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1. INTRODUCTION

Nanoscience is often referred to as “key”, “horizontal”, or
“enabling”, since it can virtually encompass all technological
areas.1-4 Bringing together different areas of science, nanoscience
benefits from a multidisciplinary approach in order to attain
innovative solutions for many of the problems facing today’s
society.5-8 A scientific and technological revolution has begun
that is based on systematic organization, fabrication, or manip-
ulation of matter in the nanometer length scale, where unique,
distinctive material properties can be attained. To date, several
nanotechnology-based products have been marketed including
electronic components, scratch-free paint, sports equipments,
wrinkle- and stain-resistant fabrics, sun creams, and medical
products. From a chronological point of view, nanoscience and
nanotechnology were first employed in materials manufacturing
applications such as composites and coatings, followed by incor-
poration of nanotech in electronics and information technology
applications such as advanced memory chips and displays. Subse-
quently, nanoscience principles were applied in the fields of
healthcare and life sciences to produce new products such as
nanostructured medical devices and nanotherapeutics.9,10,12-15

Constantly increasing demand for nanoparticulate materials has
resulted in the emergence and evolvement of many companies in
the fields of synthesis, functionalization, and application of
nanoparticles both in vitro and in vivo.11 This is evidenced by
the increasing number of nanoparticle-related publications in the
past decade with most investigations reporting data on synthesis,
characterization, and surface properties.11

Taking into consideration the rapidly growing interest in
nanoparticulate functional materials, potential job-related and
public exposure to manufactured nanoparticles will be dramati-
cally increasing in the near future. However, currently, there is
limited knowledge about the relative health and environmental
risk assessments of the in use nanoparticles and nanomaterials.
While the total number of nanoparticles-related publications has
increased significantly over the past decade, most investigations
exclusively pertained to synthesis, characterization, and surface
properties of nanomaterials. In recent years, biological issues and
toxicity of nanoparticles and nanomaterials have emerged as
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troublesome barriers to the development of nanotechnology.
Although information about the toxicity of nanoparticles con-
tinues to increase, safe application of these promisingmaterials in
numerous biomedical areas requires a greater knowledge about
the toxicological profiles of different nanoparticles. Without ade-
quate toxicity data, the risk assessment and regulation of nano-
materials will suffer significantly.8

Toxicants can lead to a wide array of cellular responses.16

Scientists are particularly focused on the mechanisms by which
cells die and therefore study the factors which lead to apoptosis
or necrosis in various cell populations. These mechanisms of cell
death can also be intricately linked with the cell cycle, as there are
various check-points and controls in a cell’s life cycle to ensure
that appropriate division processes occur. Mechanisms by
which toxicants induce cell death by necrosis and apoptosis
have been the focus of many biomedical disciplines because
they help us understand toxicity and also provide opportunities
for drugs to impact dysregulation of the cell cycle in diseases
such as cancer.

With the generation of an increasing number and diversity of
nanoparticles, these same interests are emerging. That is, there is
ongoing concern about the mechanisms by which nanoparticles
produce toxicity as well as applied research to leverage nano-
technology for the targeted killing of cancer cells. Moreover, as
regenerative medicine develops with nanotechnology, the reg-
ulation of cell proliferation secondary to nanostructure exposure
will also be central to its success.

As nanotoxicological research continues to evolve, not only
will apoptotic and necrotic experimental end-points be applied
but more emphasis will be directed toward the mechanisms and
pathways by which nanoparticles induce cell death as well as the
dose-response relationships of these pathways. One of the
emerging central concepts in nanoparticle toxicity is the induc-
tion of oxidative stress.17,18 Oxidative stress has a spectrum of
severity and can also guide a tiered testing approach whereby
apoptosis would be considered a Tier 3 outcome in toxicity
studies.18 Indeed, it is well-known that nanoparticles can impair
cellular functions leading to oxidative stress which can in turn
lead to cell death via apoptosis. Specifically, some nanoparticles
impair the mitochondrial function leading to cell death. Thus,
insults from specific nanoparticulate formulations may abort the
usual cell cycle as it is known that mitochondrial dysfunction
from oxidative stress is linked to apoptosis.19,20

This review presents a broad overview of the effect of nano-
particles on the cell life cycle and their corresponding phase
arresting data, as currently available. The reader will realize that
the phase arresting data varies significantly depending on com-
position, size, size distribution, surface (including coating), and
subsequent surface derivatization. In addition, results differ due
to the varying experimental conditions. Also presented is a com-
prehensive description of the available assays for probing the
effect of nanoparticles on the cell life cycle (e.g., flow cytometry,
and laser scanning cytometry).

2. CELL LIFE CYCLE

The cell cycle corresponds to a series of events which lead the
cell to its division and duplication.21-25 In eukaryotes, the cell
cycle can be divided into two brief periods: (i) the interphase,
during which the cell grows and accumulates nutrients needed
for mitosis and DNA replication and (ii) the mitosis (M) phase,
in which the cell splits itself into two distinct daughter cells. This
cell-division cycle is a vital process. Almost all of a cell’s life is
spent in interphase, which is split into three parts: G1, S, and G2

phases (see Figure 1). In the first gap phase (G1), the cell grows
and produces enzymes that are necessary for cell division. In the
synthesis phase (S), the DNA is replicated. Finally, in the second
gap phase (G2), the cell continues to grow and carries out
processes necessary for mitosis. In both the G1 and G2 phases,
there are checkpoints that ensure that the cell is prepared for
crucial steps in its division.

The mitosis (M) phase corresponds to the actual cell division
and requires significant amounts of energy. Although there are
many stages in mitosis (prophase, prometaphase, metaphase,
anaphase, and telophase), it basically consists of the cell dividing
its nucleus and cytoplasmic contents. The final division is called
cytokinesis. After this division, the two daughter cells produced
restart the cell cycle. Mitosis and cytokinesis together define the
mitosis (M) phase of the cell cycle - the division of the mother
cell into two daughter cells, genetically identical to their parent
cell. The process of mitosis is complex and highly regulated. The
sequence of events is divided into phases, corresponding to the
completion of one set of activities and the start of the next. Errors
in mitosis can either kill a cell through apoptosis or causemutations
that may lead to cancer. This entire cycle can take from 12 h to
many days, depending on the type of cell.

Figure 1. Schematic cell cycle.
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Regulation of the cell cycle involves processes crucial to cell
survival, including the detection and repair of genetic damage as
well as the prevention of uncontrolled cell division. Each process
occurs in a sequential fashion and it is impossible to “reverse”
the cycle.

Two key classes of regulatory molecules, cyclins and cyclin-
dependent kinases (CDKs), determine a cell’s progress through
the cell cycle.26 When activated by a bound cyclin, CDKs per-
form a common biochemical reaction called phosphorylation
that activates or inactivates target proteins to orchestrate co-
ordinated entry into the next phase of the cell cycle. Different
cyclin-CDK combinations determine the downstream proteins
targeted. CDKs are constitutively expressed in cells, whereas
cyclins are synthesized at specific stages of the cell cycle in
response to various molecular signals.27

Upon receiving a pro-mitotic extracellular signal, G1 cyclin-
CDK complexes become active to prepare cells for the S phase,
promoting the expression of transcription factors that in turn
promote the expression of S cyclins and of enzymes required for
DNA replication. The G1 cyclin-CDK complexes also promote
the degradation of molecules that function as S phase inhibitors
by targeting them for ubiquitination. Once a protein has been
ubiquitinated, it is targeted for proteolytic degradation by the
proteasome. Active S cyclin-CDK complexes phosphorylate
proteins that make up the prereplication complexes assembled
during the G1 phase on DNA replication origins. The phosphor-
ylation serves two purposes: to activate each already-assembled
prereplication complex and to prevent new complexes from form-
ing. This ensures that every portion of the cell’s genome will be
replicated once and only once. The reason for the prevention
of gaps in replication is fairly clear, because daughter cells that
are missing all or part of crucial genes will die. However, for
reasons related to gene copy number effects, possession of
extra copies of certain genes would also prove deleterious to
the daughter cells.

Mitotic cyclin-CDK complexes, which are synthesized but
inactivated during the S and G2 phases, promote the initiation
of mitosis by stimulating downstream proteins involved in
chromosome condensation and mitotic spindle assembly. A
critical complex activated during this process is an ubiquitin
ligase known as the anaphase-promoting complex (APC),
which promotes degradation of structural proteins associated
with the chromosomal kinetochore. APC also targets the
mitotic cyclins for degradation, ensuring that telophase and
cytokinesis can proceed.

2.1. Specific Action of Cyclin-CDK Complexes
Cyclin D, the first cyclin produced in the cell cycle in response

to extracellular signals such as growth factors, binds to existing
CDK4, forming the active cyclin D-CDK4 complex. Cyclin D-
CDK4 complex in turn phosphorylates the retinoblastoma sus-
ceptibility protein (Rb). The hyperphosphorylated Rb dissoci-
ates from the E2F/DP1/Rb complex, activating E2F. Activation
of E2F results in transcription of various genes such as cyclin E,
cyclin A, DNA polymerase, and thymidine kinase. Cyclin E then
binds to CDK2, forming the cyclin E-CDK2 complex, which
pushes the cell from the G1 to the S phase (G1/S transition).
Cyclin B along with cdc2 (cdc2 in fission yeasts and CDK1 in
mammals) forms the cyclin B-cdc2 complex, which initiates
the G2/M transition.28 Cyclin B-cdc2 complex activation causes
the breakdown of the nuclear envelope and the initiation of

prophase, and subsequently, its deactivation causes the cell to exit
mitosis.27

Cell cycle checkpoints are used by the cell to monitor and
regulate the progress of the cell cycle. These checkpoints prevent
cell cycle progression at specific points, allowing verification of
necessary phase processes and repair of DNA damage. The cell
cannot proceed to the next phase until checkpoint requirements
have been met. Several checkpoints are designed to ensure that
damaged or incomplete DNA is not passed on to daughter cells.
Two main checkpoints exist: the G1/S checkpoint and the G2/M
checkpoint. G1/S transition is a rate-limiting step in the cell cycle
and is also known as a restriction point. An alternative model of
the cell cycle response to DNA damage has also been proposed,
known as the postreplication checkpoint.29,30 Finally, the inter-
action between cyclins, CDKs, and cell cycle has been fully
discussed elsewhere.31

2.2. Role in Tumor Formation
Dysregulation of the cell cycle components may lead to tumor

formation. Specifically when key functional genes, such as the cell
cycle inhibitors RB and p53, mutate, this may cause the cell to
multiply uncontrollably, forming a tumor. Although the duration
of the cell cycle in tumor cells is equal to or longer than that of a
normal cell cycle, the proportion of cells that are in active cell
division (versus quiescent cells in G0 phase) in tumors is much
higher than that in normal tissue. Thus, there is a net increase in
cell number as the number of cells that die by apoptosis or
senescence remains the same. The cells which are actively under-
going division are targeted in cancer therapy as the DNA is
relatively exposed during cell division and hence susceptible to
damage by drugs or radiation. This biology is exploited in cancer
treatment by a process known as debulking, whereby the removal
of a significant mass of the tumor pushes the relative number of
the remaining tumor cells to go from G0 to G1 phase (due to
increased availability of nutrients, oxygen, growth factors, etc.).
Radiation or chemotherapy following the debulking procedure
kills these cells which have newly entered the cell cycle.

The fastest cycling mammalian cells in culture, and crypt cells
in the intestinal epithelium, have a cycle time as short as 9-10 h.
Stem cells in resting mouse skin may have a cycle time of more
than 200 h. Most of this difference is due to the varying length of
G1, the most variable phase of the cycle. M and S phases demon-
strate much less variability.

In general, cells are the most radiosensitive in the late M and
G2 phases and most resistant in the late S phase. For cells with a
longer cell cycle time and a significantly long G1 phase, there is a
second peak of resistance late inG1. The pattern of resistance and
sensitivity correlates with the level of sulfhydryl compounds in
the cell. Sulfhydryls are natural radioprotectors and tend to be at
their highest levels in S and at their lowest near mitosis.32

3. CELL CYCLE ANALYSIS METHODS

Nanoparticles could have various effects on cells. These effects
range from interactions with cell membranes and cellular uptake,
signaling pathways, ROS production to gene regulation, cell cycle
dysregulation, and finally apoptosis or necrosis.33Monitoring the
cell cycle changes is an important index of both the cytotoxicity of
the nanoparticle, and its effectiveness in those cases in which
targeting a dysregulated cell is the aim of the study. Nanoparticles
have been widely used as vehicles for delivering antiproliferative
drugs to cancer cells.34,35
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The cell cycle is controlled via different mechanisms, including
genetic and epigenetic events.35-37 Genes responsible for pro-
moting cell division could be evaluated by different methods,
mainly real time PCR and microarray analyses. However, these
approaches have not been commonly used for evaluating the cell
cycle itself due to their sophistication and difficulty of validation.
DNA content measurements, in contrast, have been widely used
to evaluate genotoxicity of different compounds, including nano-
particles,34,35,38-43 because the techniques are more feasible and
the measured outcome is the final consequence of any effect on
cell replication. However, these techniques usually lack the
specificity to elucidate which step has been damaged in the
process, whereas monitoring the genes and proteins can give a
more detailed picture of plausible causes of cell cycle dysregulation.

The DNA content of cells is well correlated with the stage of
the cells in the cell cycle. Cells in the G0/G1 step have half the
DNA of a G2/M phase cell (corresponding to 2N and 4N
chromosome phases), while the DNA content is in between
these two during the synthesis phase. Cells with lower than 2N
chromosome DNA are mostly cell garbage, or apoptotic cells
which have lost different amounts of their DNA, usually in small
fragments. Methods such as the Comet assay can help to detect
and quantify the number of cells in this latter stage, but they
cannot distinguish between other phases of the cell cycle.44

Herein we review the two most commonly used techniques to
perform cell cycle analysis by DNA content measurement and
their application for the in vitro toxicity testing of nanoparticles.

3.1. Flow Cytometry
Flow cytometry is a relatively old technique developed in the

1940s. Its fascinating history has been reviewed by Shapiro in a
paper published in 2004.45 It is based on evaluating the cell or
particle properties in a flow. Later, in the 1960s, the concept of
sorting the particles after measuring their characteristics was
developed. In the 1970s, the term fluorescent activated cell
sorting (FACS) was introduced and was commercially adapted
by Becton Dickenson in their machines. Since then, however, it
has been interchangeably used for flow cytometry in many
papers, although different manufacturers produce similar ma-
chines and despite the fact that many analyses have been done
without actual sorting of the cells.

Uni- and bivariate cell cycle analysis using flow cytometry is
based on the use of fluorescent dyes which interact with DNA.
These dyes bind in different ways to the double-stranded DNA,
which is mainly in the cells’ nuclei.46 Though some dyes have
preferences to interact with some parts of DNA (such as GC-rich
versus AT-rich regions), this differentiation is not usually helpful
in cell cycle analysis. A list of the more commonly used dyes is
given in Figure 2.46,47

The most commonly used dyes are propidium iodide (PI) and
DAPI. DAPI has the advantage of not interacting with double-
stranded RNA, which is a drawback of PI;46,48 but since most
presently used flow cytometers are not equipped with UV lamps
or UV diode light sources, which are the light of choice for
exciting DAPI, it is less common than PI. Besides, the blue
channel for acquiring the emission of DAPI is also not a prei-
nstalled detector in many currently available machines. On the
other hand, PI needs the most common light source of flow
cytometers, the 488 nm LASER or diode, and could be detected
in yellow-orange detectors, which corresponds to FL2-FL3
channels in most flow cytometers. The problem of nonspecific
binding to the double-stranded RNA is easily resolved by adding
RNase A to the staining solution.47,48

For analyzing the flow cytometry data of a cell cycle analysis
experiment, it is a common practice to exclude the doublets or
aggregates of the ethanol-fixed and PI-stained cells in a FL2width
or height versus area scatter diagram, and then apply this gate to
an FL2 area histogram.49,50 A typical nonsynchronized cell
culture gives a result like that in Figure 3.

The first prominent peak could be attributed to cells in the
G0/G1 phase, while the second peak corresponds to G2/M. The
S phase lies between these two peaks. Since the amount of stain in
the cells at each phase is a continuum rather than a fixed value,
differentiating the number of cells in the border areas between
G0/G1 and S or S and G2/M is not so easy.51 This problem could
be partially overcome by adding labeled nucleotides to the
medium during the cell culture and performing a dual color

Figure 2. Fluorescence excitation (light gray bars) and emission (dark
graybars) wavelengths of themost commonly usedDNA fluorochromes.
Abbreviations: ds, double-stranded; ss, single-stranded; NA, nucleic
acid. Reprinted with permission from ref 47. Copyright 2001 John
Wiley & Sons.

Figure 3. A typical cell cycle graph of a nonsynchronized cell line in
culture using the PI staining method (unpublished work by K.
Azadmanesh).
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analysis in addition to the simple staining by PI. This latter
approach will be further addressed later. Software programs from
different providers are available which tries to fit mathematical
models to the data and estimate each region. The output of one of
these models is given in Figure 3. However, sometimes it is not
possible to fit such a model to a given data, so the most common
andyet not so robust practice in such cases is to visually differentiate
between different regions by the so-called “region gates”.

Many basic flow cytometry operating software such as Cell
Quest (BD) or FlowMax (Partec) provide primary tools for such
a gating, but it is advisible to use more specific software to analyze
the cell cycle raw data. ModFit LT (Verity Software House,
Topsham, ME, USA) is an example of software dedicated to this
purpose. FlowJo (Tree Star Inc., Ashland, OR, USA) is multi-
purpose software that also provides cell cycle modeling tools.
However, each of these software programs has its advantages and
disadvantages for univariate cell cycle analysis. ModFit has the
option to fit its models for sub G0/G1 (mostly apoptotic) cells or
cell debris. While Flowjo lacks this ability, it can report a crude
sub G0/G1 ratio. Since the sub G1 area is of special interest in
many toxicity studies, including nanoparticles, this might be
regarded as a disadvantage for Flowjo. On the other hand, the
super G2/M area might be interesting in those cases in which
cytokinesis is damaged by the nanoparticle, leading to cells with
greater than 4N chromosomes or cells with intrinsic tendency to
become so, like mesenchymal stem cells (Azadmanesh, unpub-
lished data). In any case, most of these software programs fail to
automatically fit good models to cell toxicity data since the peaks
are too deformed, thus requiring some manual adjustment and
some degree of subjective interpretation.

Any dysregulation of the cell cycle usually results in accumula-
tion of cells in one or more steps, leading to an increased area of
the corresponding region in the histogram.52,53 This accumula-
tion is usually due to the forced arrest of damaged cells by the
cellular checkpoint pathways (mainly in G1/S andG2/M junctions)
or to the failure to separate the condensed chromosomes in the
M phase.

There is yet another weakness of this technique in cell cycle
analysis: it is not possible to differentiate between cells in the G0

and G1 phases, and more practically problematic between the G2

and M phases.47,48 Cell lines which are mostly used as in vitro
models for testing toxicity of nanoparticles have a continuous cell
division, which prevents them from entering the G0 phase. But all
of them should undergo the G2 to M transition, while the DNA
content is equal in both steps. Working with primary cell cultures
might be trickier since not all of them are committed to dividing,
so that many of them will be in the G0 phase. It is not possible to
distinguish between those two steps either by DNA content
analysis or by evaluating incorporation of labeled nucleotides. If
such a distinction is important for evaluating the effect of a given
substance on the primary cells, it may be possible by evaluating
other cell cycle markers, like specific proteins, rather than relying
on DNA.

As in any other biological experiment, choosing the proper
time after a manipulation is important for the cell cycle analysis.
Since different cell types have different doubling times, which
may also further vary by culture conditions, it is critical to give the
cells enough time. It is a common practice to follow the cell cycle
variations over time rather than relying on one time section eval-
uation. Besides, dosing the substance of interest is also important
for obtaining reasonable results. Higher doses of a toxic nano-
particle or testing a long time after manipulation may lead to

more cell death, either apoptosis which might be evident in sub
G1 peaks or necrosis, thus possibly masking underlying cell cycle
dysregulation.

If the effect of the tested nanoparticles on the cell cycle is not
prominent in a test setting, another approach to enhance the
effect is synchronizing the cells before adding the test substance.
Synchronizing the cells is achieved by arresting all cells in a
specific phase, usually by depriving the cells from growth factors
such as FBS, or adding mitosis inhibiting reagent for a while, then
removing the arresting factor from the environment.54 In this
case, all cells move through their cycle almost in a synchronized
way, so a possible dysregulation is not masked by cells which are
in a different phase. However, this process does not really
synchronize all cells as it is obvious that after a few cell divisions
the cell mixture is not synchronized anymore. Besides, arresting
the cells in one phase to synchronize them does not resemble any
real biological process in vivo, so the actual added value of this
technique could be questioned,36,55 and it is not a common
practice in this field.

3.2. Analyses for Cell Division Time
Doubling time of a cell line is another parameter affected by

cell cycle dysregulation. Usually, foreign materials lead to an
extension of the time a cell goes through its cycle. Since it is not
practical to follow single cells to measure their doubling time,
indirect measurements are used for this. The main approach is
based on evaluating the dilution rate of a marker during time. The
other approach is using the cell cycle analysis in a slice of time. A
commonly used marker is the amount of unusual nucleic acids
incorporated into the DNA of cells. Bromodeoxyuridine (BrDU)
is a nucleoside analogue of thymidine.56,57 If it is added to dividing
cells, it can be incorporated into DNA along with other natural
nucleotides during the S phase. Antibodies are available for BrDU
bondDNA,whichmakes detection of such cells possible. By the time
BrDU is removed from the cell culture medium, its content starts to
dilute within the labeled cells. Mathematical models are avail-
able to measure the doubling time.58-60 Another application of
BrDU labeling is discrimination betweenG0/G1 and S phase cells
in a conventional cell cycle analysis.56,61 As it was discussed
earlier, the margin between these two phases is not very clear in a
univariate flow cytometric analysis. If a G0/G1 to S arrest occurs
due to the toxic effect of a nanoparticle, the cells do not incor-
porate BrDU into their DNA. The use of this approach has been
frequently reported for evaluating the behavior of cancer cells.

A technical problem with detecting DNA incorporated BrdU
is the need to expose those molecules in the chromosome to
enable the antibodies to reach them. This phenomenon includes
partial denaturation of the DNA, which on the other hand
reduces the incorporation of the binding dyes to the DNA thus
decreasing the quality of cell cycle analysis. A recently adapted
technique from a relatively old approach is using “click” chem-
istry to label the incorporated BrdU molecules with small
fluorescently labeled molecules.62,63 This approach precludes
the need to denature the DNA, so that the quality of cell cycle
analysis is maintained. Other halogenated dTTP analogues, such
as iodide or salts of uracil have also been successfully used for this
purpose.63

Another possible approach to evaluate the effect of a substance
on the cell cycle is tracing the doubling of the cells by cytoplasmic
incorporated dyes.64-68 Though this method has long been used
in immunology to evaluate the replication of lymphocytes in
response to antigens both in vivo and in vitro, it has rarely been
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used in toxicological studies, especially for nanoparticles. How-
ever, in our experience it could be efficiently used for evaluating
the effect of nanoparticles in cell culture; and, theoretically, it can
be used for studying in vivo the effects of a nanoparticle on a
specific cell type. Figure 4 shows an example of using carboxy-
fluorescein succinimidyl ester (CFSE) to study the effect of
different concentrations of an SPIO nanoparticle on K562 cells.
CFSE is absorbed by the cells and, upon cleavage inside the cell,
produces a bright green fluorochore which then is equally divided
between the two daughter cells upon cell division, leading to two
half bright cells. The division can be monitored up to seven
cycles, after which the concentration of the dye is too low to be
discriminated from the autofluorescence.69 It is evident in this
example that adding the nanoparticle in lower concentrations not
only did not block replication but enhanced it. On the other
hand, higher concentration of the nanoparticle led to only one
division, while the highest concentration killed almost all cells
before any division (M. Mahmoudi and K. Azadmanesh, unpub-
lished data). Another possibility of this method is taking the
advantage of cell counting, if the option is available with the flow
cytometer. If the protocol of labeling, adding the nanoparticle,
trypsinization (if applicable), and resuspending the cells for flow
cytometry is strictly followed with all test and control samples, it
is possible to use the reading count of the flow cytometer as
another parameter to replace the cell counting tests (like direct

counting by microscopy, MTT, XTT, etc.). Partec machines
(Partec GmBH; Germany), for example, have this volumetric
measurement option, whereas for other machines such as BD
(Beckton Dickenson, USA) the option can be used by adding a
standard amount of calibration particles to the samples.

3.3. Analyzing Cell Cycle Related Protein Markers
The cell cycle progress is the result of an orchestrated

interaction between several intracellular proteins. These proteins
are mostly members of cyclins, cyclin dependent kinases (CDK),
CDK inhibitors, and other similar proteins.70,71 The expression
of these molecules is time-controlled, so tracing them can further
confirm a cell cycle analysis or discriminate between overlapping
parts of a cell cycle histogram. Notably, cyclin A and B are mainly
G2 cyclins while D and E are G1.

72 It is also possible to dif-
ferentiate between different stages of the cell cycle in polyploid
cells.73 Figure 5 shows a typical pattern of cyclins A, B1, D1, and
E correlated with DNA content.

Other proliferation related proteins such as proliferative
nuclear cell antigen (PCNA)74 or the target of Ki-67 antibody

75

have also been used for discriminating between nondividing (G0)
and dividing cells.

Since most cellular RNA is composed in ribosomes, whose
increase is also an index of the need for protein production which
could be an indicator of committing the cell to division, methods

Figure 4. CFSE histograms in K562 cells treated with various doses of bare SPIONs for one week: (A) no SPION and no CFSE, (B) 1 mmol SPIONs;
(C) 10 mmol SPIONs; and (D) 100 mmol SPIONs. The concentration of cells in each sample is shown in each graph. It can be seen in panel B that the
cells have replicated so many times that the CFSE fluorescence has become almost as the autofluorescence of the cells (panel A), while in 10 mmol
concentration of SPION some cells have divided once before the arrest, and in 100 mmol concentration almost all cells died before any division. The
concentration of cells also shows that more divisions have taken place in the presence of 1 mmol SPION than in the negative control sample
(unpublished work by M. Mahmoudi and K. Azadmanesh).
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have been developed as well to quantify the RNA content of the
cells. Acridine Orange (AO) is an interesting dye in this regard. It
reacts with both DNA and RNA and produces different light
emissions upon excitation by a 488 nm beam. However, the pro-
cess of staining should be well controlled otherwise the affinity of
the dye to DNA or RNA may vary in different reaction con-
ditions.46 Pyronin Y is another fluorescent dye with affinities to
both DNA and RNA, but its DNA binding can be easily blocked
by previous staining of DNA with another dye such as 7-AAD.76,77

3.4. Laser Scanning Cytometry (LSC)
Despite several advantages of the flow cytometric approach for

cell cycle analysis (e.g., power, ease of use, and availability), it also
has disadvantages. First of all, since it studies the cells that pass in
front of its detector in a flow, it is impossible to recheck the same
cell. Second, though it provides indirect data on size or complex-
ity of a cell or particle, it does not provide any actual visual data of
the cell. The distribution of a fluorescent dye inside a cell cannot
be deduced either from the flow cytometry data. To overcome
these disadvantages (and others which are not in the scope of this
manuscript), laser scanning cytometry (LSC), a similar techni-
que, was developed in the 1990s.78 LSC is based on the same
staining principles as flow cytometry, that is, using fluorescent
dyes to mark different components of cells, but unlike flow
cytometry it studies the cells on a surface rather than in flow. The
micrometer-scaled computerized movements of the cell stage in
front of the optical devices of LSC enables it to locate any given
cell on the stage separately, and link different fluorescent char-
acteristics of a cell to its actual position. Besides, adding a light
microscope to the fluorescent apparatus made themorphological
studies of the cells possible. Higher resolution of this system
compared to flow cytometry also provides the opportunity to
study the distribution pattern of a given dye within the cells.79

The cell cycle data obtained from an LSC is basically similar to
that provided by a flow cytometer. However, by adding a light
microscope to the fluorescent apparatus, LSC enables us to study
the morphology of the cells too. This is especially helpful in
excluding artifacts or detecting apoptotic cells. It is noteworthy to
mention that, despite common use of different flow cytometric
techniques for detecting apoptotic cells, the standard criteria of
apoptosis are still based on microscopic examination.80 Another
advantage of LSC over flow cytometry for cell cycle analysis is
that its higher resolution offers the opportunity to distinguish
different patterns of the DNA binding dye inside the cell.81 Since

the condensation of chromosomal DNA happens in the M phase
and not in the G2 phase, which has an equal DNA amount, the
condensation of DNA binding dye is different between G2 andM
phase cells. This gives the chance to discriminate between G2 and
M phase cells and, thus, makes it possible to study different types
of cell cycle arrests in these two phases.

The visual ability of LSC also provides the opportunity to
microscopically study the distribution of the nanoparticles within
the cells. If those particles are labeled with a different fluorescent
dye, this technique can simultaneously study the distribution or
amount of the intracellular nanoparticles and the cell cycle state.
Another advantage of the ability of studying cells on a surface by
LSC rather than flow is the possibility of studying histological
sections of test animals.82 Though criteria for in vivo toxicity of
nanoparticles are less defined in cellular or subcellular scale,83

LSC provides researchers with an option to study subcellular or
cellular effects of a given compound after in vivo administration.
Labeling the nanoparticles with high efficiency fluorescent dyes
(like quantum dots) will make it possible to study the distribu-
tion of a hypothetical cancer specific nanoparticle in its target
cancer tissue, as well as its effect on the microscopic pathology of
the tissue and the cell division state within the cancer tissue. Since
most LSC samples can be stored, it is possible to safe keep the
analyzed cell cycle sample for future testing of other markers.

4. TOXICITY OF NANOPARTICLES

Magnetic nanoparticles are used in a large variety of biomedical
applications, such as cell labeling, cell isolation, hyperthermia,
and controlled drug delivery, and asMRI contrast agents.8,9,84-93

These biomedical applications require controlled interactions
between the nanoparticles and living cells.8

Nanotoxicology is an important emerging subdiscipline of
nanotechnology that studies the interactions of nanostructures
with biological systems and the adverse effects of such particles
on living organisms.8 It is an interdisciplinary technology which
employs chemistry, physics, material sciences, pharmacy, medi-
cine, and molecular biology. Nanotoxicology attempts to under-
stand the relationship between the physical and chemical properties
(size, shape, surface chemistry, composition, and aggregation) of
nanostructures with the induction of toxic biological responses.
Conversely, this field aims to establish favorable characteristics of
nanomaterials which render them more amenable for use in
biological environments.

The majority of nanotoxicity research has focused on cell
culture systems; however, the data from these studies could be
misleading and will require verification from in vivo animal
experiments. In vivo systems are extremely complicated and the
interactions of the nanostructures with biological components,
such as proteins and cells, could lead to unique biodistribution,
clearance, immune response, and metabolism. An understanding
of the relationship between the physical and chemical properties
of the nanostructures and their in vivo behavior would provide a
basis for assessing toxic response and more importantly could
lead to predictive models for assessing toxicity.

Fischer and Chan94 suggested that the development of pre-
dictive models of nanostructure toxicity requires a systematic
mapping of the fate, kinetics, clearance, metabolism, protein coat-
ing, immune response, and toxicity parameters and that these
factors need to be correlated with the nanostructure’s physical
properties within a life cyclemodel. They emphasize the importance

Figure 5. Typical bivariate cyclin versus DNA content distributions
(scatter plots) showing expression of cyclin D1 in human normal
fibroblasts and cyclins E, A, and B1 in phytohemagglutinin (PHA)-
stimulated human lymphocytes. The IgG control in the left panel shows
the level of fluorescence of control cells stained with the isotype IgG
rather than the respective cyclin monoclonal antibody, prior to fluor-
esceinated secondary antibody. Reprinted with permission from ref 72.
Copyright 2001 John Wiley & Sons.
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of the in vivo activities of nanostructures and a thorough under-
standing of the overall toxicity of specific nanostructures.

The overall behavior of nanostructures can be summed only in
general terms due to particle diversity and inadequate toxicity
data. Key factors implicated in toxicity studies include: (i)
nanostructures can enter the body via six principle routes: intra-
venous, dermal, subcutaneous, inhalation, intraperitoneal, and
oral; (ii) absorption can occurwhere the nanostructures first interact
with biological components (proteins, cells); (iii) afterward they
can distribute to various organs in the body and may remain the
same structurally, be modified, metabolized, or excreted; and (iv)
they can enter the cells of the organ and reside in the cells before
leaving and being excreted. The importance of nanotoxicology
resides not only in the advancement of nanotechnology in a
wide-array of applications but also in that studies in this area
could provide the required information to make responsible
regulatory decisions.

Recent nanotoxicity studies revealed that the physicochemical
characteristics of nanomaterials play an important role in the
interactions with living cells.95-101 Safi et al.23 reported on the
toxicity and uptake of cerium and iron oxide nanoparticles
(coated with citric acid or polymers such as poly(acrylic acid) ,
MW = 2000 g mol-1) by NIH/3T3 mouse fibroblasts. Most
particles were biocompatible, as exposed cells remained 100%
viable. Only the bare and the citrate-coated nanomaterial led to a
slight decrease in mitochondrial activity at very high cerium con-
centrations (>1 g/L). The citrate-coated particles were inter-
nalized/adsorbed by the cells in large amounts, typically 250 pg/cell
after 24 h incubation for iron oxide. In contrast, the polymer-
coated particles were taken up at much lower rates (<30 pg/cell).
The authors concluded that the uptake of nanoparticles by living
cells depends on the coating and on its ability to preserve the
colloidal nature of the dispersions.

One factor that can contribute to nanotoxicity is the size of the
particles. Smaller particles have a greater reactive surface area
than larger particles, are more chemically reactive, and produce
greater numbers of reactive oxygen species (ROS) that include
free radicals.100 The production of reactive oxygen species has
been found in a diverse range of nanomaterials including carbon
fullerenes, carbon nanotubes, and metal oxides.102 This is one of
the primary mechanisms of nanotoxicity and it may result in
oxidative stress, inflammation, and consequent damage to pro-
teins, membranes, and DNA.100 Extremely small sized particles
are also much more readily taken up by the human body than
larger sized particles. Nanomaterials can gain access to the
bloodstream following inhalation103 or ingestion.104 Some na-
nomaterials can penetrate the skin,105 especially if it is flexed.106

Broken skin is an ineffective particle barrier,102 suggesting that
acne, eczema, shaving wounds, or severe sunburn may enable
skin uptake of nanomaterials more readily. Once in the blood-
stream, nanomaterials can be transported around the body and
are taken up by organs and tissues including the brain, heart, liver,
kidneys, spleen, bone marrow, and the nervous system.102 Some
nanomaterials have proved toxic to human tissue and cell cul-
tures, resulting in increased oxidative stress, inflammatory cyto-
kine production, and cell death.103

Unlike larger particles, nanomaterials may be taken up by cell
mitochondria107,108 and the cell nucleus.109,110 Studies demon-
strate the potential for nanomaterials to cause DNA mutation109

and induce major structural damage to mitochondria, even
resulting in cell death.107,108 Size is clearly a key factor in deter-
mining the potential toxicity of a particle. However, it is not the

only important factor. Other properties of nanomaterials that
influence toxicity include chemical composition, shape, surface
structure, surface charge, aggregation and solubility,100 and the
presence of functional groups of other chemicals.111 The large
number of variables influencing toxicity means that it is difficult
to generalize about health risks associated with exposure to
nanomaterials - each new nanomaterial must be assessed
individually and all material properties must be taken into account
in the toxicity assessment.

Several tests on animals have shown that no side effects
occurred after a 7 day treatment with superparamagnetic iron
oxide nanoparticles (SPIONs) according to the histology and
serological markers.112-114 The suitability of SPIONs for MRI
and cell labeling has been investigated in several studies both in
vitro and in vivo.115,116 When injected intravenously, SPION are
cleared rapidly from the circulation, predominantly by the liver
Kupffer cells and the spleen macrophages.117 Various coatings of
SPIONs have also been shown to be metabolized.118

4.1. In Vitro Toxicity of Magnetic Nanoparticles
Mueller et al.119 reported that SPIONs showed significant

toxicities, by measuring the detrimental effects of nanoparticles
on human granulocytes in vitro. Hilger et al.120 observed signi-
ficant drops in cell survival rates for human adenocarcinoma cells
exposed to various SPIONs, especially those coated with cationic
surfactants. Based upon the assumption of the SPIONs safety,
the authors attributed the observed cytotoxicities to cellular
membrane binding, chemical formulation components, or gen-
eration of a nonphysiological pH. Berry et al.121,122 showed that
both uncoated and dextran-coated SPIONs caused varying
degrees of cell death and induced vacuole formation and clear
disruptions in the cytoskeleton of dermal fibroblasts. Gupta
et al.123,124 confirmed the cytotoxicity and cytoskeletal disruption
by uncoated SPIONs in fibroblasts. Other studies tried to
prevent the apparent endocytosis-mediated cytotoxic effects by
coating SPIONs with different proteins and showed that the cell
response could be directly modulated by the type of coating.123,125

Given the increasing number of studies on cells loaded with
SPIONs, some nanotoxicity data have emerged. Table 1 sum-
marizes some studies on the in vitro toxicity of SPIONs.

There are multiple other in vitro studies that have demon-
strated little or more moderate toxicities of SPIONs; many of
those are summarized in more broad nanotoxicity reviews.136

As mentioned previously, the chemical composition and coating
can have drastic consequences for nanoparticle stability, agglomer-
ate size, and the level and type of cellular interaction, significantly
affecting the fate and extent of SPIONs internalization.137

Some other magnetic nanosystems have also been studied.
Doiron et al.138 have prepared polymeric particles of a small size
with high loading of diethylenetriaminepentaacetic acid gadoli-
nium (Gd-DTPA) and demonstrate their usefulness for MRI. A
water-in-oil-in-oil double emulsion solvent evaporation techni-
que was used to encapsulate the MRI agent in a poly(lactide-co-
glycolide) (PLGA) or polylactide-poly(ethylene glycol) (PLA-
PEG) particle. PLGA particles with two separate average sizes of
1.83 μm and 920 nm, and PLA-PEG particles with a mean
diameter of 952 nm, were synthesized. Loading of up to 30 wt %
Gd-DTPA was achieved, and in vitro release occurred over 5 h.
PLGA particles had highly negative zeta potentials, whereas
the particles incorporating PEG had zeta potentials closer to
neutral. Cytotoxicity of the particles on human umbilical vein
endothelial cells (HUVEC) was shown to be minimal. The
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results demonstrated the possible utility of the contrast agent-
loaded polymeric particles for plaque detection with MRI.
Riyahi-Alam et al.97 have studied a novel emulsion composed
of a silicon-based nanocomposite polymer and gadolinium oxide
(Gd2O3) nanoparticles. No cytotoxicity in SK-MEL-3 cancer
cells was observed. Nanoparticles including dendrimers, quan-
tum dots, liposomes and carbon, gold and silica-based nanopar-
ticles possess enormous potential as diagnostic imaging agents
and hold promise for the development of multimodality agents
with both imaging and therapeutic capabilities. Yet, some of the
most promising nanoparticles demonstrate prolonged tissue
retention and contain heavy metals. This presents serious con-
cerns for toxicity. The creation of nanoparticles with optimal
clearance characteristics will minimize toxicity risks by reducing
the duration of exposure to these agents.

4.2. In Vivo Toxicity of Magnetic Nanoparticles
Weissleder et al.112 published the first methodical study of

SPIONs in vivo toxicity using dextran-coated nanoparticles. The
pharmacokinetics (distribution, metabolism, bioavailability, ex-
cretion) and toxicity (acute and subacute toxicity, mutagenicity)
were evaluated by 59Fe radiotracer studies, relaxation rate mea-
surements, ability to reverse iron deficiency anemia, and histo-
logical examination. One hour after administration of nanopar-
ticles to rats, 82.5% of the administered dose was sequestered in
the liver and 6.2% in the spleen. Peak concentrations of 59Fe were
found in liver after 2 h and in the spleen after 4 h. 59Fe slowly
cleared from the liver (T1/2 3 days) and spleen (T1/2 4 days) and
was incorporated into hemoglobin of erythrocytes in a time-
dependent fashion. The half-life of the T2 effect on liver and
spleen (24-48 h) was shorter than the 59Fe clearance, indicating
metabolism of iron oxide nanoparticles into other iron forms. No
acute or subacute toxic effects were detected by histological or
serological studies in rats or beagle dogs who received a total of

3000 μmol Fe/kg. This dosage was 150 times the dose proposed
for MR imaging of the liver in humans. The results indicated that
nanoparticles are a potential biocompatible contrast agent
for MRI.

For the next 10 years, the literature was almost completely
silent on the possibility of in vivo SPIONs toxicity, while sub-
sequent studies on the in vivo toxicity of SPIONs have confirmed
these initial conclusions that point to toxic effects. These are
listed in Table 2.

Currently, the only SPIONs clinically used as MRI contrast
agents are the superparamagnetic iron oxide (SPIO) and ultra-
small superparamagnetic iron oxide (USPIO) type dextran-
coated iron oxides. Likewise, there exist in the literature many
reports of their use in variousMRI applications. Very few of these
studies note any adverse side effects.144,145 A notable exception is
the report of preclinical safety studies of a USPIO formulation
that showed low tomoderate toxicity at lower concentrations but
significant toxic effects at high doses.143 The authors reported
induction of neurobehavioral and neurovegetative effects atmoderate
doses, as well as reproductive toxicity including fetal malforma-
tions and teratogenicity in rats and rabbits, yet concluded that
these findings should be considered acceptable within the overall
biocompatible profile.

Despite the somewhat alarming observations described above,
the number of studies further investigating potential SPION-
mediated nanotoxicity has been markedly deficient. There still
remains a significant body of work from various studies ranging
from particle-cell interactions to particle toxicology that can be
pieced together to form a better understanding of both the demons-
trated and the potential nanotoxicity of SPIONs. In addition, the
coating of the nanosystems is very important. Changes of surface
by coating of various quantum dots have been shown to change
their body distribution and their effects on biological systems
significantly.101

Table 1. Some Examples of Studies Showing in Vitro Toxicity of SPIONs

particle coating observed toxic effects refs

polylactide, lipids, PVA dose-dependent reduced cell viability 9, 119

cationic, anionic starch strong decrease in cell survival rates, abnormal subcellular structures 120

bare, dextran, albumin apoptosis, alterations in proliferation, behavior, and morphology 121, 122

bare, PEG, lactoferrin, ceruloplasmin, pullalan reduced cell adherence, altered behavior and morphology 123-125

dextran, liposomes generation of free radicals, reduced proliferation and death 126

citrate induction of oxidative stress 127

bare cell specific toxicity, reduction of mesothelioma viability 9, 128-131

reduction in cell viability

alterations in mitochondrial function at higher concentrations

DMSA dose-dependent reductions in adhesion, viability, and biological response to cue 132, 133

decrease in mitochondrial activity at higher concentrations

DMSA, citric acid, lauric acid dose-dependent toxicity, alteration in morphology, apoptosis 134

glucose, maltose, lactose Cell morphology, decrease in viability 135

Table 2. Studies Reporting in Vivo Toxicity of SPIONs

particle coating observed toxic effects refs

bare, tartrate, citric acid cell death, apoptosis, mutagenicity, inflammatory reactions 113, 114

DMSA particles agglomeration in blood vessels, inflammation, leukocyte infiltration 139

silica particles crossed blood brain and blood testes barriers 140

oleic and pluronic acid transient increase in oxidative stress, significant increase in iron levels 141, 142

Dextran long-term increase in iron levels, alterations in neurobehavior, teratogenicity 143
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4.3. Interactions and Internalization of Nanoparticles in Cells
The term “endocytosis” is used to name the different cellular

internalization mechanisms (Figure 6). Endocytosis is a process
by which cells capture extracellular molecules in vesicles derived
from the plasma membrane. It allows cells to feed themselves, to
defend themselves, and to regulate homeostasis. Traditionally,
according to the type of ingested substance and the size of the
endocytic vesicle, two categories of endocytosis are described:
phagocytosis and pinocytosis.146

4.3.1. Pinocytosis. Pinocytosis is performed by all eukaryotic
cells except erythrocytes and concerns the cellular uptake of
fluids, soluble material, or nanoparticles into vesicles (generally
in the order of 100 nm for “micropinocytic” events, and until
1000 nm in the case of macropinocytosis).137,146 This phenom-
enon is often called also “fluid-phase endocytosis” or “fluid-phase
pinocytosis” when it does not involve specific receptors.
4.3.1.1. Macropinocytosis. Macropinocytosis is an actin-based

process characterized by the formation of large vesicles: the macro-
pinosomes (50-1000 nm). Macropinocytosis constitutively occurs
in thyroid cells taking up thyroglobulin and in dendritic cells that
need to sample large amounts of extracellular fluid for immune
surveillance (Figure 6A).
4.3.1.2. Clathrin-Dependent Pinocytosis and Receptor-

Mediated Endocytosis. Clathrin-dependent pinocytosis is used

by all eukaryotic cells to internalize nutrients (iron, cholesterol)
and degrade or recycle substances that briefly exert their action,
such as hormones. Thus, this process is well-known for its role in
the selective uptake of molecules through specific interactions
with plasma membrane receptors. These receptors form com-
plexes with a ligand and are concentrated at specialized areas of
the cell membrane before endocytosis. The protein lattice under-
lying the patches of accumulated ligand-receptor complexes is
made of clathrin and adaptor proteins. Clathrin is a three-legged
structure consisting of three 190-kDa heavy chains associated
with one of two 30-kDa light chains (LCa or LCb). This
hexameric protein complex is named a triskelion. The adaptor
protein is composed of two adaptin subunits, a medium μ chain,
and a small σ chain. The heterotetramer is also known as an
assembly protein. Indeed, adaptor proteins are recruited to
docking sites on the cytoplasmic face of the plasma membrane.
They concentrate the receptors carrying their ligand and assem-
ble with clathrin to form protein coats.
Clathrin triskelions can aggregate into soccer ball-shaped

cages. Adaptor proteins mediate this polygonal arrangement of
clathrin that induces an invagination of the plasma membrane
into coated pits and, consequently, a clustering of the receptors
occupied by their ligands. (Figure 6B). Docking sites for adaptor
proteins are still not well characterized, but some data suggest
that they are short (4-6) amino acid sequences, containing an
essential tyrosine residue, located on the cytoplasmic tail of the
transmembrane receptors. This mechanism has been proposed
for the low-density lipoprotein (LDL) receptor and the trans-
ferrin receptor.146 The formation of a coated vesicle is regulated
by a protein with GTPase activity, called dynamin, which, in
association with amphiphysin bound to clathrin and adaptor
proteins, self-assembles into a collar at the neck of deeply invag-
inated coated pits. The vesicle release (“budding”) in the cytoplasm
occurs after the constriction of the dynamin collar, which is
dependent on the hydrolysis of a GTP molecule. The last step of
the endocytic vesicle formation is the removal of the protein coat,
catalyzed by Hsc70, a member of the heat shock protein. Spe-
cifically in the brain, Hsc70-mediated clathrin release is helped by
auxilin (Figure 7).
The clathrin-dependent receptor-mediated endocytosis pro-

cess forms vesicles of 100-150 nm in diameter and is, of course,
accompanied by nonspecific fluid-phase endocytosis. Indeed, a
volume of extracellular media proportional to the available
internal volume of the endocytic vesicle is internalized together
with the ligands bound to the concentrated receptors.146

4.3.1.3. Clathrin-Independent Pinocytosis. Uncoated pino-
cytic vesicles (∼100 nm) can also be formed. In this poorly
characterized process, an invagination of the cell membrane
occurs and leads to a nonspecific uptake of surrounding bulk fluid
after fission of the newly formed vesicle at the level of its apical
pole (Figure 6C).
4.3.1.4. Adsorptive Endocytosis. Nonpermeant molecules

contained in the extracellular fluid can be internalized by
clathrin-dependent or clathrin-independent fluid-phase endocy-
tosis. A phenomenon of adsorptive endocytosis can be induced
by nonspecific interactions between a molecule and the cell
membrane.150 Lectins, such as wheat germ agglutinin (WGA),
bind to sugars (sialic acid and N-acetylglucosamine) present on
the membrane glycoproteins of brain endothelial cells.151 The
endocytosis of positively charged peptides was suggested to be
adsorptive-mediated. Indeed, electrostatic interactions occurring
between the peptide and the surface of brain endothelial cells,

Figure 6. Drawings and electron micrographs illustrating endocytic
pathways: macropinocytosis (A), clathrin-dependent pinocytosis (B),
clathrin-independent pinocytosis (C), caveolae-dependent pinocytosis
(D), and phagocytosis (E). Reprinted with permission from refs 24 and
146-149. Copyright 2007 Jones & Bartlett Publishers, 2002 Saunders,
2007 Nature Publishing Group, 1967 The Rockefeller University Press,
1995 Elsevier.
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which is negatively charged due in part to sialylation, were
inhibited by polycationic molecules such as poly-L-lysine or
protamine sulfate.152 Furthermore, the nephrotoxicity of amino-
glycoside antibiotics (organic polycations) is thought to be due
to their adsorption to membrane anionic phospholipids through
electrostatic interactions, which induces their endocytosis by
renal proximal tubular cells.153

Nanoparticles covered with an anionic coating were suggested
to nonspecifically adsorb onto the membrane of cancer cells
(HeLa) through electrostatic interactions.154 As plasma mem-
brane cationic sites are much scarcer than anionic sites, the
adsorbed anionic nanoparticles are inferred to form clusters because
of repulsive interactions with the large negatively charged do-
mains of the membrane.
Anionic heme-peptide hybrids were also found to adsorb on

the endothelial surface of mouse pancreas capillaries.155 In the
same context, electrostatic interactions between the cell mem-
brane and nanoparticles carrying a (positive or negative) charge
are thought to inducemembrane bending and disruption, leading
to the formation of invaginations and to the encapsulation of the
nanoparticles in endocytic vesicles.156,157

Pinocytic vesicles, formed either by clathrin-dependent or
clathrin-independent mechanisms, fuse with endosomes. They
first deliver their content to tubulovesicular early endosomes in
which pH is around 6.5. Acidification of the pH by proton pumps
(ATPases) leads to the dissociation of receptor-ligand com-
plexes. Membrane and free receptors accumulate in tubular por-
tions of the endosomes that are detached and recycled, while free
ligands are released in the lumen of the vacuolar part of the early
endosome. Internal membrane accumulates in the endosome
during its maturation. The early endosome becomes a multi-
vesicular body in which pH decreases to 5.5 and receptor-ligand
complexes continue to dissociate for the recycling of receptors.
Themultivesicular bodiesmature to late endosomes and, because of
the proton pump activity, pH is rendered more acidic (4.5). This
maturation process prepares the endosomes for fusion with
lysosomes containing hydrolytic enzymes that will degrade the
initially endocytosed material.146

4.3.1.5. Caveolae-Dependent Pinocytosis. Caveolae are pi-
nocytic vesicles (50-80 nm) coated with a self-assembly of
caveolin, an integral membrane protein with high affinity for
cholesterol. In fact, caveolin helps in forming and/or stabilizing

the lipid rafts of the plasma membrane. These membrane sub-
domains, which are rich in cholesterol and glycosphingolipids,
can become highly specialized because many plasma membrane
proteins involved in signaling pathways are anchored to the lipid
bilayer via glycosylphosphatidylinositol (GPI, extracellular leaflet),
or via fatty acylation (intracellular leaflet). Thus, caveolae can
bud into the cytoplasm from these plasma membrane-associated
lipid rafts (Figure 6D). Then, through a dynamin-dependent
process, transport vesicles are formed. This endocytosis process
is abundantly performed by endothelial cells but is also found in
virtually all animal cells. However, compared to clathrin-depen-
dent endocytosis, the rates and extents of caveolae-mediated
endocytosis are smaller and the physiological significance re-
mains unclear. Potocytosis is an internalization mechanism involv-
ing caveolae. As clathrin-dependent endocytosis, potocytosis is
induced by the binding of a ligand to its specific receptor. In this
process, a caveolin-coated pit is formed but not separated from
the cell membrane. Nevertheless, the invagination is pinched and
the lumen of the nearly formed vesicle is acidified through Hþ

ATPases, which facilitates the dissociation of ligand-receptor
complexes. Folate is known to be endocytosed through this
mechanism; after detachment from its receptor in the acidified
compartment, the vitamin is brought into the cytoplasm by a
specific transporter. Furthermore, the activity of the folate transpor-
ter is driven by the transmembrane proton gradient.146,158

4.3.2. Phagocytosis. Phagocytosis is the uptake of large
particles into large phagosomes (0.1-10 μm). In higher organ-
isms, this process is restricted to macrophages or neutrophils,
which are called “professional phagocytes”. These cells are involved
in host defense and capture of invading pathogens such as yeast
or bacteria. The initiation of phagocytosis is mediated by recep-
tors that either recognize serum components (opsonins) bound
to the particle, or directly recognize molecular determinants on
the phagocytic target. Thus, phagocytosis is either opsonin-
dependent or opsonin independent.
The in vivo opsonization of foreign particles induces their

recognition by specific receptors situated at the surface of the
phagocytes. For example, the immunoglobulin IgG (a type of
antibody) is an opsonin that binds to foreign antigens of invading
bacteria. The constant regions of the IgG molecules covering the
bacteria are then recognized by the Fc receptors of macrophages,
a process which initiates the ingestion of the foreign particle.
Complement proteins tag infected or dying cells and allow their
attachment to specific phagocyte receptors. For example, apop-
totic cells are opsonized with iC3b. This fragment of the C3b
fraction of the C3 complement protein binds to the complement
receptors CR3 (CD11b/CD18) and CR4 (CD11c/CD18), which
are β2 integrins expressed by macrophages. Thus, an opsoniza-
tion with iC3b allows for the recognition and clearance of
the apoptotic cells by macrophages.146,159 Opsonin-independent
phagocytosis is mediated by phagocyte receptors that directly
recognize their phagocytic target. The class A scavenger receptor
(SR-A), the vitronectin receptor, the mannose receptor, the
asialoglycoprotein receptor, and the β2 integrins mediate a
nonopsonic recognition of microorganisms or apoptotic cells
before their phagocytosis.160 The SR-A type I and II bind anionic
polymers including the bacterial Gram-negative lipopolysacchar-
ide (LPS), the bacterial Gram-positive lipoteichoic acid, and
apoptotic cells probably by interacting with negatively charged
phospholipids displayed on the surface of dying cells.161 The β2
integrin CR3 can interact with the iC3b opsonin, but also,
for example, with the Bordetella pertussis adhesin filamentous

Figure 7. Receptor-mediated endocytosis, involving the formation of a
clathrin-coated vesicle.
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hemagglutinin (FHA). Thus, the β2 integrins (CD11/CD18
integrins) are able to mediate both opsonophagocytosis and non-
opsonic phagocytosis.160,162-164 Attachment of the phagocytic
target to the phagocyte receptors triggers an energy-dependent
rearrangement of the actinmicrofilament network near the site of
ligand-receptor binding, so that the plasma membrane starts to
extend along the target sides forming pseudopodia. Thanks to
new interactions between free receptors and available ligands
along the extending “arms” of the membrane, the engulfment
process continues until the formation of a phagosome is com-
plete (Figure 6E). After dismantling of the actin microfilaments,
the phagosome is directed more deeply into the cell by micro-
tubules and is matured. Finally, a phagolysosome is formed by
fusion with an acidic lysosome (vesicle coming from the Golgi
apparatus) containing hydrolytic enzymes that will degrade the
ingested target. The products of this digestion can be used by the
cell for the synthesis of new molecules146 (Figure 8).
Some studies have indicated that SPIONs undergo endocy-

tosis via mediation through a different cell surface receptor,
namely, Mac-1 (CD llb/CD18), which may imply that particle
size determines with which receptors SPIONs interact.165 SPIONs
are endocytosed more readily by activated macrophages than
by nonactivated ones, pointing out the fact that not only cell
type but also cell phenotype and changes in membrane receptor
expression can significantly influence the uptake. This corrobo-
rates the study of Rogers and Basu166 in which activated macro-
phages exhibited different uptake profiles depending upon their
exposure to various cytokines.

The lowest levels of intracellular delivery have been reported
for SPIONs coated with polymers, particularly natural polysac-
charides such as dextran and pullalan.124

Similarly to macrophages, even the modest uptake of dextran-
coated particles in nonphagocytic cells has recently been shown
to be dependent upon the nanoparticles size.167 In other studies
involving the use of synthetic polymers, such as polyethylene
glycol (PEG), Zhang et al.168 have observed reduced uptake in
some cells and increased uptake in others via nonendocytic
mechanisms, including passive diffusion through the plasma
membrane. The increased uptake in these cells has not been
well-characterized and has been attributed to either the mem-
brane-soluble nature of PEG153 or simply increased fluid-phase
endocytosis.123 In other applications (e.g., magnetofection), the
polymeric coating may actually be endowed with charge in order
to facilitate SPION-cell interactions and promote labeling into
the cell.169-171

Studies of cell interactions and labeling involving proteins and
antibodies as SPION coatings have shown that they typically
enter through classical endocytic mechanisms, which can, in
some cases, be modulated or blocked by the choice of protein
coating. Berry et al.172 observed reduced levels of clathrin-medi-
ated endocytosis in albumin-coated SPIONs versus bare and
dextran-coated particles. Specific receptors, such as folate recep-
tors, have been targeted by SPIONs, resulting in the induction of
receptor-mediated endocytosis.164,173 Curtis et al.125,172 demon-
strated that targeting of certain cell surface receptors, such as the
insulin receptor, or coating with iron binding proteins, such as
transferrin, could act to prevent endocytosis. Other types of
SPION coatings such as silica have been shown to be internalized
by many cell types, including multiple organ systems in vivo and
stem cells in vitro.173 Using clathrin inhibitors, silica SPION-
cell interactions174 revealed clathrin mediated endocytosis as the
likely route of access into mesenchymal stem cells.
The most successful delivery methods have been obtained

with coatings of highly charged molecules such as the TAT
peptide,116,175 as well as anionic coating such as dimercaptosuc-
cinic acid (DMSA) or citric acid.127,134While TAT-coated SPIONs
would be expected to be electrostatically attracted by negative
charge of the cell surface (due to sialic acid residues) and enter
the cell via macropinocytosis,176 it is interesting that anionic
coatings also seem to be effective at coordinating the particles to
isolated positively charged regions on the cell surface. Wilhelm
and Gazeau177 have shown that the anionic magnetic nanopar-
ticles enter the cell through both clathrin-mediated endocytosis
as well as nonspecific endocytosis. The observed efficiency of
these and similar particles, however, may be somewhat of a
double-edged sword, as highly electrostatic coatings have shown
a disproportionately high toxicity compared with other coatings
in multiple in vitro and in vivo studies

4.4. Models of Nanotoxicity
The field of particulate nanotoxicology has recently been the

subject of several reviews.178-181 Some of the major constituents
of particles, including SPIONs, are transition metals, and it is the
oxides of these transition metals which are thought to be pri-
marily responsible for the oxidative stress they can cause. Much
work has gone into the study of the mechanisms of health effects
and the role that transition metals may play in the generation of
free radicals.

There are thought to be at least four primary sources of
oxidative stress in response to particles: direct generation of ROS

Figure 8. The mechanism of phagocytosis, from contact with the target
to its intracellular digestion. Reprinted with permission from ref 146.
Copyright 2002 Saunders.
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from the surface of the SPIONs, via leaching of iron molecules
from the iron oxide particles, altered mitochondrial and other
organelle functions, and induction of cell signaling pathways and
activation of inflammatory cells resulting in the generation of
ROS and reactive nitrogen species such as nitric oxide (NO).182

4.4.1. Cytotoxicity Assays. Viability studies require appro-
priate controls, since unwanted side reactions must be checked.
In order to get a reliable result, several assays should be com-
bined: cell membrane integrity (Trypan blue exclusion assay,
lactate dehydrogenase (LDH) assay), mitochondrial metabolism
(MTT assay), cell metabolism (Alamar Blue), lysosomal mem-
brane integrity (neutral red) or nucleic acid staining (propidium
iodide staining).183

The cellular uptake of iron oxide cores usually results in a
transient induction of reactive oxygen species (ROS) that can impair
the cell plasma membrane, mitochondria, and nucleus, resulting
in severe cell dysfunction and finally cell death. ROS are
caused by the presence of iron oxide moieties in the acidic
lysosomal environment. The coating itself can also transiently
induce ROS.184

As result, cells can suffer from DNA damage or initiate an
apoptotic/necrotic cell death pathway. This has been described
as being mediated by increased cytoplasmic calcium levels due to
the altered redox equilibrium state of the cell.185 The correlation
between induced ROS and increasing cytoplasmic calcium levels
has been observed for various types of nanoparticles, but the
precise mechanism by which reactive species can lead to a Ca2þ

influx is still elusive and appears to differ depending on the
precise conditions.184

Gao et al.186 reported that intact magnetic iron oxide cores
exhibit an intrinsic peroxidase activity that can reduce the
amount of hydrogen peroxide present in the cell. As H2O2 plays
an important role in regulating cell growth, the decreased cellular
levels of H2O2 were found to stimulate cell proliferation.187

Other than direct cytotoxic effects, cell labeling with iron oxide
nanoparticles can lead to secondary or long-term effects. One of
these secondary effects is a transiently decreased proliferative
capacity of the labeled cells as compared with unlabeled control
cells. The absorbance measured in metabolic assays, such as the
MTT assay, reflects the total metabolic activity of a cell popula-
tion and is therefore also an indirect measurement of cell
proliferation.
Another method188 is based on assessing DNA duplication, by

incorporation of thymidine analogues such as 5-bromo-2deoxy-
uridine or 5-ethynyl-20-deoxyuridine during the active synthesis.
Intracellular accumulation of nanoparticles can have profound

effects on cell morphology, and high levels of internalized
particles can invoke cellular stress and induce changes in the
architecture of the actin cytoskeleton. An altered network dis-
playing actin stress fibers can lead to reduced proliferative capac-
ity and cell spreading and can influence migration and differ-
entiation of stem cells.189,190 Iron oxide labeling can impair
cellular capacities.191

Transition metal ions such as Fe(II) and Fe(III) can generate
ROS through Harber-Weiss reactions:

•O2
- þH2O2 f •OHþOH- þO2

Superoxide, produced via normal metabolic processes and
redox cycling within the cell, reacts with hydrogen peroxide to
form the hydroxyl free radical. The catalysts are the iron ions that
have been brought into the cell by the SPIONs. The hydroxyl free
radicals are responsible for oxidative stress and damage to the

cell. These reactions are explained by Fenton chemistry and can
be described by the equations:

Fe3þ þ •O2
- f Fe2þ þO2

Fe2þ þH2O2 f Fe3þ þ •OHþOH-

The potent hydroxyl free radical generated by these reactions
is then free to attack any biomolecule within a diffusive distance.
Several studies already mentioned have shown direct evidence

of ROS damage by SPIONs.126,127,142,192,193 van den Bos et al.126

showed a SPION dose-dependent increase in lipid peroxidation,
while Stroh127 measured significant increases in both lipid and
protein oxidation. Jain et al.142 noted considerable increases in
lipid peroxidation in several tissues in vivo following SPION
administration in rats. Alekseenko et al.192 also studied the effects
of SPIONs upon neuronal cells. They studied the effects of
ferritin, the natural iron storage protein that contains a 7 nm iron
oxide core, surrounded by a protein coat.193 Ferritin was found to
generate ROS directly in rat synaptosomes, and the authors
surmised that it might lead to neurodegeneration in vivo.
The effects of SPIONs on the cell life phases have been studied

also. Mahmoudi et al.10 employed the effect of both bare and
PVA coated SPIONs (with iron concentrations of 20, 40, and
80 mM) on the mouse tissue connective fibroblast (L929 cell
line) cell life cycle in order to facilitate the identification of any
phase changes. It is worth noting that the core sizes of the bare
and coated SPIONs were 4.5 and 5 nm (hydrodynamic size of
48 and 85 nm), respectively. According to the obtained results,
significant apoptosis occurred for bare SPIONs at the highest
applied concentration (80 mM), whereas negligible apoptosis
had been detected for the coated magnetic nanoparticles. In
contrast, the treated cells with the coated SPIONs at a concen-
tration of 80 mM indicated enhancement in the mitotic phase
(G2/M) while no improvement in this phase was observed for
the uncoated SPIONs. Interestingly, the increasing granularity of
the treated cells, with both the bare and coated SPIONs, together
with the formation of gas vesicles indicated the domination of
autophagy cell death rather than apoptosis or necrosis.10,92 Con-
sidering apoptosis, the same observation on the treated L929
cells with both uncoated and coated-SPIONs has also been
reported using a TUNEL assay at a nanoparticle concentration
of 40 mM.11 The authors claimed that the apoptosis in the sub
G0/G1 phase is attributed to irreversibly damaged DNA,10 which
was later confirmed by comet assay as described in ref 175.
Chekhun et al.194 probed the effect of a doxorubicin-magne-

tite (Fe3O4; with a diameter of 20-40 nm) combination on the
cell life cycle in vitro and in vivo. It is noteworthy that doxo-
rubicin is a phase-specific preparation and the biggest sensitivity
to it is observed in the S-phase of cell life.195 The cell cycle of
tumor cells taken from the abdominal cavity of mice after
intraperitoneal injections with doxorubicin, magnetite nanopar-
ticles, or their combination was studied. For the in vitro assess-
ments, the cell cycle of intact Ehrlich ascitic carcinoma cells was
tracked after the cells were incubated with doxorubicin and
magnetic nanoparticles. In this case, the concentration of mag-
netite was constant (iron ion concentration of 100 μM); in
contrast, doxorubicin was employed at various concentrations
(1 μM, 10 μM, and 100 μM). It is worth noting that 100 μM of
doxorubicin approximately corresponds to a therapeutic dose of
3 mg/kg for in vivo conditions.194
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The results of in vivo tests confirmed the significant decrease of
the cell population in S phase of the cells treated with a combination
of doxorubicin andmagnetite nanoparticles, as compared to control
groups. Further, the treated cells showed higher rates of apoptosis in
comparison to the control cells (see Figure 9). Considering the in
vitro results, the Ehrlich ascitic tumor cells treated with a combina-
tion of doxorubicin and magnetite nanoparticles for 48 h showed a
decreased amount of the cell population in S phase together with
increasing number of cells in sub G0/G1 phase (see Figure 9). It
should be noted that the cell distribution in the cell life cycle was
changed; however, the variations were not proportional to the drug
concentration, which suggests that the cell cycle was mainly
influenced by the magnetite nanoparticles.
4.4.2. Alteration of Organelle and Mitochondrial Func-

tion. Mitochondria produce energy via the citric acid cycle and
are critically dependent upon redox reactions from the respira-
tion chain. Electrons that leak from this process have been shown
to be a constant source of superoxide and hydrogen peroxide196

and are free to react with iron via Fenton chemistry. Nanopar-
ticles have been implicated to be in direct contact with, and to
produce damage within, mitochondria.107 Given this proximity
to themitochondria, it is highly likely that the redox active surface
of SPIONs could significantly affect electron flow and act to alter
mitochondrial functionality.
An assay employed for testing cell viability is the MTT (and

MTS) assay, which indirectly measures cell viability by testing for

the presence of active reductase enzymes within the mitochon-
dria of living cells, ultimately causing a color change in the MTT
reagent upon its reduction. Although commonly used as a via-
bility assay, the MTT assay more specifically represents a mea-
sure of mitochondrial function rather than of cell viability and can
in principle be used to measure alteration of mitochondrial
function in cells. Several studies have utilized the MTT assay
to assess mitochondrial function; however, other studies typically
have assumed nonviability in cells exhibiting reduced reductive
activin.197,198

Another potential intracellular target for SPIONs-associated
toxicity is the plasma membrane and proteins. In addition to the
induction of cell signaling pathways, SPIONs-induced redox
reactions can activate and upregulate plasma membrane proteins
such as nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase.199 This activation is known to occur within phagocytic
cells such as the previously mentioned macrophages, which are
known to reliably take up SPIONs in vitro and within the
body.129,130,137,200-205

4.4.3. Long-TermNanotoxicity of SPIONs - General and
Neurological Toxicity. Because of the relatively recent advent
of SPIONs engineered for in vivo use, there are currently no studies
that have investigated the long-term effects that exposure to them
might have. There is, however, knowledge that may be extrapolated
from analogous studies in PM toxicology that might indicate
potential long-term implications. For example, the well-studied

Figure 9. (a) In vivo and (b) in vitro cell cycle analysis of both control and treated cells (i.e., with a combination of doxorubicin and magnetite
nanoparticles). Reprinted with permission from ref 146. Copyright 2002 Saunders.
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oxidative stress paradigm is known to be involved in the
development of numerous disorders, such as pulmonary injury
and morbidity,206 atherosclerosis,207 cardiovascular disease,208

diabetes mellitus,209 reproductive dysfunction,210 cancer,211 and
others.212,213

It has becomewell-established that iron and iron accumulation
is associated with multiple neurodegenerative diseases including
Parkinson’s and Alzheimer’s disease.214 Since Kirschvink et al.215

discovered iron oxide particles in the brains of humans 15 years
ago, investigators have repeatedly reported the presence of high
levels of accumulated iron in the brains of patients suffering from
neurodegenerative disorders. Iron has traditionally been thought
to cross the blood-brain barrier primarily through a transferrin-
mediated route through the capillary endothelium; however,
there are multiple other routes including passage through olfac-
tory nerves or circumventricular organs.216 Additionally, iron has
also been shown to be transported via ferritin,217 and this may
represent a method of transport of dissolved iron derived from
SPIONs to the brain. Alekseenko et al.192 demonstrated that the
iron nanoparticles within ferritin proteins could generate ROS
within brain synapses, as well as interfere with the transmission of
neuronal signals. Furthermore, several studies on the biodistri-
bution of SPIONs have shown particle migration to the brains
of exposed subjects.140,142,218 This, coupled with the fact that
nanoparticles have also been shown to be selectively toxic to
neuronal type cells,132,219,220 gives rise to concern regarding the
potential effects that exposure to SPIONs may have; even when
deliberate, as in the case of MRI applications.
The brain is especially susceptible to the effects of oxidative

stress, as it is highly reliant upon iron for its high respiratory
activity, as well as for myelinogenesis and the production of
numerous neurotransmitters. This high oxidative metabolism
and the resulting generation of ROS make the brain particularly
susceptible to imbalances in the oxidative equilibrium that are
thought to be related to, or cause, neurodegeneration and asso-
ciated disorders. While excess iron can directly produce toxic
effects on neurons, according to the classical oxidative stress
paradigm, it is thought that one of the prime mediators and
culprits of ROS-mediated neurotoxicity are microglia.221 Micro-
glia are the professional phagocytic cells of the central nervous
system and serve many of the same functions as macrophages do
for the rest of the body, including phagocytosis, antigen pre-
sentation, and cytokine release. Exposure to metal oxides has
been shown to specifically activate these cells in vitro and result in
the generation of ROS that can damage and kill dopaminergic
neurons.220,222 But what is particularly troublesome is that
damaged or dead neurons, particularly those from an instigating
stimulus such as might be derived from SPION exposure, can
also further activate microglia and induce a condition known as
reactive microgliosis that results in a vicious and destructive cycle
progressing to neurodegenerative disease.221

5. EFFECT OF NONMAGNETIC NANOPARTICLES ON
THE CELL CYCLE

5.1. Metallic Nanoparticles
5.1.1. Gold. Gold is one of the most widely studied nano-

structures. It has a number of unique physicochemical properties
at the nanoscale, and the manipulation and synthesis of these
properties have been studied in great depth.223 Given the ubiq-
uity of gold nanoparticles, their compatibility with the cell cycle
is imperative. Despite the inert nature of gold, some gold

nanostructures can lead to DNA damage secondary to an
oxidative stress response, which is also thought to be dependent
on the size of the particle.224 Li et al.224 noticed that, regardless of
the underlying genetic damage and transcriptional changes
observed in the cells treated with gold nanoparticles, no ultimate
cytotoxicity was observed in the study. The total internal dose of
gold nanoparticles has been shown to be influenced by a number
of factors including the size and shape of the particles.225,226 Such
properties must be taken into account when one considers the
possibility of gold nanoparticles impacting the cell cycle. More-
over, as gold nanoparticles are being engineered to interface with
other materials and conjugated to a variety of chemicals, the
subsequent effect on the cell cycle will have to be accounted for.
5.1.2. Silver. Silver is also an extremely well studied metal

given its unique nanoscale properties and potential applications
in biotechnology. This material is particularly popular for study
and application due to the novel bactericidal properties.227,228

Nevertheless, the volume of silver nanoparticle applications has
led to concern over possible toxicity and in particular damage to
cellular components such as DNA.
One study manipulated particles to compare the effect of

surface coated silver nanoparticles with uncoated ones using
mouse embryonic stem cells and embryonic fibroblasts.229 The
authors demonstrated that coated silver nanoparticles exhibited a
greater degree of DNA damage response, as shown by increased
expression of repair proteins and H2AX phosphorylation, than
uncoated particles. It was postulated that there was a more
efficient distribution of coated particles, as compared to the
observed agglomeration of the uncoated silver particles, thereby
enhancing the total surface area of the particle dose and thus
exposing the cellular contents to more particulate properties. It
was noted that both types of nanoparticles (coated and un-
coated) increased p53 expression and p53 phosphorylation, up-
regulated the DNA damage repair protein Rad51, and also
increased the phosphorylated form of H2AX, which shows that
at some exposure levels genetic alteration may occur.
It is also known that particulate metals can be a source of

oxidative stress, which is linked to perturbations in the cell cycle
and DNA anomalies.17,230 With respect to silver nanoparticles,
Carlson et al. have show a dose-dependent response in ROS
generation.231 Further study is required to determine specific
impacts on the cell cycle as a result of pathways activated from
oxidative stress.
Starch coated silver nanoparticles at concentrations of 25 and

80 mg/mL (around 0.2-3.2 mM) have shown cell life arrest in
the G2/M phase, evidenced by the increasing cell population in
this phase compared to control, on the human glioblastoma cells
(U251) and IMR-90 normal human lung fibroblast cells.232 It is
worth noting that the massive enhancement in the G2/M phase
was observed by increasing the concentration of silver nanopar-
ticles; themassive enhancement was observed in theG2/Mphase
(see Figure 10). It is hypothesized that the oxidative stress in cells
treated with silver nanoparticles possibly caused DNA damage
and the early effect is evidenced in cell cycle progression. It is well
recognized233 that irreversible damage of the cells could cause
apoptosis phenomena which would be tracked by the accumula-
tion of cells in the sub G0/G1 phase. Since in this study there was
no significant difference in the cell population in sub G0/G1

phases between treated and control cells, it was concluded that
no significant apoptosis had occurred (see Figure 10).
As discussed above, metals can play an important role in the

generation of oxidative stress in nanoparticle toxicity. Their close
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cousins include ceramic metal oxides and they have also been
shown to cause oxidative stress and cytotoxicity under certain
conditions.234,235

5.2. Ceramic Nanoparticles
5.2.1. Titanium Dioxide. Given that oxidative stress and

inflammation are associated with cell cycle disruption via geno-
toxicity secondary to reactive oxygen species adducts, metal
oxides are a possible source of cell cycle toxicity. For example,
several studies have shown it is possible that nanosized TiO2may
indirectly result in DNA changes. TiO2 is a commonly studied
material in its nanoscale format and is also abundant industrially.
Exposure to nanoscale TiO2 has been shown to result in chro-
mosomal damage in Syrian hamster embryo (SHE) fibroblasts,
blood lymphocytes, and in WIL2-NS (a human B-cell lympho-
blastoid cell line) using the micronucleus assay.236-238 There-
fore, a number of different species including human cells lines
have been studied. To better understand the mechanistic out-
come of possible genetic damage, Rahman et al. showed an
increase in the micronucleus frequency at a concentration range
of 0.5-5.0 mg/cm2 in the hamster embryo fibroblast model.238

An interesting observation, however, was the acuity with which
the observations occurred. Specifically, the authors observed an
increase over time in micronuclei formation at 12-24 h, but this
increase did not continue when evaluated at 48 and 72 h time
points. Using other techniques to determine the origins of the
micronuclei increase, they concluded that the nanosized TiO2

caused clastogenicity, which is mostly associated with ROS-
related DNA injury. This mechanism is in accordance with prior
studies on known oxidative injury to cells. Early nanotoxicity
studies suffered from inadequate characterization of the content

of nanoparticle batches leading to incorrect conclusions about
nanostructure toxicity. In the above study, particle batch char-
acterization of the TiO2 particles also was incomplete.
A number of other studies have shown DNA damage which is

known to set into action pathways linked to cell cycle arrest and
cell death.236,237,239 Two of these studies demonstrated DNA
strand breakage using the Comet assay in epithelial cells exposed
to TiO2.237,239 Karlsson et al. studied an array of particle types,
including CuO, TiO2, ZnO, CuZnFe2O4, Fe3O4, Fe2O3, carbon
black, and multiwalled carbon nanotubes, to test their effects on
DNA in an A549 lung cell line. They concluded that ROS were
linked to nanoparticle toxicity. Kang et al.237 showed relation-
ships to the cell cycle by reporting the accumulation of p53
protein in combination with DNA damage checkpoint kinases in
nanosized TiO2 treated lymphocytes from a 33-year-old female.
It was noted, however, that TiO2 nanoparticles do not stimulate
transactivational activity of p53. These observations are in line
with oxygen species causing DNA lesions which lead to p53
activation and thereby triggering p53-mediated cell cycle check-
point signaling.
Prior to these studies Wang et al.236 reported an increased

micronucleus frequency, at a concentration of 65 mg/mL, and
noted that nanosized TiO2 can lead to DNA strand breaks and
pointmutations. An additional study byXu et al.240 also showed that
nanoscale TiO2 can cause genotoxic and thus DNA-harmful
effects. The authors did further work to show that reactive nitro-
gen species such as peroxynitrite anions may be the underlying
mechanism for the DNA perturbation. Their data supported
their conclusion by showing that the genotoxic response could be
inhibited by cycloxygenase-2 and nitric oxide synthase inhibitors.
As the reader can recognize, a recurrent theme inmetal andmetal
oxide nanoparticle toxicity is the potential to induce oxidative
stress which can lead to intracellular changes causing cell cycle
arrest. TiO2, however, is under some debate in the literature at
present. For example, Theogaraj et al.241 used a chromosomal
aberration test in Chinese Hamster Ovary cells and did not
observe gene toxicity or an increase in the frequency of DNA
damage with or without the photoactivation stimulus of UV light.
These results are important given the use of metal oxide com-
ponents in cosmetics and sunscreens.242

Nanoscale TiO2 is one of the earlier particle types to demon-
strate size-specific features related to toxicity. For example,
nanoscale TiO2 anatase less than 20 nm can cause chromosomal
damage at a culture concentration of 10 mg/mL as evidenced by
micronucleus frequency. Interestingly, a particle size of 200 nm
in either the rutile or anatase form did not cause the same
effects.243 As nanotoxicity studies on cell cycle disruption are in
their infancy, many of these data need to be scrutinized and revis-
ited as we learn more about in vitro dosimetry and experimental
design. As noted before, batch variation, purity, and exposure
scenarios may all affect cell cycle signal pathways. Indeed, dosage
can affect the type of genes activated, associated with either
necrosis or apoptosis, as demonstrated by Ding et al. using
multiwalled carbon nanotubes and nano-onions.244

5.2.2. Zinc Oxide. ZnO nanoparticles are particularly com-
mon and were one of the original foci of study in sunscreens as
nanotechnology evolved. These particles are generally assumed
to show very little or no toxicity, but, under certain conditions of
stress, they have received more attention from toxicologists.245

Nanoscale ZnO has been shown to induce cytotoxicity and
inflammatory changes.246,247 Dufour et al. examined the possi-
bility of DNA damage in ZnO exposed cells.248 Specifically, they

Figure 10. Ag nanoparticle treated U251 cells (A) showed a slow
increase in the S/G2 population, and IMR-90 cells (B) showed a
concentration-dependent G2/M arrest. Markers were set at regions of
interest (subG0, G1, S, andG2/M); * represents P < 0.05. Reprinted with
permission from ref 232. Copyright 2009 American Chemical Society.



3423 dx.doi.org/10.1021/cr1003166 |Chem. Rev. 2011, 111, 3407–3432

Chemical Reviews REVIEW

T
ab
le
3.

E
ff
ec
t
of

V
ar
io
us

N
an
op

ar
ti
cl
es

on
th
e
C
el
lL

ife
C
yc
le

na
no
pa
rt
ic
le

co
at
in
g

si
ze

(n
m
)

ce
ll
ty
pe

ex
po
su
re

co
nc
en
tr
at
io
n

ex
po
su
re

tim
e
(h
)

ph
as
e

ar
re
st

ph
as
e

en
ha
nc
ed

re
m
ar
k

re
f

SP
IO

N
s

po
ly
vi
ny
la
lc
oh
ol

48
m
ou
se

tis
su
e

co
nn
ec
tiv
e

80
m
M

72
no
ne

G
2/
M

Su
rf
ac
e
pa
ss
iv
at
ed

na
no
pa
rt
ic
le
s
w
er
e
us
ed
.

10

SP
IO

N
s

no
ne

4.
5

m
ou
se

tis
su
e

co
nn
ec
tiv
e

80
m
M

72
no
ne

su
b

G
0/
G
1
an
d

G
2/
M

Su
rf
ac
e
pa
ss
iv
at
ed

na
no
pa
rt
ic
le
s

w
er
e
us
ed
.

10

SP
IO

N
s

po
ly
vi
ny
la
lc
oh
ol

12
m
ou
se

tis
su
e

co
nn
ec
tiv
e

20
0-

40
0
m
M

72
no
ne

no
ne

Su
rf
ac
e
ac
tiv
e
na
no
pa
rt
ic
le
s

w
er
e
us
ed
.

88

SP
IO

N
s

no
ne

4
m
ou
se

tis
su
e

co
nn
ec
tiv
e

20
0-

40
0
m
M

72
G
0G

1
su
b

G
0G

1

Su
rf
ac
e
A
ct
iv
e
na
no
pa
rt
ic
le
s

w
er
e
us
ed
.

11
,8
8

SP
IO

N
s

ca
rb
ox
y
de
xt
ra
n

45
-
60

hu
m
an

m
es
en
ch
ym

al
st
em

ce
lls

30
0
μ
g/
m
L

1
no
ne

S
an
d
G
2/
M

SP
IO

N
-p
ro
m
ot
ed

ce
ll
gr
ow

th
is

du
e
to

its
ab
ili
ty
to

di
m
in
is
h

in
tr
ac
el
lu
la
r
H
2O

2
th
ro
ug
h

in
tr
in
si
c
pe
ro
xi
da
se
-li
ke

ac
tiv
ity
.

18
7

si
lv
er

st
ar
ch

6-
20

hu
m
an

lu
ng

fi
br
ob
la
st
an
d

hu
m
an

gl
io
bl
as
to
m
a

25
μ
g/
m
L

48
G
2/
M

su
b

G
0/
G
1

A
po
ss
ib
le
m
ec
ha
ni
sm

of
to
xi
ci
ty

is
pr
op
os
ed

w
hi
ch

in
vo
lv
es

di
sr
up
tio

n
of

th
e
m
ito

ch
on
dr
ia
lr
es
pi
ra
to
ry

ch
ai
n
by

A
g-
np

le
ad
in
g
to

pr
od
uc
tio

n
of

R
O
S
an
d
in
te
rr
up
tio

n
of

A
T
P

sy
nt
he
si
s,
w
hi
ch

in
tu
rn

ca
us
e

D
N
A
da
m
ag
e.

23
2

pr
od
ru
g

14
0-

18
0

br
ea
st
ca
nc
er

10
0
μ
g/
m
L

6
G
2/
M

Pr
od
ru
g
co
ns
is
ts
of

a
su
cc
in
yl
at
ed
-h
ep
ar
in

ca
rr
ie
r
co
nj
ug
at
ed

to
pa
cl
ita
xe
lv
ia
a
si
ng
le

am
in
o
ac
id
sp
ac
er
,e
ith

er
va
lin
e,
le
uc
in
e,

or
ph
en
yl
al
an
in
e.

25
9

na
no
pa
rt
ic
ul
at
e

ca
rb
on

bl
ac
k

no
ne

14
ad
en
oc
ar
ci
no
m
ic
,

hu
m
an

al
ve
ol
ar
,

ba
sa
le
pi
th
el
ia
l

10
0
μ
g/
m
L

3,
6,
an
d
24

S
G
2/
M

M
od
el
of

th
e
ca
rb
on
ac
eo
us

na
no
pa
rt
ic
le
s
in

ur
ba
n
du
st
.T

he
sp
ec
ifi
c
sa
m
pl
e
ha
s
be
en

sh
ow

n
to

el
ic
it
ox
id
at
iv
e
st
re
ss
in
va
rio

us
bi
ol
og
ic
al
ce
ll
sy
st
em

s.

26
0

na
no
pa
rt
ic
ul
at
e

ca
rb
on

bl
ac
k
an
d

be
nz
o(
a)
py
re
ne

no
ne

14
ad
en
oc
ar
ci
no
m
ic
,

hu
m
an

al
ve
ol
ar
,

ba
sa
le
pi
th
el
ia
l

10
0
μ
g/
m
L

3,
6,
an
d
24

no
ne

G
2/
M

M
od
el
of

na
no
pa
rt
ic
le
s
w
ith

or
ga
ni
c

co
m
po
ne
nt
.H

as
be
en

us
ed

in
lu
ng

ca
rc
in
og
en
ic
ity

st
ud
ie
s
in
ra
ts
.

26
0

go
ld

po
ly
et
hy
le
ne

gl
yc
ol

30
hu
m
an

or
al
sq
ua
m
ou
s

ce
ll
ca
rc
in
om

a
0.
4
nM

4
cy
to
ki
ne
si
s

Su
b

G
0/
G
1

T
he

na
no
pa
rt
ic
le
s
w
er
e
bi
oc
on
ju
ga
te
d

w
ith

an
ar
gi
ni
ne
-g
ly
ci
ne
-a
sp
ar
tic

ac
id

pe
pt
id
e
(R
G
D
)
an
d
a
nu
cl
ea
r
lo
ca
liz
at
io
n

si
gn
al
(N

LS
)
pe
pt
id
e;
he
nc
e,
th
e
nu
cl
eu
s

of
th
e
ce
lls

w
as

ta
rg
et
ed

by
go
ld

na
no
pa
rt
ic
le
s.

26
1

go
ld

bo
un
d
to

fl
uo
ro

-6
-d
eo
xy
- D

-g
lu
co
se

10
.8

hu
m
an

pr
os
ta
te
ca
rc
in
om

a
an
d
hu
m
an

di
pl
oi
d
fi
br
ob
la
st

15
nM

1,
2,
4,

6,
18
,

an
d
24

su
b
G
0/
G
1

G
2/
M

T
ak
in
g
in
to

co
ns
id
er
at
io
n
th
e
tim

e
de
pe
nd
en
ce

of
th
e
ce
ll
cy
cl
e
ch
an
ge
s

in
du
ce
d
by

G
N
Ps
,o
pt
im
iz
ed

ra
di
at
io
n

se
ns
iti
vi
ty
w
as

ob
ta
in
ed
.

26
2

po
ly
( D
,L
-la
ct
id
e-

co
-g
ly
co
lid
e)

no
ne

22
6

br
ea
st
ca
nc
er

ce
ll

10
0
μ
M

48
G
0/
G
1
an
d
S

G
2/
M

an
d

su
b

G
0/
G
1

D
ox
or
ub
ic
in

dr
ug

ha
s
be
en

en
ca
ps
ul
at
ed

in
na
no
pa
rt
ic
le
s
w
ith

an
effi

ca
cy

of
46
%
.

26
3

no
ne

no
ne

T
he
re

is
no

dr
ug

en
ca
ps
ul
at
ed

in
na
no
pa
rt
ic
le
s.

eu
ro
pi
um

ox
id
e

no
ne

60
hu
m
an

ce
rv
ic
al

ca
rc
in
om

a
20
0
μ
M

72
no
ne

no
ne

26
4



3424 dx.doi.org/10.1021/cr1003166 |Chem. Rev. 2011, 111, 3407–3432

Chemical Reviews REVIEW

T
ab
le
3.

C
on

ti
nu

ed

na
no
pa
rt
ic
le

co
at
in
g

si
ze

(n
m
)

ce
ll
ty
pe

ex
po
su
re

co
nc
en
tr
at
io
n

ex
po
su
re

tim
e
(h
)

ph
as
e

ar
re
st

ph
as
e

en
ha
nc
ed

re
m
ar
k

re
f

ch
ito

sa
n

no
ne

46
-
83

(a
ve
ra
ge

of
65
)

hu
m
an

ga
st
ric

ca
rc
in
om

a
25
,5
0,
an
d
75

μ
M

24
no
ne

no
ne

A
ll
co
nc
en
tr
at
io
ns

in
du
ce
d
ap
op
to
si
s.

26
5

10
0
μ
M

G
0/
G
1

S an
d

G
2/
M

po
ly
et
hy
le
ne

gl
yc
ol
)

-p
ol
y(

D
,L
-la
ct
ic
-c
o-

gl
yc
ol
ic
ac
id
)-

m
on
om

et
ho
xy

no
ne

70
-
18
0

C
hi
ne
se

ha
m
st
er

ov
ar
y

5
m
g/
m
L

4
no
ne

no
ne

N
an
op
ar
tic
le
s
w
er
e
pr
ep
ar
ed

us
in
g
a
w
at
er
-in

-o
il-
in
-w
at
er

(w
/o
/w

)
em

ul
si
on

so
lv
en
t

ex
tr
ac
tio

n/
ev
ap
or
at
io
n
te
ch
ni
qu
e

26
6

si
lic
a

B
er
be
rin

e
50

hu
m
an

ce
rv
ic
al

ca
rc
in
om

a,
hu
m
an

he
pa
to
ce
llu
la
r
liv
er

ca
rc
in
om

a,
an
d
hu
m
an

em
br
yo
ni
c
ki
dn
ey

IC
50

co
nc
en
tr
at
io
ns

of
be
rb
er
in
e
fo
r

th
e
re
sp
ec
tiv
e
ce
ll

lin
e

24
G
0/
G
1

su
b
G
0/
G
1

B
er
be
rin

e
is
a
pl
an
t

al
ka
lo
id
kn
ow

n
to

ha
ve

an
tip

ro
lif
er
at
iv
e
ac
tiv
ity
.

26
7

Si
lic
a

no
ne

20
an
d
50

H
um

an
em

br
yo
ni
c

ki
dn
ey

25
,5
0,
an
d
10
0
μ
g/
m
L

24
G
2/
M

su
b
G
0/
G
1

T
he

G
0/
G
1
ar
re
st
w
as

ob
se
rv
ed

fo
r
na
no
pa
rt
ic
le
s
w
ith

di
am

et
er

of
20

nm
an
d

co
nc
en
tr
at
io
n
of

10
0
μ
g/
m
L.

25
0

lin
ol
ei
c
ac
id

no
ne

<2
5

br
ea
st
ca
nc
er

10
0-

20
0
μ
M

G
0/
G
1

su
b
G
0/
G
1

pr
o-
ap
op
to
tic

pr
ot
ei
ns

su
ch

as
B
ax

w
er
e
up
-r
eg
ul
at
ed
,

w
he
re
as
an
tia
po
pt
ot
ic

pr
ot
ei
ns
,s
uc
h
as

B
cl
-2
,w

er
e

do
w
n-
re
gu
la
te
d
by

tr
ea
tm

en
t

w
ith

na
no
pa
rt
ic
le
s.

26
8

lin
ol
ei
c
ac
id

po
ly
et
hy
le
ne

gl
yc
ol

25
br
ea
st
ca
nc
er

10
0-

20
0
μ
M

G
0/
G
1

su
b
G
0/
G
1

T
he

tu
m
or

su
pp
re
ss
or

ge
ne

p5
3
w
as

si
gn
ifi
ca
nt
ly
up
-r
eg
ul
at
ed

by
na
no
-p
ar
tic
le
s
tr
ea
tm

en
t

w
ith

in
cr
ea
si
ng

co
nc
en
tr
at
io
ns
,

su
gg
es
tin

g
th
at
na
no
pa
rt
ic
le
-

in
du
ce
d
ap
op
to
si
s
is
re
gu
la
te
d

by
a
p5
3-
m
ed
ia
te
d
si
gn
al
in
g

pa
th
w
ay
.

26
8

tit
an
iu
m

ox
id
e

no
ne

25
hu
m
an

ly
m
ph
oc
yt
es

10
0
μ
g/
m
L

24
no
ne

su
b
G
0/
G
1

N
an
op
ar
tic
le
s
in
cr
ea
se
d
th
e

pr
op
or
tio

n
of

Su
b
G
0/
G
1
ce
lls
,

ac
tiv
at
ed

ca
sp
as
e-
9
an
d
ca
sp
as
e-
3,

an
d
in
du
ce
d
ca
sp
as
e-
3-
m
ed
ia
te
d

PA
R
P

cl
ea
va
ge
.

26
9

pe
pt
id
e

no
ne

26
0
(

50
fi
br
ob
la
st
s
an
d

hu
m
an

ce
rv
ic
al

ca
rc
in
om

a

10
0-

50
0
nM

G
2/
M

no
ne

27
0

co
ba
lt
fe
rr
ite

si
lic
a

50
hu
m
an

m
es
en
ch
ym

al
st
em

ce
lls

0.
2
m
g/
m
L

24
,4
8,
an
d
72

no
ne

no
ne

T
he

na
no
pa
rt
ic
le
s
do

no
ts
ho
w
n

ar
re
st
on

th
e
ce
ll
cy
cl
e
w
hi
le

th
ey

ca
n
be

ta
ke
n
up

by
st
em

ce
lls
.

27
1



3425 dx.doi.org/10.1021/cr1003166 |Chem. Rev. 2011, 111, 3407–3432

Chemical Reviews REVIEW

Figure 11. Bio-TEM images of HeLa cells: control (A) and exposed to positively (B) and negatively (C) charged SPIONs, and the internalization of
magnetite nanoparticles inside mitochondria (D). Reprinted with permission from ref 8. Copyright 2011 Elsevier. (E) Schematic representation of the
endosomal escape of positively charged nanoparticles.
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were looking for possible genomic toxicity in Chinese hamster
ovary cells by using the chromosome aberration technique and
they factored in the variable of UV light stimulation, which is
central to the cosmetic and sunscreen industries’ applications of
oxide nanoparticles. The authors reported that chromosomal
aberrations caused by nanosized ZnO with an average diameter
of 100 nm were enhanced by UV light, with increased clasto-
genicity under preirradiation and simultaneous irradiation con-
ditions as compared to no light stimulation. The dosages used in
the study are considerably high and poor batch description of the
particles was reported. For example, in preirradiated and simul-
taneously irradiated cultures an increase in DNA injury was
observed at 54 mg/mL as compared to 105 mg/mL when
exposure was performed with no light stimulation. This dose
demonstrates a proof of principle effect; however, the levels of
ZnO exposure were significantly higher than current nanotoxi-
city studies. Given the current and future likelihood of ZnO in
consumer products, it is imperative that realistic exposure
conditions be studied.
5.2.3. Silica. SiO2 has also received tremendous attention

given its long industrial history as an occupational carcinogen.
Thus, its nanoscale format has been the focus of many studies as
it could have significant implications for the cell cycle.249-251 In
fact, even the traditional form has been used as a positive control
particle in many toxicity studies. Specifically, nanoscale SiO2 can
disrupt nuclear integrity by forming intranuclear protein aggre-
gates that can lead to inhibition of replication, transcription, and
cell proliferation, as reported by Chen et al.252 These authors also
found that SiO2 nanoparticles reduced replication activity down
to 67% and 60% after 6 and 24 h, respectively, as well as
transcriptional activity down to 82% after 4 h. They concluded
that there was less proliferation after 24 and 48 h postexposure. It
was also noted that nanoparticle size may be a significant
determinant in their observations, as particles larger than 200 nm
did not enter the nucleus, alter nuclear structure and function, or
alter gene expression.
Silica is another nanoscale particle that is incorporated into

many new nanostructures; thus, more research is required to
elucidate its mechanism of action in cells. Furthermore, realistic
exposure scenarios will need to be developed to provide accurate
data for occupational and consumer disease prevention.

5.3. Polymeric Nanoparticles
Polymeric nanoparticles represent a vast and rapidly expand-

ing area of nanomaterials. There is an enormous body of
literature on specific types of nanoparticles and, thus, a brief
overview of the most important points concerning these nano-
particle types will be given here. Early polymeric nanoparticles
reported by Gref et al. were composed of poly(lactic acid)/
poly(lactic-co-glycolic acid) (PLA/PLGA) and PEG block co-
polymers and were noted to be “long-circulating nanoparticles”
due to their stealth properties.253 Such properties have enabled
various drugs to evade the reticuloendothelial system for en-
hanced drug delivery in cancer therapy and to change the
pharmacokinetics of various anticancer agents.

With respect to nanomedicine, polymer-drug conjugates are
relatively preliminary nanocarrier systems; however, significant
research and development is underway to create novel formula-
tions with value-added physicochemical properties. For example,
small changes in the polymer-drug conjugation efficiency may
significantly modify the pharmacokinetic parameters and tissue
biodistribution.254

The prime directive of cancer drugs is to interrupt the rapidly
expanding cell-cycle in malignant tissues. As polymer nanoparti-
cles work to target the delivery of such agents to tumors, it is hoped
that significant impacts on the tumor cell cycle with systemic
toxicity will be observed in chemotherapy. Given that few studies
have looked at the specific cytotoxic effect of polymeric nanopar-
ticles without a pharmacological cargo, it is difficult to discern at
this time whether polymeric particles alone have an impact on the
cell cycle in either a positive or a negative manner.

Biodegradable high-molecular-weight poly (lactic-co-glycolic
acid) (PLGA) was used as an encapsulating vehicle to obtain
contrast agents composed of Gd-DTPA and fluorocarbon-filled
microbubbles. The efficacy of the contrast agent for ultrasound
and magnetic resonance imaging was evaluated by in vivo
imaging of hepatic vessels and the liver parenchyma of rabbit
following injection of the contrast agent. Additionally, the liver
and kidney functions were examined before and at 7, 14, 30 days
after injection. Neither marked changes in the liver and kidney
functions nor other severe complications were detected during
the follow-up period.255

Dendritic polymers have been found to be a suitable carrier for
a variety of drugs with capacity to improve their solubility and
their bioavailability. The use of dendrimers in a biological system
is constrained because of inherent toxicity associated with
them.256 This toxicity is attributed to the interaction of surface
cationic charge of dendrimers with negatively charged biological
membranes in vivo.257 This interaction results in membrane
disruption via nanohole formation, membrane thinning and
erosion. Dendrimer toxicity in biological system is generally
characterized by hemolytic toxicity, cytotoxicity, and hematolo-
gical toxicity. To minimize this toxicity, two strategies have been
utilized; first, designing and synthesis of biocompatible dendri-
mers; and second, masking of peripheral charge of dendrimers by
surface engineering. Conjugated polymer nanoparticles are
highly versatile nanostructured materials that can potentially
find applications in various areas such as bioimaging, biosensing,
or nanomedicine. Their synthesis with desired sizes and proper-
ties, biocompatibility, and nontoxicity make these materials
highly attractive for different applications.258

6. CONCLUSION AND FUTURE PERSPECTIVES

The effects of various nanoparticles on the cell life cycle are
presented in Table 3. A widespread deep understanding of the
various interactions of nanoparticles with the biomolecules in both
in vitro and in vivo systems could have significant effects on the cell
life cycle. One of the effects, for instance, could be changes in the
surface charge of nanoparticles such as with SPIONs. Specifically,
the surface charge can determine the direct or indirect interactions
of nanoparticleswith theDNA,which can define the induced type of
problem to the cell life phases. For example, the positively charged
SPIONs (coated with PVA-NH2

þ) are capable of entering the
nucleus of the cells by escaping from lysosomes. The precise
mechanism of the lysosomal escape is likely particle specific but
may be related to the acidic pH of the lysosomal milieu. The reason
for the specific nuclear location of the particles is unknown, but
other nanoparticles have also been found at various organelles in the
cell. In the above study, this nuclear localization persisted for only
72 h.8 In contrast, negatively and neutrally charged SPIONs (e.g.,
with PVA-COO- and PVA coatings, respectively) can be either
attached to cell membranes or be endocytosed by the cells without
the chance of escaping from the lysosomes (see Figure 11).
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Hence, the various effects on the cell cycle may depend on the
intracellular location of the nanoparticles.
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