bare CdTe nanocrystals and CdTe nanocrystals embedded into polymer microcapsules was found to be
pH-sensitive within the range of pH 4–6 (Figure 4). CdTe
nanocrystals are stable over a wide range from basic to neutral pH, while under acidic conditions (pH < 4) they start to
dissolve, giving rise to efficient quenching of the luminescence. Within the pH range of 4 to 6, the surface states of
the nanoparticles, and hence the luminescence, become pHsensitive.
Micromolar concentrations of Hg2 + ions cause quenching of the emission of CdTe nanocrystals, while at increasing
Hg2 + concentration alloyed CdxHg1 xTe nanocrystals are
formed, leading to the appearance of a near-infrared luminescence band. AgI cations have been identified as the most
effective quencher of the luminescence of CdTe QDs; the
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Figure 4. The pH dependence of the luminescence of bare CdTe quantum dots (&) and those embedded in polymer capsules (~). Figure
taken with permission from Susha et al.[19]

luminescence of such QDs embedded into capsules is
quenched completely at an Ag + concentration of of 10 4–
10 3 m. Unfortunately, the cell medium itself influences the
emission of CdTe QDs very strongly, leading to an approximate sixfold decrease of luminescence intensity in comparison with a purely aqueous solution. Experiments on the selective intercellular quenching of QD emission by Ag + ions
could not effectively be carried out to date due to the lack
of sensitivity towards the remaining CdTe emission.

3. Multifunctional Polymer Microcapsules
3.1. Controlling Permeability for Small Molecules: Encapsulation into Liposomes
Polyelectrolyte hollow nanocapsules are permeable for
small, water-soluble molecules whereas liposomes are
almost impermeable for ions. In order to control the release
of small ionic molecules we combined both systems. Previously it has been shown that coating polyelectrolyte beads
with lipid membranes drastically reduces the permeation for
small hydrophilic solutes. Better control of the permeability
can be achieved in the reversed order by coating liposomes
with polyelectrolyte layers. Using a liposome as a template
is beneficial in terms of biocompatibility. We have developed several protocols for the encapsulation of enzymes
into liposomes.[3] The highest yields of encapsulation are
achieved by forming liposomes separately and then mixing
them with a concentrated enzyme stock solution and subjecting this suspension to a series of freeze-and thaw-cycles.
Another approach for enhanced encapsulation is by trapping histidine-tagged enzymes onto the liposomal surface by
using a nickel-labeled lipid. The permeability for small
water-soluble molecules can be controlled by reconstitution
of membrane channels. In all of these containers the permeability can be controlled by choosing from a variety of natural or genetically modified proteins, thus creating new types
of hybrid materials with unique properties.
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To improve the separation of the free from the encapsulated material we use magneto-liposomes. Magnetic fluorescent liposomes were prepared by hydration of a dried film
of egg-PC and rhodamine-B-labeled fluorescent lipids with
a superparamagnetic fluid (8 nm average-diameter iron
oxide citrated nanoparticles in a buffered solution). The
iron oxide nanoparticles were prepared by the coprecipitation method.[20] Citrate ions were adsorbed at the surface to
provide a colloidal stability at pH 4–10. To separate encapsulated nanoparticles in the liposomes from the free ones,
the solution was passed through a Sepharose 4B (cut off:
60–20 000 kDa) column. After separation, the magnetic liposomes were concentrated using a magnet. In a further series
of experiments, hydrophobic nanoparticles were prepared
whereby the Sepharose separation could be bypassed. The
liposomes can be further functionalized by coating them
with an alternating layer of polyelectrolytes, which provide
mechanical and biological stability.

3.2. Cytotoxicity of Capsules and Embedded Compounds
In order to study a larger variety of surface coatings, we
have developed a new assay to monitor cytotoxicity.[17, 18]
This assay is based on comparison of the number of adherent cells before and after incubation with a potentially cytotoxic agent. The assay demonstrated that capsules do not
cause acute cytotoxicity. However, nanoparticles that are
used to label the capsules can be cytotoxic. The cytotoxicity
of the particles can be reduced by embedding them in appropriate shells. Figure 5 shows the ratio R(c) of adherent
cells before and after incubation of NRK fibroblasts with
empty (*) or CdTe-loaded (&) polymer capsules of 5-mm diameter as a function of the capsule concentration c. The
mean value and standard deviation of each data point has
been obtained from 20 000 investigated cells. At a capsule
concentration of around 60 capsules per mL, clear cytotoxic
effects for the CdTe QD-labeled capsules can be seen,

Figure 5. Cytotoxicity of capsules: The ratio of adherent cells, R(c), is
shown versus the concentration of the capACHTUNGREsules, c, for empty capsules (*) and those loaded with CdTe nanoparticles (&). Figure taken
with permission from Kirchner et al.[17]

whereas for filled capsules no decrease in R(c) can be seen,
at least up to concentrations of 100 capsules per mL; this
concentration corresponds to 10 capsules in the incubation
medium per cell.

3.3. Influence of the Surface Properties of Capsules on Cell
Uptake
Living cells have been demonstrated to ingest polymer
capsules.[21] The rate of ingestion depends on the surface
charge of the capsules. Positively charged capsules are ingested at a higher rate than negatively charged ones. This
result could be correlated to the adhesion force of capsules
to the surface of cells. Atomic force microscopy experiments

Figure 6. Capsule ingestion by living cells: Images are taken at a) 880 min, b) 896 min, c) 1200 min, and d) 1432 min after incubation. Figure
reprinted from Reference [21] with permission from MuÇoz Javier et al.
small 2007, 3, No. 6, 944 – 955
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showed that positively charged capsules adhere better to
cells than negatively charged ones. MDA-MB-435S cells
have been incubated with positively charged polymer microcapsules of 5 mm diameter. During incubation a movie of
the cells and microcapsules (with incorporated green fluorescent CdTe QDs) was recorded (one photograph every
8 min) with an optical microscope equipped with an incubation chamber. Figure 6 shows overlays of phase contrast and
fluorescence images recorded after a) 880 min, b) 896 min,
c) 1200 min, and d) 1432 min of incubation. Over this time
interval the cell divides and the ingested microcapsule is
passed to a daughter cell.

3.4. Trapping Capsules in Magnetic-Field Gradients
Magnetic Fe3O4 nanoparticles have been incorporated
into capsule shells, analogous to the encapsulation procedure used for luminescent QDs.[14] By using a flow-channel
system for modeling the bloodstream in the circulatory
system, and by creating a local magnetic-field gradient with
a permanent magnet, specific trapping of polymer capsules
simultaneously functionalized with two types of nanoparticles – magnetic and luminescent nanocrystals – has been
demonstrated.[14]
In the regions where the capsules were trapped by the
magnetic field, drastically increased uptake of the capsules
by cells has been observed (Figure 7). The uptake of capACHTUNGREsules by cells could be conveniently monitored with a fluorescence microscope by the luminescence of CdTe nanocrystals that had been embedded into the shells of the capsules.
These experiments demonstrated the possibility of specific
localization of polymer capsules labeled by luminescent
nanocrystals and functionalized with magnetic nanoparticles
in a magnetic-field gradient, followed by a drastically increased internalization of those capsules by breast cancer
cells due to the high local concentration of capsules. This illustrates a method for the magnetic delivery of polymer
capsules loaded with pharmaceutical agents to target parts
of a cell culture or tissue.

Figure 7. Living breast cancer cells adherent to the bottom of the
flow channel, which are located a) 11 nm away, b) 5 nm away, and
c) just above the edge of the permanent magnet (figure taken with
permission from Zebli et al.[14]).

3.5. Microenvironmental pH Measurements with Encapsulated pH-Sensitive Dyes
Our objective was to create micrometer-scale functionalized polymer capsules as ion sensors applicable on the
single-cell level. The great advantage of our approach is explained by considering two parameters: On the one hand,
polyelectrolyte capsules have a high loading capacity for
sensor molecules. On the other hand, defined permeability
properties of the capsule shell keeps the (macromolecular)
sensor species in the inner void of the capsules, whereas
small, inorganic analyte molecules are allowed to freely diffuse in and out. Therefore, one single sensor-filled capsule
can theoretically provide sufficient information to reliably
monitor analyte concentrations within a timescale from minACHTUNGREutes to hours and days. Among many other ions, intracellular proton concentrations play a particularly important mod-
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ulating role in many cellular events, including cell growth,
enzymatic activity, ion transport and endocytosis. In order
to generate a capsule-based pH sensor, we employed a seminaphthorhodafluor dye (“SNARF-1”), which was covalently linked to a macromolecular dextran species (70 kDa) for
microencapsulation. SNARF-1 exhibits a significant pH-dependent emission shift from yellow/orange to deep-red fluorescence under acidic and basic conditions, respectively
(Figure 8).[22]
For the encapsulation of SNARF-1-dextran we employed an approach that is based on exploiting porous inorganic microparticles of calcium carbonate as a template for
capsule fabrication. SNARF-dextran-containing CaCO3 microparticles (4–6 mm) were synthesized by the so-called coprecipitation method and used as templates for the poly-
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pendent dual-emission properties
of
encapsulated
SNARF have not been affected
by
encapsulation
(Figure 9). When excited at
488 nm the fluorescence intensities of SNARF-1 at
580 nm and 640 nm are related to the pH of the local environment in such a way that
the 580-nm intensity decreases with increasing pH,
whereas the 640 nm intensity
increases with increasing pH.
The ratio of the fluorescence
intensities at 580 nm and
Figure 8. Fluorescence spectra of SNARF-1-dextran (10 mg mL 1, Mw = 70 000) at different pH values
(lexc = 488 nm; lem = 500–750 nm).
650 nm could then be used
for quantitative determinations of pH values using a ratiometric method. This ratiometric measurement enabled
electrolyte layer-by-layer assembly of two oppositely
the response of the capsules to be calibrated, providing an
ACHTUNGREcharged polyelectrolytes, poly(allylamine hydrochloride)
absolute measure of pH. Thus it was possible to use a single
(PAH) and poly(styrene sulfonate) (PSS).[23] Calcium carSNARF-1-filled microcapsule as a probe to measure the pH
bonate is a highly promising system for the fabrication of
value of its environment.
biologically friendly hollow capsules as it is nontoxic and
Besides this proof of concept carried out under in vitro
can easily be removed by complexation with ethylenediconditions, the utilization of encapsulated SNARF as a pH
ACHTUNGREaminetetraacetic acid (EDTA). Treatment with EDTA leads
sensor for living cells was recently proven in vivo using
to a complexation of calcium ions and, hence, complete dishuman breast-cancer cells.[24] As important next steps, we
solution of the calcium carbonate parts of the particles. The
products comprise hollow polyelectrolyte capsules filled
plan to encapsulate other ion-sensitive dyes in order to dewith resolubilized SNARF-1-dextran. Measurement of the
velop a comprehensive toolbox for single-cell analysis. We
fluorescence spectra from single capsules by using confocal
are currently working on the simultaneous encapsulation of
laser scanning microscopy (CLSM) revealed that the pH-deSNARF-1 and the calcium-sensitive dye Indo-10.

Figure 9. Fluorescence emission spectra of encapsulated SNARF-1-dextran measured by confocal microscopy (lexc = 488 nm, lem = 500–
750 nm); pKa[SNARF]  7.5.
small 2007, 3, No. 6, 944 – 955

D 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com

949

concepts
3.6. Encapsulated Enzymes as In Vivo Tools for Prodrug
Activation

wards fluorescein not being able to cope with the high turnover rate of the enzyme.
Future plans involve the fabrication of microcapsules
that are additionally loaded with both fluorescent dyes or
QDs and magnetic nanoparticles in the capsule shell. Such
multifunctional capsules should give the potential to visualize capACHTUNGREsules by fluorescence microscopy, to localize them
near to the targeted tissue with a magnetic field, and finally
to produce the drug in situ.

Enzymes targeted to specific cells, organs, or tissues
could accomplish a multitude of applications in the fields of
clinical diagnostics and therapy, that is, in enzyme–prodrug
therapy.[25] A straightforward approach for the stabilization
of enzymes is their encapsulation into micrometer-sized capsules that protect them from denaturation and proteolytic
degradation. Furthermore, polyelectrolyte capsules allow
regulation of the permeability towards small substrates,
3.7. Remote Release of Encapsulated Materials from Polywhich can enter and leave the capsules to react with the bioelectrolyte Multilayer Capsules
molecules in the interior. In order to create a prototype-like
microreactor capable of prodrug activation, a bacterial alkaRemote release of encapsulated materials from polyelecline phosphatase (AP) was assembled in between the shell
trolyte multilayer capsules has been observed in real time
constituents of 5-mm-sized hollow PAH/PSS-capsules by
using a LbL approach. This
particular method does not
employ chemical modification of proteins and does not
necessarily lead to a change
of their structure, which
should preserve a relatively
high after-adsorption activity.
Most proteins are amphoteric and can behave as polycations or polyanions at a pH
value below or above their
isoelectric point, hence, providing a possibility to serve
as positive or negative layerforming materials.[26] AP is
known to convert the nontoxic precursor doxorubicin
phosphate into one of the
most potent anticancer drugs,
doxorubicin.[27] To prove our
Figure 10. Enzymatic formation of fluorescein within polyelectrolyte microcapsules catalyzed by an
encapsulated bacterial alkaline phosphatase.
concept, we employed a
rather simple method to
assay the activity of alkaline
phosphatase. The method is
based on CLSM imaging of
the AP-driven formation of
fluorescein from a nonfluorescent substrate (Figure 10).
It turned out that the immobilization of AP in capsule
shells did not noticeably
affect its enzymatic activity.
The series of confocal micrographs reveals that fluorescein is synthesized in the vicinity of the capsule shell
Figure 11. Confocal microscopy images demonstrating remote release of encapsulated rhodaminewithin a few seconds and filabeled PSS polymers from polyelectrolyte multilayer capsules containing core/shell nanoparticles in
nally accumulates within the
their walls. A filled capsule is shown before exposure to laser (a), and immediately after the release of
capsule interior. The accuencapsulated polymers (b). The insets to the left of the capsule are the transmission microscopy images
mulation is most likely a
of the same capsule. The profile of the fluorescence intensity indicating the presence of the polymers is
result of the limited permeashown below the capsule. The incident intensity of the laser diode operating at 830 nm was set at
bility of the capsule wall to50 mW (figure taken with permission from Skirtach et al.[11]).
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on a single-capsule level[10, 11] . The polyelectrolyte multilayer
nanoshells were doped with metal nanoparticles to facilitate
the absorption of energy.[10, 11, 28] Encapsulated polymers illuminated with laser light were observed to leave the interior
of the capsules (Figure 11). It was also established that the
release of encapsulated materials is due to the transfer of
thermal energy. We have developed a new method for the
meaACHTUNGREsurements of the temperature increase around capsules
upon laser-light illumination. The method relies on measurements of the fluorescent signal as a function of temperature change (Figure 12). The knowledge of the temperature
change during remote release is important for the development of biomedical applications; numerical simulations
were performed and found to be in agreement with the

measured data. We have also analyzed the influence of the
absorption, size, and concentration of metal nanoparticles
on remote release.[12, 16] Concentration of metal nanoparticles is identified to play an important role in remote release; the concentration can be controlled during the adsorption stage[16] . Also their distribution influences the temperature increase. Figure 12 shows that more dense packing
of the nanoparticles result in higher temperature increases
around the nanoparticles, while lower temperature increases
occur in the areas that contain no nanoparticles.
Capsules loaded with metallic nanoparticles can be
opened by near-IR laser light within cells after capsule
uptake (Figure 13).[12] Delivering encapsulated materials
inside living cells and operating with them remotely is a lucrative target. It is foreseen
as a development towards
novel methods for remote release of encapsulated materials using organic dyes. The
cells that take capsules up
exhibit fluorescence inside
their interior. Upon laserlight illumination, the fluorescence intensity decreases.
To verify that the release of
encapsulated materials is not
accompanied
by
photobleaching, we have conducted a control experiment in
which capsules containing no
metal nanoparticles were exposed to the laser light. No
fluorescence intensity decrease was observed in that
case. When using lasers with
biological objects, it is important to minimize the absorption of laser light by cells
and tissues. In our case the
excitation wavelength was
chosen in the biologically
“friendly” window (700–
1000 nm) where absorption
in tissue, biomedical substances, and water is minimal.
These experiments show the
feasibility of using capsules
as well as optical methods
for their activation inside
living cells.

Figure 12. a–c) Two-dimensional temperature calculations upon heating a uniform distribution of NPs.
For a uniform distribution, a higher temperature rise can be induced either by a higher density of NPs
(b), or by an increased supply of energy/intensity (c). d–f) The temperature rise for a nonuniform distribution shows that larger increases on NP temperature can be induced by increased density, that is, in
an aggregated distribution (figure taken with permission from Skirtach et al.[16]).
small 2007, 3, No. 6, 944 – 955
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Through Electropermeabilization
Electroporation or electropermeabilization is a wellknown method to transfect
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200 nm
polyelectrolytecoated liposome capsules labeled with rhodamine B into
chinese
hamster
ovary
(CHO) cells. The cells were
observed with CLSM to
detect internalized capsules
(Figure 14 c). The internalization of capsules can be confirmed by creating a 3D
image reconstruction of a
series of images taken along
the z axis (Figure 14 b).

Figure 13. Sequence of images showing the release of fluorescent AF-488 dextran inside a living MDAMB-435S cell. a) Fluorescence image of a filled capsule; b) superimposed transmission and fluorescence
images of the capsule inside the same cell; c) fluorescence intensity, I, profile plotted along the red line
in (a). d–f) Similar data after exposing the cell to a laser beam. The scale bars in all images correspond
to 5 mm.Figure reprinted from Reference [12] with permission from Skirtach et al.

mammalian cells with extracellular molecules, gene transfer,
and cell hybridization.[29, 30] Depending on the electric field
strength, different effects may be observed at the cell wall.
In the high-voltage regime pores are created in the cell wall
allowing hydrophilic molecules to penetrate. The pore size
depends on a multitude of parameters but cannot exceed a
certain limit without destroying the cell itself. Interestingly,
at lower voltages the electric field seems not to create significant pores but rather stimulates the uptake process. We
have applied a series of electric-field pulses with varying intensities, pulse numbers, and pulse durations to render the
cell membrane temporarily permeable or to stimulate a general uptake mechanism, thus allowing capsules into the intracellular environment. With this technique we were able
to introduce 1 mm (PSS/PAH-TRITC)4 capsules into Vero
cells (Figure 14 a). Similar experiments were conducted with

3.9. Submicrometer-Sized
Capsule Delivery
Through Capillary
Pressure Microinjection

Capillary pressure microinjection is a mechanical and
effective technique for the
delivery of small volumes of
samples into adherent or suspended cells. Capillary pressure microinjection employs a
thin capillary that is inserted into the cell through the cell
membrane. With the help of precision pumps, the desired
substance can then be delivered to the cell upon a pressure
pulse. The size of the capsule that can be injected through
the capillary depends on the inner diameter of the fine tip
of the capillary. We tested the delivery of 200-nm-sized liposomes labeled with rhodamine B and coated with four
layers of polyelectrolytes (see previous section) and injected
them into adherent Vero cells (Figure 15 a) using an Eppendorf Femto Jet microinjection system connected to a micromanipulator Eppendorf InjectMan NI 2. After microinjection, fluorescence of the injected particles was detected with
a CLSM. Analysis of the images revealed successful intracellular delivery of the nanocapsules (Figure 15 b).

Figure 14. a) Combined phase-contrast and laser confocal scanning microscopy of a Vero cell for internalization of a 1 mm (PSS/PAH-TRITC) capsule upon electropermeabilization. b) 3D image reconstruction of images for internalized capsules. c) Laser confocal scanning microscopy of a
CHO cell with internalized 200 nm polyelectrolyte-coated liposome capsules labeled with rhodamine B.
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Figure 15. a) Phase-contrast microscopy of adherent Vero cells being
microinjected using a microcapillary. b) Combined phase-contrast
and laser confocal scanning microscopy of Vero cells microinjected
with 200-nm polyelectrolyte-coated liposome capsules labeled with
rhodamine B.

proaches in the area of drug delivery. The idea is based on
introducing light-absorbing matter, such as nanoparticles or
organic dyes, into the walls of polyelectrolyte multilayer
capsules. Then the microcapsules, which are filled with a
material or drug of choice, are internalized by the living
cells. The laser-induced remote release of the encapsulated
materials opens up the possibility of constructing an efficient and quick way of delivering materials into living cells.
Besides the light-induced release from capsules described above, novel methods for the remote release of encapsulated materials have been developed that rely on a
magnetic switch of the permeability of polyelectrolyte microcapsules, whose walls are modified with magnetic nanoparticles (oxides, such as Fe3O4, or metal alloys, such as
CoPt3). External stimuli in this case will be provided by alternating the magnetic fields. The synthesis of magnetic
nanoparticles and their incorporation within the capsule
walls have been successfully demonstrated already. The
mechanism of release for the capsules carrying magnetic
nanoparticles can be either mechanistic in nature, related to
the rotation of particles within the walls, which subsequently
distorts them and leads to increased permeability, or thermal, where the microcapsules loaded with magnetic nanoparticles are thermally ruptured in a manner similar to the
above-described light adsorption by metal nanoparticles. In
case of the thermal mechanism, not only the change of permeability but also a complete opening of the capsule walls
can take place, as was observed for the laser-induced treatment. The strength/frequency of alternating magnetic fields
and the type of magnetic nanoparticles to be used might
play an important role in this case, which will be revealed in
further experiments.
As has already been demonstrated, microcapsules carrying magnetic nanoparticles can be trapped locally in a magnetic field gradient and delivered to specific locations inside
a cell. These experiments, performed with permanent magnetic fields, will be investigated with alternating magnetic
fields and combined with permeability switching and capACHTUNGREsule-opening studies.

4.2. Microcontainers as Intracellular Reporters

4. Current Challenges and Future Perspectives
4.1. Optical and Magnetic Activation of Microcontainers
This project was dedicated to testing the feasibility of
polyelectrolyte multilayer capsules as inside-cell reporters.
The uptake studies show that polyelectrolyte multilayer capsules could provide indispensable means for the delivery of
a variety of materials into living cells. The current research
focus is now on remote activation of nanocontainers inside
a cell. One research line is based on using a laser source operating in the “biologically friendly” near-infrared region of
the spectrum to activate or open polyelectrolyte multilayer
capsules remotely. This approach allows the operation and
release of encapsulated materials inside the cells in a noninvasive manner. As such, it offers a completely new approach
and could have a significant impact on shaping future apsmall 2007, 3, No. 6, 944 – 955

An innovative application of polyelectrolyte multilayer
capsules in cell biology is to create micrometer-scale functionalized polymer capsules filled or assembled with dye sensors in order to explore simultaneous cell functions on singlecell level. Protocols have been developed for the encapsulation of enzymes in polyelectrolyte containers and liposomes.
The latter could be used as a template for polyelectrolyte
coating using existing protocols. Microcontainer-loaded enzymes can be used as sensors to measure metabolites.
The capsules should combine the advantages of sensor
tips and dye probes and, moreover, overcome physical and
chemical drawbacks associated with these two methods. The
overall advantage of our encapsulation system is the possibility to construct microcarrier systems equipped with several desirable properties in a single entity. Moreover, polyelectrolyte capsules are actively internalized by human breast-

D 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com

953

concepts
cancer cells via endocytosis within hours of exposure or by
mechanical injection. Due to the intrinsic porous and transparent character of polyelectrolyte capsules, small analyte
molecules can enter the capsule interior and interact with
stable encapsulated sensor molecules. In contrast, analyte–
sensor interactions could be monitored online via confocal
microscope imaging. In recent and encouraging studies we
have demonstrated that the pH-induced spectral shift of a
fluorescent pH indicator (SNARF, Molecular Probes) is
largely unaffected by microencapsulation. Ratiometric fluorescence intensity calculations could successfully be deduced
from single-capsule confocal laser micrographs and were
used for local pH monitoring. This “proof of principle”
gives rise to the assumption that even more complex sensor
systems based on simultaneous multiple-dye encapsulation
and near-simultaneous multiparameter detections are possible. The knowledge of local pH values has a great scientific
and technical importance in itself because pH changes are
involved in many enzyme reactions and metabolic processes.
There is a significant need for the concurrent detection of a
variety of ions in good spatial and temporal resolution. Such
an approach would help us to understand the complex interrelationships between individual ion concentrations and the
role of each ion in mediating specific cellular responses. Intracellular changes in [H + ] and [Na + ] are said to influence
not only the activities of pHi-regulating membrane transporters, but also mechanisms that contribute to Na + -ion
flux across biological membranes, including Na + /Ca2 + exchange and Na + /Cl co-transport.
Taken together, these nanocapsules will be a versatile
capsule-based “sensor toolbox”. This toolbox will consist of
a modular assembly system that can be individually self-tailored by the scientist to create complex sensing schemes for
advanced and comprehensive applications in cell biology
(i.e., flow cytometry), clinical chemistry, and analytical
chemistry. Parts of the toolbox will be predominantly sensors for ionic analytes, such as Na + , K + , Ca2 + , Cl , and
PO43 , but also for species such as oxygen and nitric oxide.
Additional subjects of our future research concern chemical
engineering of known sensors for optimized detection sensitivity and specificity, strategies for efficient encapsulation,
and especially in vivo applicability of all encapsulated sensors by using human breast cancer cells (MDA-MB 231,
MDA-MB 435S).

4.3. Tissue Targeting
The main problem for drug targeting to specific sites in
the human body is the rapid uptake of the microspheres by
cells via nonspecific phagoACHTUNGREcytosis by the mononuclear phagocytosis system (MPS). Immediately after injection into the
body, the microspheres become coated with proteins that enhance the uptake by these cells. Rendering the microspheres
to prevent the protein adsorption and, thus, nonspecific internalization has already be successfully performed on assembled
monolayers on niobium oxide surfaces. Moreover, appropriate
surface coating of the particle may stimulate the specific, receptor-mediated uptake mechanisms into the cell.[30, 31]
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Polyelectrolyte microcapsules have been loaded with a pH sensitive, high molecular weight SNARF-1-dextran conjugate.
SNARF-1 exhibits a significant pH-dependent emission shift from green to red fluorescence under acidic and basic conditions,
respectively. The unique spectral properties of the dye were maintained after the encapsulation. By investigating both, human
breast cancer cells and fibroblasts, we were able to follow the pH change of the local environment of SNARF-1-filled capsules
during the transition from the alkaline cell medium to the acidic endosomal/lysosomal compartments. The incorporation of
magnetite nanoparticles and an additional pH-insensitive fluorophore within the capsule-shell resulted in a novel type of sensor
system based on multifunctional polymer capsules.
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Measuring analyte concentrations in small volumes is
interesting for a variety of scientific applications. In cell
biology, for example, the knowledge of local ion
concentrations such as pH has a great importance as changes
in these concentrations are involved in many enzymatic
reactions and metabolic processes.1 Intracellular pH plays an
important modulating role in many cellular events, including
cell growth, enzymatic activity, ion transport and endocytosis.
Furthermore, intracellular pH plays a role for some diseases
i.e. cancer.2 In diagnostics, concentrations of analytes have to
be routinely measured in samples that are available only in
small quantities, what has lead to the development of new
approaches such as nanoanalytics3, 4 and the lab-on-a-chip.5
Usually the samples are lost after the measurement, it is
complicated to measure several analytes in parallel, and also
time resolved measurements over extended periods of time are
problematic (e.g. because of toxicity problems). One approach
to circumvent these problems has been recently introduced by
the PEBBLE (probes encapsulated by biologically localized
embedding) system:6 Analyte sensitive fluorescence dyes are
embedded in a biologically inert porous matrix of typically
20-400 nm.7, 8 In this report we want to introduce an
alternative system based on polyelectrolyte microcapsules
filled with the pH-sensitive, fluorescent seminaphthorhodafluor-1-dye (“SNARF®-1”) as local pH-probe. Similar to
PEBBLE probes, the fluorophore is retained in picoliter-sized
confinement, but instead of a porous matrix in our case
capsules are used as carrier system. Such a capsule-based
carrier system allows for loading fluorophores at two locally
distinct sides, the cavity and the walls of the capsules.
Moreover, the capsule wall can be functionalized at will, e.g.
with magnetic or light sensitive nanoparticles.9-11
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Materials
Sodium poly(styrene sulfonate) (PSS, MW = 70 000) and
poly(allylamine hydrochloride) (PAH, MW = 70 000),
calcium chloride dihydrate, sodium carbonate, sodium
chloride, and ethylenediaminetetraacetic acid (EDTA) were
purchased from Sigma-Aldrich (Munich, Germany). SNARF1-dextran (MW = 70,000) was obtained from Invitrogen
GmbH (Molecular Probes #D3304, Karlsruhe, Germany).
PAH-TRITC and PAH-Alexa Fluor 488 were fabricated
according to the literature route using tetramethylrhodamin
isothiocyanante (TRITC) or Alexa Fluor® 488 carboxylic acid,
succinimidyl ester *mixed isomers* (Invitrogen), respectively,
to PAH.12-15 Magnetite particles (Fe3O4/Fe2O3) with an
average diameter of 40 nm were received from the Fraunhofer
Institute of Applied Polymer Research (IAP, Potsdam-Golm,
Germany). All chemicals were used as received. The water
used in all experiments was prepared in a three stage
Millipore Milli-Q Plus 185 purification system and had a
resistance higher than 18.2 MΩ cm-1.
Fabrication of SNARF-1-dextran-containing CaCO3
microparticles
The preparation of SNARF-1-dextran-loaded CaCO3
microspheres has been carried out according to the
coprecipitation-method.16 Briefly, 2 ml H20, 0.615 ml 1M
CaCl2, 0.615 ml 1M Na2CO3 and 0.5 ml SNARF-1-dextran
solution (1 mg/ml) were rapidly mixed and thoroughly
agitated on a magnetic stirrer for 20 s at room temperature.
After the agitation, the precipitate was separated from the
supernatant by centrifugation (250x g, 30 s) and washed three
times with water. The procedure results in highly spherical
microparticles with an average diameter ranging from 4-6 µm
containing SNARF-1-dextran.
Fabrication of SNARF-1-dextran loaded microcapsules
Microcapsules were prepared by the layer-by-layer (LbL)
deposition of polyelectrolytes17, 18 and magnetite nanoparticles
onto CaCO3 particles containing SNARF-1-dextran to give the
following
shell
architecture:
(PSS/PAH)2(PSS/PAH+magnetite)-(PSS/PAH)2. Short ultrasound pulses
[journal], [year], [vol], 00–00 | 1
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were applied to the sample prior to the addition of each
polyelectrolyte in order to prevent particle aggregation. After
magnetite nanoparticles had been incorporated into the
polyelectrolyte multilayer, coated particles could be rapidly
and efficiently separated by applying a magnetic field to the
sample. The decomposition of the CaCO3 core, resulting in
hollow microcapsules, was achieved by multiple treatment
with EDTA (0.2 M, pH 7.0) followed by triple washing with
water.16 The microcapsules were immediately subjected to
further analysis or stored as suspension in water at 4°C. A
detailed fabrication scheme is provided in the Supplementary
Information (SI-1).
Fabrication of double-labelled capsules
In addition to the procedure described above, we used
either PAH-TRITC or PAH-Alexa Fluor 488 instead of nonlabelld PAH for middle layers of the polyelectrolyte capsule
shell. After the multilayer build-up both labelled polymers
were stably integrated into the polyelectrolyte network. EDTA
treatment resulted in capsules with SNARF-1-dextran in their
insides and either PAH-TRITC or PAH-Alexa Fluor 488 in
their walls. A detailed preparation scheme and CLSM-images
are available in the Supplementary Information (SI-1, SI-3).
Quantification of Encapsulated SNARF-1-Dextran
After the coprecipitation, particles were separated from the
supernatant and the latter was fluorimetrically tested for its
SNARF-1-content. The obtained differences to given initial
amounts of SNARF-1-dextran were regarded as the fraction
incorporated into particles. During polyelectrolyte coating and
core-dissolution all solutions in use were collected and tested
for their SNARF-1-contents. Particle- and capsule-numbers
have been determined by using CLSM images and the
software package "Igor Pro" (Wave Metrics, Lake Oswego,
OR). All experiments were conducted in triplo. The average
content of SNARF-1-dextran in a single capsule was
calculated to be 0.7 ± 0.035 pg (Mean value ± SD; n = 3),
reflecting a SNARF-1-dextran concentration of 7.0 ± 0.35
mg/ml within capsules.
Confocal Laser Scanning Microscopy (CLSM)
Confocal images (CLSM) were taken with a confocal laserscanning system TCS SP DM IRB attached to an inverse
microscope from Leica Microsystems (Wetzlar, Germany)
that was equipped with a 100 x oil immersion objective with a
numerical aperture of 1.4.
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Fluorescence images of capsules recorded with different
filter-sets
All images were recorded with a Zeiss Axiovert 200M
microscope which was equipped with phase contrast and two
set of green and red fluorescence filters (AF Analysentechnik,
Tübingen, Germany, 540 nm excitation 580 nm and 650 nm
emission for green and red fluorescence, respectively). Phase
contrast images were recorded with a Halogen lamp (HAL100, Zeiss) and fluorescence images with the FluoArc lamp
from Zeiss.

200

MDA-MB 435s breast cancer cells (ATTC, USA) were
cultured in L-15 Leibovitz medium (Biochrom AG, n° F1315)
supplemented with 1% L-Glutamin (Biochrom AG, n°
K0282), 1% Penicillin/Streptomycin (GIBCO. N° 15140-122),
10% Fetal Bovine Serum (Biochrom AG, n°S0115), 0.1 %
Insulin (Sigma, n° I0516), and were cultivated at 37° C in a
humidified atmosphere. NRK fibroblast cells (ATTC, USA)
were cultured in D-MEM medium (GIBCO, n° 41965-039)
supplemented with 1% Penicillin/Streptomycin (GIBCO. N°
15140-122), 10% Fetal Bovine Serum (Biochrom AG,
n°S0115) and cultivated at 37° in a humidified atmosphere
containing 5% CO2. To determinate the cellular uptake of the
microcapsules, 1×104 cells per cm2 were seeded in sterile
microscopy chambers (µ-slide 8 well ibitreat from Ibidi, n°
80826). When cells were adherent they were incubated with a
concentration of 32 SNARF-1 containing microcapsules per
cell for different time intervals depending on the experiment.
The capsule concentration was determined using a counting
chamber (Neubauer Improved from MarienFeld). To visualize
the cells and capsules a fluorescence-transmission microscope
(Axiovert 200M with HAL-100 and FluoArc lamps, Zeiss,
Germany) was used. To maintain a temperature of 37°C a
temperature controlled incubator stage attached to the
microscope was used (Temp control 37-2 digital, heating unit,
Incubator XL, all from Zeiss, Germany). To keep the CO2 to
5% for the experiments with NRK cells a CO2-incubator
(Zeiss, Germany) was attached to the microscope.
Variation of the pH of the extracellular medium
After seeding on glass coverslips cells were incubated with
a concentration of 32 microcapsules per cell. After 5 hours
incubation, the cell medium was removed and replaced by
fresh medium or by fresh medium of which the pH was
modified to acid or to alkaline condition. Therefore, NaOH,
nothing, or HCl was added in order to obtain alkaline, neutral,
and acidic conditions, respectively. The pH of the medium
was determined by using a pH-meter. After the medium
change we waited 30 minutes to assure that the SNARF dye
can fully equilibrate to the new conditions. Then, phase
contrast and red and green fluorescence images were taken.
By overlaying the images of the red and green fluorescence it
can directly be seen if one capsule fluoresces is more in the
acidic (green) or alkaline (red) environment.
Time resolved observation of capsule uptake by cells
Cells were seeded on glass coverslips and incubated with a
concentration of 32 microcapsules per cell (see above). After
alkalinization of the cell medium to pH 9.5, we waited 30
minutes to facilitate both, equlibration of the encapsulated
SNARF-1-dextran and sedimentation of the capsules to the
glass surface. Phase contrast and fluorescence images were
taken after another interval of 30 min with a red and a green
filter set.

Results and Discussion

General cell culture techniques

SNARF-1 is a fluorescence dye that changes its color of
fluorescence upon changes in the proton concentration of the
surrounding environment.12 The fluorescence spectrum of a
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solution of SNARF-1-dextran is shown in Figure 1 for
different pH values. When excited at 488 (or 540) nm, the
fluorescence intensities at 580 nm and 640 nm are related to
the pH of the local environment in such a way that the 580 nm
intensity decreases with increasing pH, whereas the 640 nm
intensity increases with increasing pH. Thus, the ratio of the
intensities of the red and green fluorescence peaks can be used
for pH-measurements in the range of pH 6 to 8 (Fig. 1 b,
dashed curve). This ratiometric method allows an absolute
determination of pH independent from the amount of sensor
molecules, whereas single wavelength measurements (i.e. by
using the pH sensitive dye fluorescein) would provide only
relative determinations of pH. We incorporated SNARF-1dextran (MW = 70,000) in spherical CaCO3 particles having
an average diameter of 5 µm by the so-called coprecipitationmethod (Fig. 1 c).13, 14, 16 Resulting SNARF-1-dextran
containing particles were embedded in onion-like shells of
polyelectrolytes by the consecutive deposition of 10 layers of
polystyrene sulfonate (PSS) and polyallylamin hydrochloride
(PAH).17, 19, 20 Moreover, magnetite nanoparticles were
included in the capsule walls in order to enable magnetic
separation of the particles during all processing steps.11 After
the polyelectrolyte multilayer build-up, calcium carbonate
constituents were extracted from the core-shell-particles by
the addition of EDTA leaving behind microcapsules loaded
with SNARF-1-dextran in their inner voids (A general
fabrication scheme is given in the Supplementary Information,
SI-1). We determined average SNARF-1-dextran contents of
0.7 ± 0.035 pg (Mean value ± SD; n = 3). By assuming a
volume of 100 µm3 per capsule, the average concentration of
the dye within capsules is approximately 7.0 ± 0,35 mg/ml.
Neither during polyelectrolyte coating, nor after the coredossolution we did observe any release of SNARF-1-dextran
from the particles or capsules, respectively, indicating that the
(PSS/PAH)10 shell is impermeable for this high MW dextran
conjugate.
The unique spectral properties of SNARF-1-dextran are
maintained after the encapsulation procedure (Fig. 1 d). For
practical reasons we have decided to use optical filter sets to
distinguish between both fluorescence peaks. For all
measurements always three optical microscopy images were
recorded: The phase contrast image visualizes the local
environment of the capsules (such as living cells), whereas the
corresponding fluorescence images were used for pH
calculations. The mean ratio of the fluorescence intensity of
individual capsules recorded with the red and green filter set
for different pH values is reported in Figure 1 b (straight
curve) and shows the same characteristics as the pH
dependent red-to-green ratio obtained from the fluorescence
spectra of the SNARF-1-dye in solution. Both, SNARF-1molecules in solution and embedded into capsules change
their integral color of fluorescence from green (r/g < 1) to red
(r/g > 1) at a pH value of around 7.3. However, the slope of
the r/g versus pH curve is lower for the SNARF molecules
that are embedded inside capsules. This decrease in sensitivity
might be explained with a certain amount of SNARF-dextran
molecules being adsorbed to the inner surface of the capsule,
thus being inactive for pH-sensing. Another possible
explanation could be attributed to fluorescence self-quenching
This journal is © The Royal Society of Chemistry [year]
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of the encapsulated dye. The degree of self-quenching varies
between different dyes21 and, to our knowledge, this effect has
not been described for SNARF-dyes, yet. However, the high
concentration of SNARF-1-dextran found inside capsules
renders a contribution of self-quenching effects to the
observed discrepancy possible. In any case, it was clearly
possible to use the SNARF-loaded capsules as a pH indicator
for the differentiation between slightly acidic, neutral and
slightly alkaline conditions by using the aforementioned
optical setup.
Next steps were carried out in order to proof that SNARF1-loaded capsules can monitor local pH values under in vivo
conditions. For this purpose living cells (MDA-MB-435S
breast cancer cells and NRK fibroblasts) were incubated with
SNARF-1-dextran-loaded capsules. These cells spontaneously
ingest capsules in a non-specific way in an adsorptive
endocytosis-like uptake process22, 23 and store them in
endocytotic vesicles.24, 25 It is known that the pH of
endosomal/lysosomal compartments is typically acidic.26
After uptake of some capsules by the cells we changed the pH
value of the surrounding medium to acidic, neutral, and
alkaline conditions and waited 30 minutes to assure that the
SNARF-1-dye can fully equlilibtrate to the new conditions
(Within a timeframe of up to 1 hour, acidification or
alkalinization of the medium was found to have negligible
effects on cell viability). In this way the pH value outside the
cells was changed to defined values, whereas the pH value
inside the endosomal/lysosomal compartments should remain
unaffected acidic. Indeed, pH values obtained from
fluorescence images of the capsules with the red and green
filter set showed that capsules ingested by the cells were in an
acidic environment, regardless the pH value of the modified
cell medium, whereas pH values obtained for capsules outside
the cells corresponded well to the actual pH values (Fig. 2).
In the following, we recorded changes in the local pH value
around individual capsules during the ingestion process. For
this purpose cells were incubated with SNARF-1-loaded
capsules and fluorescence images with both filter sets were
recorded in a time interval of 30 minutes (Fig. 3 a+b).
Capsules far away from cells were found to fluoresce only in
red indicating the alkaline environment of the cell medium,
whereas capsules colocalized with cells were found with
either red or green fluorescence. Interestingly, upon further
incubation some of the initially red fluorescent capsules
slipped over to green fluorescence, but never vice versa (see
arrows in Fig. 3 a+b). This observation corroborates our
hypothesis of endocytotic uptake of the capsules from the
alkaline cell medium into acidic endosomal/lysosomal-like
compartments. We propose that upon endocytotic uptake the
proton pump system of the endosome, which is encasing the
capsule, lowers the pH in cloce vicinity of the capsule and,
hence, induces a shift in fluorescence emission (the schematic
illustration of the endocytotic capsule uptake is given by Fig.
3 c).
Although the capsules are relatively big compared to the
size of the cells no acute severe toxic damage was found upon
capsule internalization,27 and cells were still able to divide.23
However, detailed studies about any interference of
internalized capsules with the cell-functions are part of our
[journal], [year], [vol], 00–00 | 3
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current research. We have to point out that micrometer sized
capsules might not be usable as intracellular sensors for
smaller cell species. From a technical point of view, capsules
with much smaller diameters down to around 30 nm can be
synthesized.28 However, the conceptual advantage of our
system is on the one hand that capsules can be labelled with
two different dyes at distinct sides, in their cavities and their
walls. Furthermore, a capsule based sensor-system should
allow for sample analysis on single capsule-level. For this
purpose the size of the capsules has to be significantly above
the resolution limit of common optical microscopy techniques
and requires a minimum diameter of about 1 µm. It could be
shown that the spectral analysis of one single capsule filled
with sensor molecules provides all information needed to
evaluate a sample (see Supplementary Information, SI-2).
Individual capsules could, for example, be distinguished by
their physical properties, such as size or fluorescence-labeling
of the capsule wall. We have demonstrated this by labeling the
walls of SNARF-loaded capsules with a green or with a red
fluorophore (Fig. 4 and SI-3). As can be seen in Figure 4 the
fluorescence of the walls of the capsules can be used to
identify the capsules, whereas the fluorescence of the interior
is sensitive to the pH. However, technical improvement of the
system is still part of the our ungoing research. For example,
the distribution of SNARF-dextran is inhomogeneous as parts
of the SNARF-1-dextran were found to adsorb to the inner
capsule wall. Moreover, the amount of dye varies between
individual capsules. Photo-bleaching of the SNARF-1 dye
reduces the absolute fluorescence intensities upon repetitive
measurements during time-resolved studies.
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Especially for biomedical applications pH-sensing capsules
exhibit exciting potential: Our results clearly demonstrate that
the color change of SNARF-loaded capsules upon inclusion in
endocytotic vesicles can be easily applied to distinguish
between capsules ingested by cells and those only adherent to
the outer cell membrane. Significant improvements for the
evaluation of capsule-based drug delivery systems are
expected.23, 29, 30 In addition, capsule-based sensors could
offer perspectives for lab-on-a-chip applications. Local
analyte concentrations might be tracked in real time during
chemical/biochemical reactions by monitoring the spectral
properties of a single capsule, i.e. being magnetically attached
inside a microfluidic device.
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In this study a proof of principle of a microcapsule-based
system for local analyte detection in small volumes was
demonstrated, which offers high local concentration of sensor
molecules. One advantage of such mobile, capsule based
sensor-systems is that the fluorophore is not dispersed
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main advantage the separate functionalization of their walls
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individually utilized for sensing and/or labeling. This strikes
another important conceptual advantage of dye-loaded
capsules: Due to the micron-scale size, each capsule is an
individual entity that can be directly addressed by appropriate
fluorescence microscopy techniques, i.e. CLSM.
We believe that this concept could be applied for the
development of a toolbox of multiplexed microsensors. This
tool-box will consist of a modular assembly system that can
be self-tailored on demand to create complex sensing schemes
for advanced and comprehensive applications in cell-biology
(i.e. flow-cytometry), clinical chemistry and analytical
chemistry. Parts of the tool-box will be predominantly sensors
for ionic analytes, such as Na+, K+, Ca2+, Cl-, PO43-, but also
for compounds like oxygen and nitric oxide.
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Figure 1. (A) Fluorescence spectra of SNARF-1-dextran (MW = 70,000; 10 µg/ml) in aqueous solution measured at indicated pH values
(λ exc = 488 nm). Upon alkalinization, SNARF-1 exhibits a shift from green to red fluorescence. (B) Ratio of red to green fluorescence
(r/g) of SNARF-1-dextran in aqueous solution (dashed curve) and in capsules (straight curve). The latter was derived from spectral
analysis of single capsules at different pH-values (MW ± SD, n = 20). The slope of the r/g versus pH curve is lower for SNARF-dextran
embedded inside capsules indicating a lower sensitivity of the encapsulated dye. (C) Scheme of the capsule geometry. The walls of the
capsules are composed out of onion-like arranged layers of oppositely charges polymers with embedded magnetic nanoparticles. The
capsule interior is filled with SNARF-1-dextran. (D) Overlay of phase-contrast and fluorescence microscopy images taken at 580 nm and
650 nm (green and red channel) of single capsules in acidic and alkaline pH.
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Figure 2: After internalization of SNARF-1-dextran loaded capsules by NRF fibroblasts or MDA-MB435s breast cancer cells, the pH of
the cell medium (depicted on top of each image) was changed to acidic, near-neutral, or alkaline conditions. By overlaying phase contrast
and fluorescence images with a red and a green filter set it was possible to distinguish between acidic (= green) and alkaline (= red)
environments of individual capsules. In acidic medium both, internalised and non-internalised capsules exhibit strong yellow-green
fluorescence. In near-neutral medium, non-internalized capsules exhibit a pH-dependent fluorescence shift from green to orange, whereas
internalised capsules retain green fluorescence, which reflects the localisation within sour intracellular compartments (endo/lysosomes).
A clear discrimination of internalised (=green) and non-internalised (=red) capsules is possible in alkaline medium.

535

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00–00 | 7

CREATED USING THE RSC ARTICLE TEMPLATE (VER. 2.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS

540

545

550

555

560

565

Figure 3: SNARF-loaded capsules change from red to green fluorescence upon internalization by MDA-MB435S breast cancer
cells. (A) SNARF-fluorescence after adding the capsules to the cell culture and 30 min equlilibration. Most of the capsules are outside of
the cells and exhibit red fluorescence due to the alkaline pH of the medium. (B) The same cells after another 30 min of incubation.
Capsules remaining in the cell medium restrain their red fluorescence (red arrows). Capsules that were already incorporated in the acidic
endosome in the first image retain their green fluorescence (green arrows). Some capsules were incorporated in endosomal vesicles
inside cells within the period of 30 minutes, which is indicated by their change in fluorescence from red to green (red-to-green arrows).
Both images comprise an overlay of microscopy images obtained with phase contrast, a red and a green filter set. (C) Schematic
presentation of the endocytotic capsule uptake.
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Figure 4. (A) Geometry of a multifunctional microcapsule. The green fluorescence of the capsule wall is a result of its labeling with
Alexa Fluor 488®, which acts as a pH-insensitive tag for the capsule. Magnetic properties are given by magnetite nanoparticles located in
the capsule shell. The capsule interior is filled with SNARF-a-dextran. (B) Overlay of confocal fluorescence microscopy images (green
and red channel) of single double-labelled capsules in acidic and alkaline pH. The fluorescence of the SNARF-1-dextran molecules and
thus the inside of the capsules changes from green (acidic pH) to red (alkaline pH), whereas the capsule shell shows green fluorescence
independent from the pH. A detailed description of all double-labeling experiments is given in the Supplementary Information (SI-3).
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SI-1: General route for the synthesis of multifunctional, pH-sensitive polyelectrolyte
capsules. (1) Spherical calcium carbonate microparticles (diameter = 4-6 µm, drawn in blue)
comprising SNARF-1-dextran were fabricated by precipitation from supersaturated CaCl2 and
Na2CO3 solution in the presence of SNARF-1-dextran („coprecipitation-method“). After the
LbL-self-assembly of 2 double layers of PSS/PAH (2) magnetite nanoparticles were adsorbed
electrostatically onto the polyelectrolyte multilayer (PEM) (3). By adsorbing one bilayer of
either PSS/PAH-Alexa-Fluor 488 (4a), or PSS/PAH-TRITC (4b), a fluorescence label can be
introduced to the PEM. The PEM build-up was completed by depositing 2 double layers of
PSS/PAH (5). The dissolution of the CaCO3-core by EDTA treatment results in the release of
SNARF-1-dextran into the inner void of the emerging polyelectrolyte capsule (6). Upon
acidification or alkalinization of the bulk solution the encapsulated dye exhibits either green or
red fluorescence. For simplicity we have only included 4 layers of polyelectrolytes in this figure.
The capsules are not drawn to scale. The thickness of the walls is in the nm range, whereas the
diameter of the capsules is in the μm range.
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SI-2: Fluorescence spectra derived from single capsules. Fluorescence images (A) of
individual SNARF-1-dextran containing capsules were imaged with Confocal Laser-Scanning
Microscopy (for details see Experimental Part). Fluorescence intensities within 4 to 6
micrometer-sized, so-called "regions of interest" (ROI) covering the scope of one single capsule
were used for the generation of fluorescence emission spectra. The conversion of such lambdascans into fluorescence spectra (B) was accomplished using the Leica-TCLS-software. The
excitation wavelength used for SNARF-1-dextran was 488 nm, whereas emission was scanned
between 500 nm to 750 nm in 5 nm steps.
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SI-3: Addressable capsules by double-labeling. For demonstrating the addressability of
capsules we synthesized SNARF-1-dextran loaded capsules with either no label, Alexa Fluor
488, or TRITC in their walls. The idea is that the label in the wall can be utilized to identify
individual capsules, whereas the cavity of the capsule can be independently filled with functional
macromolecular species, i. e. sensors. Since there is a spectral overlap between these specific
dyes we had to record the fluorescence intensities with 4 different filter sets, matching the Alexa
Fluor 488, TRITC, green SNARF, and red SNARF fluorescence.
It can be clearly seen, that the inside of the capsules is sensitive to the pH (see the SNARFchannels: green fluorescence for acidic, red fluorescence for alkaline pH), while the capsules can
be clearly distinguished by the wall label (see Alexa Fluor 488 and TRITC channel).
Nevertheless, some overlap between the interior- and wall-label occurs.
Fluorescence images of individual SNARF-1-dextran containing capsules were imaged by
CLSM. The capsules were immersed in buffer solutions of pH =6 or pH = 9. For all the different
conditions 5 images were taken of each capsule: column 1: transmission, column 2: Alexa Fluor
488 fluorescence (used filter sets: λexc = 488 nm, λem = 510-530 nm), column 3: TRITC
fluorescence (λext = 554 nm, λem = 570-590 nm), column 4: green channel of SNARF
fluorescence (λext = 488 nm, λem = 580-600 nm), column 5: red channel of SNARF fluorescence
(λext = 488 nm, λem = 640-660 nm) and column 6: overlay of both SNARF channels.
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