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Abstract

Micelles and quantum dots have been used as experimental drug delivery systems and imaging tools both in vitro and in vivo. Inves-
tigations of their fate at the subcellular level require different surface-core modifications. Among the most common modifications are
those with fluorescent probes, dense-core metals or radionucleids. Cellular fate of several fluorescent probes incorporated into poly(cap-
rolactone)-b-copolymer micelles (PCL-b-PEO) was followed by confocal microscopy, and colloidal gold incorporated in poly 4-vinyl
pyridine-PEO micelles were developed to explore micelle fate by electron microscopy. More recently, we have examined quantum dots
(QDs) as the next-generation-labels for cells and nanoparticulate drug carriers amenable both to confocal and electron microscopic anal-
yses. Effects of QDs at the cellular and subcellular levels and their integrity were studied. Results from different studies suggest that size,
charge and surface manipulations of QDs may play a role in their subcellular distribution. Examples of pharmacological agents incor-
porated into block copolymer micelles, administered or attached to QD surfaces show how the final biological outcome (e.g. cell death,
proliferation or differentiation) depends on physical properties of these nanoparticles.
� 2006 Elsevier B.V. All rights reserved.
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1. Block copolymer micelles

1.1. Definition and properties

Block copolymer micelles are nanosized (10–100 nm)
particles dispersed in water. They are prepared from syn-
thetic polymers that contain hydrophilic and hydrophobic
parts. The hydrophilic part is commonly poly(ethylene
oxide), PEO, and the hydrophobic part is varied from ami-
no acids, polyesters and poloxamers [1]. PEO is usually used
to decrease contact between macromolecules in the sur-
rounding environment and surfaces coated with PEO. The
molecular mass of PEO blocks [2] and surface density [3]
must be tailored to achieve the protein repelling effect. Pres-
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ence of PEO in the outer shell (exposed to the surrounding
environment) of block copolymer micelles contributes to
maintaining the micelles dispersed in solution and hinders
their contact with cells [4]. The most commonly investigated
micelles are of spherical shape. However, various morphol-
ogies are attainable, and transition between micelles and
vesicles [5] by varying the solution properties is well docu-
mented [6,7]. To create spherical micelles the hydrophilic
part of the polymer should not outweigh the hydrophobic
portion [8]. The characteristic feature of block copolymer
micelles is their core-shell structure (Fig. 1).

The core is comprised of hydrophobic parts of the poly-
mer, and its physical state can vary from swollen to frozen
depending on the glass transition temperature (Tg) of the
polymer. The defining properties of micelles include critical
micellar concentration (CMC), aggregation number, size
and shape [9]. The size of micelles allows their selective
accumulation in sites with leaky vasculature, through
enhanced permeability and retention effect [10,11].
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Fig. 1. Micelle dynamics and stability. PCL-b-PEO micelles are dynamic
systems which accommodate lipophilic agents (e.g. drugs and fluorescent
dyes such as TMRCA) in their hydrophobic PCL cores. The hydrophilic
PEO parts form corona that separate core from aquatic environment.
Multiple equilibria exist between micelles and their components, i.e.
entrapped agents (TMRCA) and PCL-b-PEO unimers. Under physiolog-
ical conditions micelles can form large aggregates.
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1.2. Micelles as drug delivery vehicles

The purpose of using block copolymer micelles in medi-
cal sciences is to minimize the hydrophobic drugs of solubil-
ity problems, toxicity and inadequate pharmacokinetics.
The most significant advances were made with anticancer
agents and these delivery systems have recently reached clin-
ical trials [12–14]. Steroid hormones can be also very effec-
tively incorporated into block-copolymer micelles [15,16].
Such micelles could provide drug-loaded depot systems with
controllable release that could find use in hormone replace-
ment therapy. Immunosuppressant agent FK506, incorpo-
rated into PCL-b-PEO micelles administered at the site of
sciatic nerve lesion, can facilitate repair of the peripheral
nerves [17]. Micelles seem to be suitable nanocarriers for a
number of anti-inflammatory agents, and the local delivery
of anti-inflammatory drugs through accumulation of
micelles effectively reduces vascular leakage at inflamed sites
[18–20]. Block copolymer micelles made of charged block
copolymers have been investigated for non-viral delivery
of genetic material [21,22] and other charged molecules
[23]. The self-assembly of polyion complex micelles (PICM)
proceeds through the neutralization and segregation of
oppositely charged polyions in a way that combines features
of amphiphilic micelles and interpolyelectrolyte complexes.
Polymers having protonated amines at physiological pH
may be considered good candidates for the preparation of
PICM incorporating polyanionic molecules such as plasmid
DNA [24], oligonucleotides [25] and enzymes [26]. Examples
of such polymers are poly(ethyleneimine) (PEI), PLys, pol-
yamidoamide and poly(2-(N,N-dimethylamino)ethyl meth-
acrylate) [27]. However, some of these polymers are
cytotoxic (e.g. PEI). In order to form PICM with polycat-
ionic drugs, polymers exhibiting negatively charged units,
including poly(methacrylic acid) and PAsp, are required
[28]. Properties and application of ionomers forming
micelles have been recently reviewed [23].

1.3. Selected approaches to labeling the micelles

The cellular fate of block copolymer micelles is relevant
for evaluating and optimizing the delivery system. The dis-
tribution of micelles inside living cells can be followed by
fluorescent labeling of the constitutive block copolymers.
For example, red fluorescent dyes [29], green fluorescent
dyes [30] and drugs [31] have been covalently coupled to
the polymer and fate of the micelles investigated by confo-
cal microscopy. Combined with the use of organelle selec-
tive dyes (Table 1) the details of the cellular distribution of
micelles in live cells were assessed [32] (Fig. 2). Alternative-
ly block copolymers can be labeled with radioactive probes
[16,17,33–35], and heavy atoms such as gold [36,37], so that
they can be revealed by electron microscopy. Gold, because
of its high electron density and stability, can be incorporat-
ed into micelles to allow visualization of individual micelles
by TEM. This technique provides information on intracel-
lular location of gold-associated particles with much better
resolution than is achievable by optical microscopy. To
date, however, there are no TEM reports showing the pres-
ence of individual micelles in subcellular compartments,
although many groups have investigated the association
between heavy metals and polymers for various applica-
tions [38–43]. We have prepared and characterized gold-in-
corporated micelles [36]. Such micelles can enter the cells
when incubated for at least one hour and can be seen as
agglomerates by TEM (Fig. 2). Similar to the findings with
fluorescent-labeled micelles, the data suggest that the
micelles do not enter the nucleus but they can be found
in endosomes/lysosomes. Although this approach cannot
be used to study the fate of micelles in real time [44], it
has the advantage of providing more refined information
on subcellular distribution within cell organelles (Fig. 2).

In summary, using both fluorescently labeled agents and
fluorescent polymers we were able to distinguish between
micelle-incorporated agents and unlabeled micelles and to
provide the evidence for their intracellular location. The
most compelling evidence for internalized micelles contain-
ing fluorescent agents was obtained by fluorescence life-
time imaging (FLIM) [45–47]. The principle of the FLIM
experiments consists of the following steps: (i) the life-time
of the donor fluorescence is measured in the absence of an
acceptor fluorophore (control); (ii) another sample is pre-
pared where both donor and acceptor fluorophores are
present and both are imaged by confocal microscope; (iii)
FLIM instrument measures the lifetime of the donor fluo-



Table 1
Organelle markers used for micelle (QD) subcellular localization

Compartment ‘‘Marker’’ Comment Reference

Plasma membrane DAF The lipophilic fluorescein probes [32]
DiI Carbocyanine lipophilic probes www.probes.com
GFP-F Farnesylated GFP Clontech www.clotech.com

Clathrin-coated pits Clathrin-DsRed Live cell imaging of protein recruitment to clathrin-coated
pits

[51]

Transferrin conjugates For tracking receptor-mediated endocytic processes www.probes.com
Early endosomes Dextran conjugates For tracking uptake of exogenous material by

phagocytosis and endocytosis
www.probes.com

EEA1 Immunolabeling of early endosome antigen 1 [52]
Lysosomes LysoTrackers Fluorescent acidotropic probes for labeling of acidic

organelles
[32] www.probes.com

Phagosomes GFP-Rab 5,7 For tracing early and late endo/phagocytic compartments [53]
Latex beads Phagocytosed particles with defined size ranges www.probes.com

Caveolae Bodipy-LacCer Sphingolipid internalized almost exclusively through
caveolae-mediated pathway

[54]

ER ER Tracker blue-white Non-toxic ER selective dye for live cell imaging [55] www.probes.com
Golgi apparatus and ER Brefeldin A

BODIPY� FL conjugate
Selectively localized in Golgi apparatus and ER www.probes.com

Mitochondria MitoTrackers Accumulate in active mitochondria [32] www.probes.com
Cytoskeleton Actin-Phalloidin Phallotoxin derivatives that selectively stain F-actin [56] www.probes.com
Nucleus Hoechst The minor groove binding, dsDNA selective dye for live

cell imaging
www.probes.com

DAPI Classic nucleic acid stain for fixed cells

Fig. 2. Subcellular distribution of micelles. Cytoplasmic distribution of fluorescent-labeled PCL-b-PEO micelles (A–D) and diffuse distribution of the free
TMRCA label (E–H) is revealed by confocal microscopy. Gold-labeled PCL-b-PEO micelles aggregate in the cell culture medium and as such interact with
cell surface (I). Gold-labeled micelles do not enter nuclei (J) and only a few can be found in mitochondria (K). Most of the gold-labeled micelles are found
in endosomes/lysosomes (L) as revealed by electron microscopy.
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rophore when the acceptor is present. If the lifetime of the
donor is shortened, it implies FRET, and a close proximity
between the two fluorophores. Combining FLIM with
FRET provides high spatial resolution in the intact cells.
We studied interactions between red micelle-incorporated
or red free dye and green dye inserted into plasma mem-
branes. The free red dye (tetramethylrhodamine-5-carbonyl
azide TMRCA, acceptor) undergoes FRET interactions
with the green membrane dye (5-dodecanoylaminofluores-
cein, DAF, donor) in the absence of micelles (Fig. 3). As
a result of this interaction there is a decrease in life-time
of the donor dye DAF from approximately 2400 to
1700 ps. In contrast, no FRET interactions are seen when
TMRCA is incorporated into micelles since the distance
between the donor and acceptor dye is too large (>10 nm).

Although, fluorescent dyes are useful for tracking
micelles they have several limitations, particularly if time-
lapse experiments are required or if multiple laser exposures
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Fig. 3. Fluorescence resonance energy transfer (FRET) between the
fluorescent agents. FRET is a proximity-based assay which provides
information about close proximity of two fluorescent agents. It occurs
when the distance between a green (e.g. membrane) and red fluorescing
dye (TMRCA) is very small. FRET is absent between the green and red
emitting-dye if micelles contain fluorescent label covalently bound within
the micelle core because the distance between the incorporated agent (red)
and the green dye-labeled membrane is too big. This is confirmed by
fluorescence life-time imaging (FLIM) where the absence of energy
transfer and lack of change in half-life are shown as different intensities of
blue. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)
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are needed. QDs (discussed later in this article) represent an
interesting novel alternative labeling strategy to follow
the fate of micelles by confocal and electron microscopy
[48–50].

1.4. Selected molecular manipulations to study the

internalization of micelles

The internalization of block copolymer micelles involves
endocytosis [29,30]. Endocytotic pathways involve pinocy-
tosis, caveolae, clathrin, and caveolae-clathrin independent
processes [57,58]. The best characterized pathway is clath-
rin-dependent endocytosis [59] involving a number of
accessory factors (Table 2). Specific information about
the internalization of block copolymer micelles could be
obtained by regulation of specific proteins and their phos-
phorylation status. Among the approaches used to explore
nanoparticles and macromolecule endocytosis are genetic
mutations (Table 2) and pharmacological manipulations
(Table 3).

1.5. Micelle stability

Physical stability of nanoparticles is a fundamental
requirement for an effective drug delivery system. In con-
trast to low molecular mass surfactants, polymeric micelles
exhibit significantly lower values for critical association
constant (CAC), indicating greater thermodynamic stabili-
ty than naturally occurring micelles. The rate at which the
micelles tend to dissociate is related to their composition,
their physical state and the cohesion of the micelle core.
Micellar stability correlates well with the length of the
hydrophobic segment in the amphiphilic copolymer, with
higher proportions of hydrophobic polymer conferring
greater thermodynamic stability [23]. Gaucher et al. have
demonstrated by a steady-state pyrene fluorescence tech-
nique that increasing the PDLLA proportion in PVP-b-
PDLLA-b-PVP triblock copolymers from 27 to 55 mol %
led to a significant decrease in the CAC values [23]. Jette
et al. showed that an increase in the length of the core-
forming segment could reduce fenofibrate leakage while
enhancing the resistance of PEG-b-PCL polymeric micelles
towards dissociation [78]. Among several PEG-
b-poly(alkylmethacrylate)s with identical degrees of poly-
merization but with monomers of different degrees of
hydrophobicity, the lowest CAC was achieved for the most
hydrophobic copolymer [79]. Other groups have focused
on modifying the properties of the core-forming blocks in
an attempt to enhance their hydrophobicity [80–82].
Cross-linking of the shell or core of hydrophobic micelles
is a promising strategy to increase the micelle stability
[83]. Shuai et al. performed the core cross-linking of paclit-
axel-loaded PEG-b-PCL micelles by radical polymerization
of double bonds introduced into the PCL blocks. These
micelles exhibited significantly enhanced stability against
dilution with aqueous solvents, i.e. no collapse of micelles
was detected upon dilution (1000·), as determined by
dynamic light scattering and gel permeation chromatogra-
phy [84]. More recently, Kataoka prepared remarkably
stable trypsin-loaded PEG-b-P(Asp) PICM cross-linked
using glutaraldehyde without loss of protein activity [85].
Strong cohesive forces between the drug and the polymer
core segments also play a role in micelle stability as shown
by Lee et al. [86].

CAC values of PEG-b-PLys carrying antisense ODN
determined by Kataoka’s group were found to be around
140–170 mg/L [87]. These values are superior to the CAC
of most amphiphilic copolymer micelles and suggest that
dissociation of PICM upon dilution could seriously com-
promise their in vivo performance.

Recent studies by Savić et al. demonstrated marked dif-
ferences in PCL-b-PEO micelle stability depending on the
microenvironment [88]. Fluorogenic dye incorporated into



Table 3
Pharmacological inhibitors of nanoparticle entry

Agent Effect Reference

Nocodazole Promotes tubulin depolymerization [70]
Lantrunculin A Sequesters actin monomers, blocks actin polymerization and promotes actin depolymerization [71]
Monensin Disruption of lysosome and endosome function [72,73]
Brefeldin A Causes disassembly of the Golgi complex and ER swelling [74]
Cytochalasin D Inhibits actin polymerization and interferes with microtubule assembly by reacting with sulfhydryl groups [70]
Bafilomycin Blocks lysosomal cholesterol trafficking [75]
Wortmannin Inhibitor of phosphatidylinositol 3-kinase, a lipid kinase implicated in endosomal traffic [76]
Concanavalin A Inhibitor of clathrin-mediated endocytosis [77]

Table 2
Molecular mutations of endogenous proteins to study nanoparticle entry

Protein Effect Comment Reference

Dynamin mutant Prevents the calveolae- and raft-mediated internalization
of various molecules

Blocks early events in endocytosis [60]

AP180 Impairs the efficiency of synaptic vesicle endocytosis and
alters the normal localization of clathrin

APs sequester membrane cargo into developing
clathrin-coated pits

[61]

Eps 15 The plasma membrane punctuated distribution of both
AP-2 and clathrin was lost, implying the absence of coated
pits

It plays an important role in the docking of AP2
to plasma membrane during coated pit assembly

[62]

Rab mutants Mutations of RAB5 and RAB7 are associated with early
and late endocytosis, respectively

Rab family of proteins is essential for the
regulation of intracellular membrane traffic

[63,64]

Arf mutants Mutation of Arf6 has pronounced effect on receptor-
mediated endocytic trafficking

Arf GTPases are required for maintaining the
organelle structure and intracellular trafficking

[65]

Rho-GTPase mutants Overexpression of constitutively active forms of Rac1 or
RhoA inhibits receptor-mediated endocytosis

Rho-GTPases are critical regulators of many
stages of vesicular trafficking

[66,67]

Intersectin Expression of Dbl- domain constructs induces actin
rearrangements specific for Cdc42 (Rho-GTPase)
activation

Scaffolding protein that regulates the formation of
clathrin-coated pits and caveolae

[68]

Caveolin-1 Targeted disruption of caveolin-1 leads to the loss of the
caveolae

Cholesterol-binding integral membrane protein
essential for the formation of caveolae

[69]
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micelles was rapidly converted into the fluorescent agent in
serum-containing medium and in vivo. These studies are the
first to show PCL-b-PEO micelle instability in live animals.

It is generally considered that PEO is ‘‘biocompatible’’.
However, a number of studies indicate that depending on
the cell type, concentration of the polymer or co-polymer
used and duration of the cell exposure to PEO, it can
induce some damage ([32] reviewed in [89]). We have
carried out the experiments to examine cytotoxicity of
PCL-b-PEO micelles and found that in relatively low con-
centrations (<20 lM) they are well tolerated by cells, par-
ticularly non-dividing ones or those with long doubling
times. In contrast, when a large number of fluorescent
dye molecules were non-covalently incorporated into such
micelles, cells were damaged. An improved biocompatibility
with micelles containing fluorescent dyes was achieved with
cross-linked polymer micelles [83].

2. Quantum dots (QDs)

2.1. Photophysics of QDs

Quantum dots (QDs) are colloidal nanocrystals with
unique optical properties that make them outstanding fluo-
rescent probes for long-term and multicolor imaging [49,90].
QDs can be excited at single wavelength far removed from
their emission maxima, which are tunable by the nanoparti-
cles size. This allows for simultaneous detection of multiple
color QDs upon illumination with single light source. QD
absorption spectra are broad, but emission spectra are nar-
row without the red tail characteristic commonly observed
with organic dyes. Unlike most organic-based fluorescent
dyes, QDs have high resistance towards photobleaching
[91]. Electron dense QD core allow their detection by elec-
tron microscopy. Combined fluorescence and electron
microscopy analyses using the same, multipotent probe pro-
vide both the temporal dynamics and high-resolution intra-
cellular localization [92]. Furthermore, QDs have an
efficient multiphoton absorption cross-section making them
suitable for in vivo imaging [93]. The development of QDs
that can emit infrared or near infrared light demonstrated
their usefulness for deep tissue imaging [94,95]. Recently,
So et al. described the synthesis and use of bioluminescent
QD conjugates for in vivo imaging [96]. Conjugation of bio-
luminescent protein to QDs eliminates the need for fluores-
cent excitation light; instead QDs are excited by
bioluminescence resonance energy transfer. Tissue autofluo-
rescence is significantly reduced, and self-illuminating QDs
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have greatly enhanced sensitivity in small animal imaging
[96].

2.2. QD anatomy

QDs consist of a semiconductor core with or without a
passivation shell usually made of ZnS, and additional coat-
ings which are determined by their applications (Fig. 4).
The core is made of elements from II–VI (e.g. CdSe, CdTe,
CdS, ZnSe), III–V (e.g. InP, InAs) or IV–VI (e.g. PbSe)
group, but the most studied QDs in biology are ones with
cores made of CdSe or CdTe. The size of the core is 2–
10 nm, but the size of the nanoparticles can increase dra-
matically depending on the coating layer around the core.
Thin layer of ZnS on the nanoparticle surface protects
the core from oxidation and increases the photolumines-
cence quantum yield [97]. The surface of nanoparticles is
coated with solubilization ligands making QDs water solu-
ble and suitable for use in cell biology [98]. The charge of
the nanoparticles is determined by polar groups of the
coating ligands and the surrounding pH.

QDs can either be prepared in nonpolar organic solvents
yielding nanoparticles non-soluble in water, or they can be
prepared by water-based synthesis method. When prepared
in organic solvents, their hydrophobic surface ligands are
often replaced with hydrophilic ones. A variety of solubili-
zation ligands have been utilized including thiol-containing
molecules [99–101], peptides [102], and polymerized silica
shells with polar groups [103]. In addition to ligand
exchange, nanoparticles with hydrophobic surface ligands
can be solubilized by encapsulation in amphiphilic diblock
or triblock copolymers [104,105], and in phospholipid
micelles [48].

QDs have to be biofunctionalized to act as useful, spe-
cific fluorescent labels. Biofunctionalization has been
achieved so far by complexation or conjugation of QDs
with targeting moieties. The electrostatic interactions
between oppositely charged QDs and peptides or proteins
Fig. 4. Anatomy of QDs. Surface modifications of QDs provide protec-
tion of the cores and QD targeting. Such modifications considerably
enhance QD sizes.
have been successfully utilized to specifically label cellular
components [106]. QDs with carboxy terminal groups on
their surface can be also conjugated to biomolecule amino
groups using EDC (1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide) as a coupling agent [99,107,108]. Furthermore,
modification of QDs can be accomplished by direct binding
of thiolated peptides and polyhistidine residues to the QD-
surface [109,110]. Since QDs of different colors differ only
in the nanoparticle size, the universal approach for conju-
gation can be applied for labeling with multicolored QDs.

2.3. Internalization and subcellular distribution of QDs

Cellular internalization of QDs can be achieved by dif-
ferent mechanisms including non-specific entry by endocy-
tosis [91], specific entry mediated by biomolecules attached
to QD surface [95,99,111], micropipette injection, electro-
poration, and possibly by inducement of plasma membrane
damage [112] (Fig. 5). Without functionalization QDs can
enter the cells by endocytosis as shown by colocalization
with endosomes/lysosomes using organelle specific dyes
[91,107,113]. The mechanism of QD-endocytosis has not
been extensively explored and it is not known what endocy-
totic route they follow. Non-functionalized QDs mainly
end up in the cytoplasm and some types of small nanopar-
ticles (green emitting CdTe QDs, coated with cysteamine,
2 nm diameter) can enter the nuclei [108]. The targeting
moiety attached to the QD surface determines the mode
of entry into cells and their intracellular localization. Selec-
tive staining of plasma membrane and intracellular organ-
elles was achieved using QD-labeled antibodies, receptor
ligands or targeting peptides. For instance, cancer marker
Fig. 5. Internalization of QDs by cells. Cells internalize QDs in different
ways depending on cell type, QD concentrations, their sizes, charges or
ligands. The extent of internalization of poorly internalized QDs can be
enhanced by electroporation and microinjection. Targeting of QDs to
different intracellular sites can be achieved by attaching organelle-
localizing signal peptides to QD surfaces.
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HER2 on the plasma membrane of breast cancer cells was
specifically labeled by CdSe/ZnS QDs linked to immuno-
globulin G [104]. Streptavidin-coated CdSe/ZnS QDs com-
plexed to biotinylated epidermal growth factor [114] and
InP/ZnS QD conjugated to folic acid [115] were internal-
ized by receptor mediated endocytosis. The nucleus was
stained by labeling the nuclear antigens with CdSe/ZnS
QDs conjugated to antibody, and by linking CdSe/ZnS
QDs to nuclear localizing peptide [116].

2.4. Stability of QDs

A crucial role in determining stability of QDs in aqueous
environment belongs to the shell and organic molecules
attached to the QD surface. Loss of the surface ligands ulti-
mately leads to the precipitation of QDs and loss of their
luminescence. Different process can affect stability of sur-
face ligands, and it was shown that the desorption of
hydrophilic thiols, common surface ligands used, can be
caused by their protonation [117] or by their photooxida-
tion [118]. Deprotonated thiols, thiolates, are bound to
cadmium chalcogenide QDs, so if the pH at the QD–ligand
interface decreases to a certain value, the ligands get pro-
tonated and detach from the QD surface [117]. The precip-
itation of QDs coated with hydrophilic thiols occurs in a
relatively low pH range, between 2 and 7, depending on
the size and chemical composition of QDs [117]. It is obvi-
ous that the stability and photophysical properties of QDs
inside the cells will be strongly dependent on the intracellu-
lar localization and the local environment. Photooxidation
of surface ligands takes place upon prolonged UV
illumination of QDs. Increasing the thickness and packing
density of ligand shell can delay initiation process of
photooxidation [118]. Preparation of QDs with ligands
relatively resistant to photooxidation will enable QDs to
fulfill their capacity for long-term cellular or in vivo imag-
ing. Due to its inorganic nature, QD core itself is relatively
resistant to photodegradation, however, prolonged expo-
sure to UV light affects also the core integrity [118,119].

In summary, the stability and photophysical properties
of QDs inside the cells will be strongly dependent on their
intracellular localization and its local environment. Con-
versely, QDs can affect the cell functions, which can be
fatal.

2.5. Cytotoxicity of QDs

Both extensively internalized QDs and those that are
poorly internalized by cells can eventually cause damage
to cellular organelles [108,120]. Biocompatibility of QDs
remains a critical issue and a possible limitation to their
application especially as in vivo diagnostic agents. The
unknown interferences of QDs with physiological processes
could also lead to misinterpretation of the results in live cell
imaging. Obtaining a straight answer about QD cytotoxic-
ity is difficult due to the lack of standardized QD synthesis
protocols, coatings, solubilization ligands, and cell systems
employed in different studies. However, from this diversity
it can be concluded that protection of the QD surface plays
a crucial role. Particles with surfaces well protected by
polymers or proteins are mostly not harmful to cells [91],
whereas breaking down of protective coating (e.g. by irra-
diation, low lysosomal pH or possibly metabolic degrada-
tion) leads to cell damage and death [119]. Two possible
mechanisms were proposed to explain this: (i) leaching of
metals from the core of nanoparticles with compromised
integrity (ions of Cd, Se, Te, Hg, Pb, etc.), and/or (ii) for-
mation of reactive oxygen species (ROS) (Fig. 6). QDs are
redox active nanoparticles (effective electron donors and
acceptors) [121] and can generate highly reactive free radi-
cals with or without exposure to light [120,122,123]. QDs
can induce ROS generation through energy or electron
transfer to molecular oxygen [120,122–124]. Cells respond
to even small changes of intracellular redox status which
is sufficient to inhibit proliferation and induce differentia-
tion [125]. In higher concentrations, ROS are well-known
inducers of damage to cellular proteins, lipids, DNA and
carbohydrates, and can cause apoptosis or necrosis
depending on the severity of damage. Recently, we have
provided evidence for the ROS production in live cells
incubated with surface-unprotected CdTe QDs [120]. Sev-
eral fluorescent probes have been used to reveal ROS in live
cells: dihydroethidium is used to detect superoxide anion
[120,126], Singlet Oxygen Sensor (SOS green) is used for
singlet oxygen species and dichlorodihydrofluorescein diac-
etate detects nearly all ROS nonspecifically. The type of
ROS formed strongly depends on the material used to
build QDs [127]. When exposed to light QDs are believed
to generate singlet oxygen either themselves or due to the
molecules conjugated to their surface [122,126]. This prop-
erty of QDs could be exploited by photodynamic therapy
[124].

Toxicity of QDs seems to be also dependent on the char-
ge of the nanoparticles and their ability to form complexes
with biomolecules (Fig. 6). Interestingly, even inert poly-
mer coated QDs can exert toxic effects involving several
different mechanisms [128].

3. Mechanisms of cell death induced by nanoparticles

A common property of nanoparticles seems to be their
ability to induce the generation of ROS [129]. A variety
of different nanoparticles, including fullerenes, carbon
nanotubes and QDs, were shown to produce ROS in vitro

[130–132] and in vivo [133,134]. Cells are sensitive to ROS
and once the production of ROS overcomes the antioxi-
dant defense, cellular redox balance is shifted and the cells
are then in a state of oxidative stress. Sensitivity of cells to
ROS may depend on the cell type, the level and the dura-
tion of oxidant production, the species of ROS generated,
and the specific site of ROS production. ROS can react
with all types of cellular biomolecules, resulting in their
damage, degradation, and finally loss of function [135].
The oxidation of aromatic DNA bases is the main source



Fig. 6. Interactions between QDs and cells. Stability of QDs will contribute to their interaction with cells. QDs can disintegrate in acidic environment such
as lysosomes (A). ROS produced by QDs can induce organelle damage (B). QDs can form complexes with biomolecules (C). Precipitation of QDs at the
cell surface even without QD entering the cell can impair cell function and eventually lead to cell death (D) [128].

D. Maysinger et al. / European Journal of Pharmaceutics and Biopharmaceutics 65 (2007) 270–281 277
of DNA damage, while the oxidation of aromatic and sul-
fur-based amino acids is the main pathway for protein
damage. The polyunsaturated fatty acids in lipids are the
target for oxidative damage, and their oxidation leads to
loss of compartmentalization and plasma-membrane integ-
rity. Moreover, oxidative reactions in membranes lead to
amplification of ROS and the formation of bioactive prod-
ucts that influence signaling pathways. Subcellular organ-
elles have their specific redox microenvironment which is
controlled by complex antioxidant system that includes
antioxidants (glutathione, NADH, thioredoxin) and anti-
oxidant enzymes (superoxide dismutase, catalase, glutathi-
one reductase, and glutathione peroxidase) [136].
Nanoparticles, depending on their subcellular distribution
and ROS-producing ability, could induce oxidative damage
in certain subcellular organelles and perturb organelle
function. Loss of membrane integrity of organelles such
as mitochondria or lysosomes results in release of signaling
molecules involved in apoptosis. QD-induced oxidative
damage to DNA is the most deleterious type of cellular
damage often leading to cell death. However, several types
of effective coatings and presence of drugs in the cell micro-
environment (e.g. N-acetylcysteine) significantly enhance
QD biocompatibility and minimize cell death even after
prolonged exposures [120].

The current high interest in nanobiotechnology and pro-
posed widespread applications of nanoparticles may lead to
a mass production of engineered nanoparticles in upcoming
years. Humans could become exposed to engineered nano-
particles by inhalation, through the skin, by ingestion or
other routes as already shown for environmental ultrafine
particles [137]. Understanding nanoparticles – cell inter-
actions and the mechanisms of nanoparticle-induced cyto-
toxicity are critical factors which address the safety of
nanoparticles in science and in our environment.

4. Conclusions

Nanoparticles (micelles and QDs) as drug delivery
systems and imaging tools are increasingly employed in
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experimental science. Their safety is therefore a prerequi-
site for their use in medicine. Novel approaches which pro-
vide biocompatible drug nanocarriers and luminescent
biomarkers (e.g. those that emit in the near infrared region
or responding to different intracellular stimuli) are gaining
momentum in the development of future diagnostics and
therapeutics.
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