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Abstract

Nanoparticle toxicology, an emergent field, works toward establishing the
hazard of nanoparticles, and therefore their potential risk, in light of the
increased use and likelihood of exposure. Analytical chemists can provide an
essential tool kit for the advancement of this field by exploiting expertise in
sample complexity and preparation as well as method and technology devel-
opment. Herein, we discuss experimental considerations for performing in
vitro nanoparticle toxicity studies, with a focus on nanoparticle characteri-
zation, relevant model cell systems, and toxicity assay choices. Additionally,
we present three case studies (of silver, titanium dioxide, and carbon nan-
otube toxicity) to highlight the important toxicological considerations of
these commonly used nanoparticles.
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Nanotoxicity: refers
to the study of the
potential toxic impacts
of nanoparticles on
biological and
ecological systems

In vitro: describes
experiments done in
cells isolated from a
living organism

In vivo: describes
experiments done in a
whole, living organism

1. INTRODUCTION

Nanotoxicity, a term coined in 2004, refers to the study of the potential toxic impacts of nanopar-
ticles on biological and ecological systems. Early nanotoxicity studies arose from aerosol studies
examining size-dependent particle effects; the field continues to draw from that heritage as well
as from diverse fields such as molecular toxicology, material science, molecular biology, analytical
chemistry, and engineering. According to the National Nanotechnology Initiative, nanotechnol-
ogy is “the understanding and control of matter at dimensions between approximately 1 and
100 nanometers, where unique phenomena enable novel applications” (1). Although this size
definition is no longer explicitly followed in the categorization of nanomaterials, these unique
properties make nanoparticles the subject of intense study and commercial/industrial interest. In
fact, as of March 2011, nanoparticles were found in 1,317 commercially available products (2) and,
as of September 2011, were responsible for almost 278,000 SciFinder scholar hits (search term:
nanoparticle).

During an average day, people may be exposed to commercially available nanoparticles in
many settings, including silver (Ag) nanoparticles in sheets and clothing, titanium dioxide (TiO2)
nanoparticles in cosmetics and sunscreens, carbon nanoparticles in bikes, and even clay nanopar-
ticles in beer bottles (2). Over the past eight years, the field of nanotoxicity has grown significantly
in response to and in hopes of addressing concerns (both public and regulatory) regarding the
boom in nanoparticle technology and the subsequently increased possibility of exposure through
consumer and medical applications (3).

A general goal of the nanotoxicity field is to build design rules for the synthesis of safe nanopar-
ticles; therefore, systematic studies are essential and should be based on well-characterized physic-
ochemical nanoparticle properties and their effects on cellular viability and function in relevant
model systems. Risk assessment strives to determine risk on the basis of the possibility of exposure
and the hazard of the potential toxic substance—in this case, nanoparticles—to make regulatory
decisions. This review showcases some of the key roles analytical chemists can play in the field
of nanotoxicity; we focus on recent work that considers the toxicity of engineered nanoparticles
by use of in vitro mammalian models. We discuss several critical considerations, specifically the
importance of nanoparticle physicochemical characterization along with cell model and toxicity
assay selection, as they provide the foundation for systematic nanotoxicity studies. These areas are
ripe for exploration by analytical chemists because, as with molecular toxicology, there is a need
to increase the correlation between in vivo and in vitro studies. Additionally, analytical chemists
provide a necessary tool set (e.g., sample preparation/characterization and method/technology
development) to perform detailed analysis of complex systems that often present challenges in the
assessment of nanotoxicity. Using nanoparticle-characterization methods, model cells, and toxi-
city assessments, we present three case studies for representative nanoparticle classes to examine
the present body of literature; the goal is to highlight specific experimental considerations while
drawing some general conclusions about current knowledge in the field of nanotoxicity.

2. NANOPARTICLE CHARACTERIZATION

Nanoparticles’ physicochemical properties must be examined in detail to create nanoparticle de-
sign rules and to begin interpreting any results due to nanoparticle-induced toxicity. Because the
field of nanotoxicity is relatively new and the specific nanoparticle properties that influence cellular
toxicity are still not fully understood, a thorough characterization of the nanoparticle is essential.
There is some agreement about the basic nanoparticle properties that should, at a minimum, be
characterized (summarized in Table 1) to ensure thorough toxicity studies that produce sound
conclusions (4–6).
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Table 1 Important nanoparticle properties and common methods for characterization

Physiochemical properties Common characterization methodsa,b

Size (distribution) TEM, AFM, DLS, NTA
Shape TEM, AFM, UV-vis (for plasmonic nanoparticles)
Agglomeration or aggregation state DLS, UV-vis (for plasmonic nanoparticles)
Crystal structure XRD, ED
Surface chemistry/charge/area AES, EELS, XPS, solid-state NMR, ζ-potential, BET
Stability over time/dissolution DLS, UV-vis, ICP-AES, ICP-MS, colorimetric assays
Dosing metric Variable
Uptake ICP-AES, ICP-MS, TEM, fluorescence, flow cytometry, NAA

aAbbreviations: TEM, transmission electron microscopy; AFM, atomic force microscopy; DLS, dynamic light scattering;
NTA, nanoparticle-tracking analysis; UV-vis, UV-visible spectroscopy; XRD, X-ray diffraction; ED, electron diffraction;
AES, Auger electron spectroscopy; EELS, electron energy loss spectroscopy; XPS, X-ray photoelectron spectroscopy;
NMR, nuclear magnetic resonance; BET, nitrogen adsorption/desorption isotherm; ICP-AES, inductively coupled plasma
atomic emission spectroscopy; ICP-MS, inductively coupled plasma mass spectrometry; NAA, neutron activation analysis.
bNot an exhaustive list of characterization approaches.

Aggregation: an
irreversible grouping
of nanoparticles

Agglomeration: a
reversible grouping of
nanoparticles

Various approaches are commonly used to characterize these properties. Size (distribution)
determinations are typically assessed with one or more of the following: transmission electron
microscopy (TEM) (7–9), dynamic light scattering (10, 11), and/or nanoparticle-tracking analysis
(12). Shape determinations are generally established while size is investigated with TEM or atomic
force microscopy. Determination of aggregation and/or agglomeration state is important and can
be difficult (5). Some studies have approached this determination by perturbing the nanoparticle
environment (e.g., pH and temperature) and examining changes in size distribution with dynamic
light scattering (13), similar to stability studies in which changes are monitored over time (14).
Crystal structure is generally studied by X-ray diffraction (9, 14–16), and surface area is determined
with nitrogen adsorption/desorption isotherms (9, 15, 16). Surface chemical composition can be
examined through various techniques and has recently been reviewed elsewhere (17). Although
not a physical characteristic of the nanoparticle, characterization of the dose of nanoparticles is
also critical for the interpretation of results. The determination of a dosing metric is inherently
complicated because little is known about appropriate doses and how aggregation or stability
influences effective dosing. Accordingly, there is little consistency in dosing metrics among studies;
these metrics range from molar nanoparticle concentration to nanoparticle surface area.

Once initially characterized, nanoparticles are exposed to biological media where proteins are
adsorbed to their surface, thereby altering the nanoparticles’ original properties (12, 16). Ideally,
nanoparticle characterization would take place before, after, and throughout the in vitro exposure
to provide dynamic insight into any changes the nanoparticles undergo during exposure (e.g.,
altered aggregation state, adsorbed proteins). The most desired, and unavailable, characterization
steps are for in situ measurements during exposure. Recently, nanoparticles have been character-
ized within various biological media at physiological temperature, which provides characterization
data for nanoparticles in a more realistic state with the use of existing methods (12, 14, 16, 18).
Analytical chemists have the potential to make significant contributions in nanoparticle charac-
terization by developing methods to perform the desired in situ measurements, to improve upon
current methods, or to help introduce more complex characterization methods to better model
realistic in situ measurements. These characterization challenges are ripe for study and application
of the collective expertise of analytical chemists.
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Immortal: describes
cells that proliferate
indefinitely

Primary: describes
cells collected directly
from a live organism

3. IN VITRO MODEL SYSTEMS

There are four common routes through which a person can be exposed to nanoscale materials:
ingestion, injection, transdermal delivery, and inhalation. Although various in vitro models are
used in molecular toxicology (19, 20) to model critical portions of each of these four pathways, in
vitro nanotoxicity studies often employ much simpler model systems. The vast majority of in vitro
nanotoxicity assays examine nanoparticle influence on a single, homogeneous, immortal cell type.
The cell types chosen often reflect a critical component of the exposure route and physiology of
interest.

3.1. Ingestion

Many groups have used the undifferentiated human colon adenocarcinoma cell line known as
Caco-2 to model the uptake and/or viability of cells following the ingestion of various engineered
nanoscale materials, including metal oxide–, polymeric-, and carbon-based nanoparticles (21–23).
RKO immortal colon cancer cells have also been employed; in one example study, cell viability was
assessed following zinc oxide (ZnO) nanoparticle exposure (24). In an unusual case, primary-culture
murine intestinal dendritic cells were employed to assess the toxicity of silicon dioxide (SiO2) and
TiO2 nanoparticles; the investigators examined the secretion of inflammatory mediators from
these cells (25).

3.2. Injection

Many nanoparticles for which injection toxicity is studied are intended for use as drug delivery or
imaging agents. A small set of nanotoxicity studies have examined the direct effect of nanoparticles
on primary-culture blood cells, including measures of stem cell viability, hemolysis, platelet activa-
tion, platelet aggregation, and coagulation time with, for example, hydroxyapatite-based contrast
agents (26) or atomically thin graphene oxide (27). In some cases, nanoparticles yield false positives
that can be avoided with careful controls (28). Other primary-culture cells employed in the study of
injection nanotoxicity include (a) primary human umbilical vein epithelial cells following exposure
to quantum dots (QDs) (29) and (b) rat skeletal myoblasts and bone marrow–derived mesenchymal
stem cells following exposure to lanthanide-doped SiO2 nanoparticles (30). Immortal cancer cell
lines are also commonly employed because many nanoparticles are intended to target cancerous
cells; the most commonly used cell lines are HeLa (31), MCF-7 (32), HCT-116 (33), BEAS-2B
(34), and 3T3 fibroblasts (35). Although these lines are sometimes chosen on the basis of their
organ of origin (and the eventual cancer target), few papers follow up with in vivo toxicity studies
using the same cell type. One exception is a study performed to assess the in vitro cytotoxicity of
polymeric nanoparticles in cultured MCF-7 and C26 cell lines, which was followed by an in vivo
experiment with C26 solid tumors (36).

3.3. Transdermal Delivery

Although several ex vivo nanoparticle toxicity studies have been performed in which portions of
skin are isolated intact, in vitro studies have focused mainly on keratinocytes or dermal fibroblast
cells. Neither cell type is present in the outermost layer of skin, so any toxic effects are probably rel-
evant only if the in vivo epidermal layer is damaged. For example, the human-derived keratinocyte
HaCaT cell line has been used to assess (a) the role of TiO2 and UV-irradiated TiO2 in causing
reactive oxygen species (ROS)-induced damage (37) and (b) whether TiO2 and ZnO nanoparticles
induce changes in the intracellular formation of radicals, cell morphology, mitochondrial activity,
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or cell-cycle distribution (38). Sharma et al. (39) used primary human epidermal keratinocytes
(HEKs) to examine whether ZnO nanoparticles compromise viability or induce DNA damage.
A mouse keratinocyte cell line (HEL-30) was used to explore the role of both the size and the
crystallinity of TiO2 nanoparticles in cytotoxicity (40). Clearly, the most common nanoparticle
types considered in transdermal exposure studies are metal oxide nanoparticles because of their
common use in sunscreen and cosmetics; however, there are a few exceptions. For example, the
influence of Ag nanoparticles on HaCaT cell viability and growth has been monitored (41), and
HEKs have been used to study cell viability and the release of inflammatory mediators upon
exposure to high–aspect ratio QDs (42).

The toxicity profile of core-shell semiconductor QDs has also been explored through mea-
surements of cell density, viability, and morphology in both HEKs and human dermal fibroblasts
(HDFs) (43). HDFs have also been employed to explore the uptake mechanisms, localization,
and toxicity of SiO2 nanoparticles (44) as well as functionalized multiwalled carbon nanotubes
(MWCNTs), with discouraging results (45). Another group examined MWCNT toxicity in var-
ious skin cells, including SZ95 sebocytes and immortal human keratinocytes; the authors found
that appropriate dispersion of the MWCNTs minimized nanotoxicity (46).

3.4. Inhalation

Inhalation models are the most commonly employed of the four possible modes of nanoparticle
uptake; cellular models are focused largely on readily available immortal lung cell lines. Of the
various nanomaterials that have been studied in this context, TiO2 is the most common. For
example, Degussa AEROXIDE R© P25 nanoparticles were added to two different immortal lung
cell lines (A549 and H1,299) for correlated studies of uptake and viability (47). Another group
(48) compared TiO2 toxicity in normal human bronchial epithelial cells with that in two different
epithelial cell lines (A549 and BEAS-2B), measuring both ROS and inflammatory mediator re-
sponse in all three cultures. The differences in the results of this study highlight the importance
of working with primary cells. Primary-culture, human nasal mucosa cells were exposed to TiO2

for examination of cell uptake, viability, and genotoxicity (49).
From the inhalation perspective, carbon-based nanomaterials are also of general interest. One

group studied the effect of carbon black nanoparticles on both a macrophage cell line (RAW
264.7) and primary human alveolar macrophages, examining caspase-1 activity and cell death (50).
Another group compared in vitro and in vivo exposure of the lung to dispersed single-walled
carbon nanotubes (SWCNTs) by using immortal lung fibroblasts (CRL1,490) for the in vitro
work; the results show consistency between the in vitro and in vivo experiments (51).

Various other nanomaterials have been considered in inhalation-relevant monocultures, espe-
cially those using A549 and BEAS-2B cells. Nanotoxicity studies on A549 viability have focused
on both TiO2 and carbon nanotubes (CNTs) (52), Ag nanoparticles and Ag+ (53), NiFe2O4

nanoparticles (54), and MWCNTs (55). BEAS-2B cells have been employed in studies on the
uptake and/or toxicity of SWCNTs (56), hydroxyapatite (57), TiO2 (58), SiO2 (59), and graphite
fibers (60).

3.5. Coculture Models

Although the vast majority of in vitro nanotoxicity work uses monocultures of cells, a small but
growing segment of the literature is making use of coculture models. The natural cellular and
chemical complexity of cocultures makes them more realistic models of mammalian physiology,
and the results of coculture nanotoxicity experiments often differ from the results of monoculture
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studies. For example, one group used a coculture of immortal Caco-2 and epithelial M cells to
model the human intestinal epithelium and assess the toxicity of ingested Ag nanoparticles of
various sizes (61). Another group cocultured immortal adipocytes and macrophages to simulate
relevant cells in inflammatory response, then showed the antioxidant properties of introduced
fullerenes (62). Also relevant to inflammation is a primary-culture, murine peritoneal mast cell
(MPMC)–3T3 fibroblast coculture that has been systematically used to study mast cell degran-
ulation following coculture exposure to gold (Au), Ag, SiO2, and TiO2 nanoparticles (7–9, 11).
Another group (63) modeled inhalation toxicity by using the cocultured epithelial cell line H441
and the endothelial cell line ISO-HAS-1 to mimic the alveolar-capillary barrier; exposure of these
cells to amorphous SiO2 nanoparticles led to DNA damage and endoplasmic reticulum stress.
These authors compared these results directly to those in each monoculture and found significant
differences in toxicity markers (63). In another inhalation model, a triple-cell coculture model
(composed of A549 cells, human blood monocyte–derived macrophages, and dendritic cells) sim-
ulating the alveolar lung epithelium was exposed to aerosolized Au nanoparticles; all the cells
took up the nanoparticles without showing any cytotoxic effects (64). Going forward, analytical
chemists will offer sample platforms, particularly through the development of microfluidic devices,
to better replicate in vivo conditions in an in vitro environment.

4. BIOLOGICAL NANOTOXICITY ASSESSMENT

Common in vitro methods used to assess nanoparticle toxicity fall into two general categories:
functional assays and viability assays. Herein, we classify functional assays as those that seek to assess
the effects of nanoparticles on various cellular processes, whereas viability assays are concerned
solely with whether a given nanoparticle causes death in a cell or a system of cells. A thorough
review of both in vivo and in vitro assays can be found in Reference 65.

4.1. Uptake

Although uptake analysis does not specifically assess toxicity in a traditional sense, it is inher-
ently linked to any assessment of toxicity. Furthermore, it measures a nanoparticle’s ability to
bypass cellular membranes, thereby influencing the nanoparticle’s capacity to induce toxic effects.
Common methods for assessing uptake include TEM, inductively coupled plasma atomic emission
spectroscopy (ICP-AES), inductively coupled plasma mass spectrometry (ICP-MS), and fluores-
cence imaging. TEM, which has the added benefit of indicating the exact localization of particles
within a cell (although it is generally not used to assess uptake quantitatively), has been used, for
instance, to examine uptake of Au, SiO2, and TiO2 nanoparticles in MPMCs (7, 9). ICP-AES and
ICP-MS, however, allow quantitative measurement of nanoparticle uptake and have been used to
compare uptake differences arising from (a) variations in the size and shape of Au nanoparticles
(66) and (b) the surface chemistry of Au (11, 67), Ag (11), and cobalt (Co) nanoparticles (68).
Finally, fluorescence imaging is becoming an increasingly important method for assessing uptake
and localization of nanoparticles as it can be used to quantify both uptake and localization of
nanoparticles within a cell (when the nanoparticles under consideration are fluorescent). Using
confocal microscopy, Ruan et al. (69) followed TAT peptide–conjugated QDs in HeLa cells over
24 h and assessed the effects of temperature on uptake.

4.2. Functional Assays

In this section, we describe commonly used functional assays, grouped by the (similar) cellular
processes studied.
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4.2.1. DNA synthesis and damage. DNA synthesis assays give critical information about the
proliferative state and general health of dividing cells. Such assays are commonly used to assess
cell proliferation or to quantify the number of cells in each stage of the cell cycle (which can
subsequently reveal cell-cycle arrest at a given point). The incorporation of BrdU (5-bromo-
2′-deoxyuridine) into newly synthesized DNA has been frequently employed to quantify DNA
synthesis in nanotoxicity assays. This technique has been utilized to assess the genotoxicity of Ag
nanoparticles and polyethylene glycol (PEG)-coated cadmium selenide/zinc sulfide (CdSe/ZnS)
QDs on A549 cells and skin epithelial cells (HSF-42), respectively (70, 71). Although less common,
a similar method of measuring thymidine incorporation has also been used to assess DNA synthesis
of macrophages following Au nanoparticle exposure (72).

Damage to DNA is a fundamental example of cellular toxicity, and it is critical to assess such
damage for any nanoparticle that is likely to come in contact with humans, given that damage to
DNA is highly correlated with an increased risk of cancer. By far the most common method to
assess DNA damage is the comet assay (single-cell gel electrophoresis assay), which is utilized to
measure the number of single-strand breaks in DNA. This assay has been used to assess DNA
damage in cells exposed to cerium oxide (CeO2) (73), Co (74), Ag (75), and SiO2 nanoparticles
(76). Other methods to assess DNA damage include checking for the presence of micronuclei
or other chromosomal aberrations and measuring the expression of proteins implicated in DNA
repair (Figure 1a). Oostingh and colleagues (70) used the cytokinesis-blocked micronucleus assay
to show the influence of cobalt oxide, Au, Fe3O4, or CeO2 on the amount of micronuclei in
peripheral blood mononuclear cells. Others have monitored chromosomal aberrations that arose
after exposure to Co/Cr alloy particles by visual inspection after fluorescence in situ hybridization
in human fibroblasts (77). Finally, an increase in expression and activation of the DNA repair–
related proteins was observed upon cellular exposure to MWCNTs (78).

4.2.2. Altered gene expression. Understanding the effect of nanoparticles on the cellular
genome is a critical step toward achieving a real understanding of any nanoparticle’s toxicity
profile. The activity of functional genes implicated in various cellular processes can be quantita-
tively assessed through the use of techniques such as DNA microarray (general) or polymerase
chain reaction (PCR; specific) analysis. DNA microarray analysis has been used to assess changes in
gene expression upon exposure to Au nanorods (67), SWCNTs (79), and SiO2-coated CdSe/ZnS
QDs (71). Bregoli et al. (80) analyzed gene expression with PCR to study the effects of antimony
trioxide (Sb2O3) nanoparticles in erythroblasts, whereas Park et al. (34) studied CeO2 nanoparticle
impact on the expression of genes related to oxidative stress and cell structure.

4.2.3. Immunogenicity. The ability of a given nanoparticle to evoke an immune response is a
critical indicator of its toxicity to physiological systems, one that is not necessarily being explored
by standard cellular toxicity studies. Cytokine levels can be accurately detected at minute volumes
(picograms per milliliter) by an enzyme-linked immunosorbent assay. Using this technique, inves-
tigators have studied proinflammatory cytokines [e.g., interleukin (IL)-6 and IL-8] in various cell
types following exposure to metal oxide nanoparticles (81, 82). A different approach used real-time
PCR to quantify the degree of messenger RNA expression of IL-18 and its receptor, IL-18Rα,
upon exposure to AgO nanoparticles (70).

4.2.4. Oxidative stress. An increase in the presence of ROS in the cellular environment has
the potential to damage or disrupt a host of key cellular processes. This increase in ROS may
result either from an innate immune response to a nanoparticle or from the ability of a spe-
cific nanoparticle (e.g., a fullerene or a metal oxide) to autocatalyze ROS formation (83, 84).
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Figure 1
Examples of functional and viability assays used to assess nanoparticle toxicity. (a) Functional assay.
Micronucleus analysis of human lung fibroblasts after exposure to control and 100 μg ml−1 Ag nanoparticles
for 48 h. The arrow in the nanoparticle-exposed cell (right) highlights the micronucleus, which indicates
nanoparticle-induced chromosomal breakage. Panel a adapted and reprinted with permission from
Reference 75. (b) Viability assay. The toxic concentration necessary to cause mortality of 50% of the
examined population (TC50) values for 24 commercially available nanoparticles in A549 and THP-1 cells as
determined by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] and neutral red assays.
Panel b adapted and reprinted from Reference 92. These assay results, and others like them, illustrate the
complexity of drawing nanoparticle-specific conclusions about toxicity among various studies.

Generally, the presence of ROS is assessed either directly (by quantifying the amount of ROS
present in a given cell population) or indirectly (by monitoring the secondary effects of prolonged
oxidative stress). Direct measurements usually employ a spectrofluorimetry/flow cytometry– or
spectrophotometry-based system to monitor the ROS-induced formation of the fluorescent prod-
uct fluorescein from 2′,7′-dihydrodichlorofluorescein diacetate (DCFDA), the superoxide-induced
conversion of dihydroethidium (DHE) from the blue fluorescent form to the red fluorescent form,
or the superoxide-induced conversion of nitroblue tetrazolium (NBT) to blue formazan. Recent
examples have employed the DCFDA and DHE assays to show changes in ROS levels in MPMCs
(11) or human fibroblasts (75) exposed to Au or Ag nanoparticles with different surface function-
alities. The NBT assay has been employed to study the effects of ultrasmall superparamagnetic
iron oxide nanoparticles (85) and cationic lipid–coated Fe3O4 nanoparticles (86) in human mono-
cyte macrophages and 3T3 cells, respectively. Measurement of the secondary effects of increased
cellular ROS has been performed predominantly by assaying for lipid peroxidation or antioxidant
depletion, which allowed for the detection of 8-hydroxy deoxyguanosine (8-OHdG) and superox-
ide dismutase (SOD) activity. To assess lipid peroxidation in the presence of Cd/Te QDs, Choi
et al. (87) used a green fluorescent dye that inserts into the cell membrane and turns red in the
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presence of oxidized lipids. Other groups have detected 8-OHdG by either high-performance
liquid chromatography or immunochemical methods to assess oxidative stress caused by Au (88)
and Co/Cr alloy nanoparticles (89).

4.2.5. Cell proliferation. The rate of cell growth is an important indicator of overall cell health
and of the potential for nanoparticles to interfere with proliferative processes. Two quantitative
assays have emerged as the standard for assessing cell proliferation: (a) cell counting by flow
cytometry or high-content image analyzers and (b) the colony-forming efficiency (CFE) assay.
Flow cytometry has been utilized to determine the effect of SWCNTs (79) and PEG-silane-
modified CdSe/ZnS QDs (71) on the proliferation of HEK293 and human lung and skin epithelial
cells, respectively. The CFE assay has been used to assess the effects of polymeric entrapped thiol–
coated Au nanorods (90) and of Au, TiO2, Fe2O3, Fe3O4, Ag, Co, and Sb2O3 nanoparticles (80)
on murine fibroblasts and human hematopoietic progenitor cells.

4.2.6. Exocytosis. The effect of nanomaterials on vital cellular processes, such as exocytosis,
should be intimately understood before any nanomaterial is deemed safe. Recently, a novel
method, carbon-fiber microelectrode amperometry, has been employed to study the effect of var-
ious nanoparticles on the secretion of electroactive small molecules (e.g., serotonin, epinephrine).
Use of this single-cell measurement method allows one to quantify the number of chemical mes-
senger molecules released per vesicle, the specific release kinetics, and the frequency of vesicle
fusion with high sensitivity and time resolution. Studies in MPMCs and adrenal chromaffin cells
have utilized this method to reveal detailed changes in quantal content and frequency of vesicle
fusion in response to SiO2 (9), TiO2 (9), Ag, and Au (8), as well as functionalized (with either
positive or negative side chains) Au and Ag nanoparticle exposure (11).

4.3. Viability Assays

This section describes the assays commonly used to assess cell viability following nanoparticle
exposure.

4.3.1. Metabolic activity. By a considerable margin, assays of metabolic activity are the most
common methods used to determine cell viability following nanoparticle exposure. Of these as-
says, the most popular is the MTT assay—in live cells, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] is reduced to purple formazan, which can be detected spectropho-
tometrically. However, due to the possibility that various nanomaterials may interfere with this
assay, differing water solubility, and investigator preference, several similar assays (e.g., MST,
MTS, XTT, WST-1) have also been employed (91). Lanone et al. (92) utilized the MTT assay to
make comparisons between the toxicities of 24 manufactured nanoparticles (Figure 1b). Another
dye, alamar blue (resazurin), which is reduced by living cells to the fluorescent product resorufin,
has also been extensively utilized to measure cell viability, for example, following exposure to
SiO2-coated CdSe QDs (93) and amino acid–functionalized Au (94). Finally, AshaRani et al. (75)
assessed total ATP content to determine the toxicity of starch-capped Ag nanoparticles.

4.3.2. Hemolysis. The lysis of erythrocytes in response to nanoparticles can be a measure of both
membrane disruption and extreme cellular toxicity (i.e., necrosis) and is especially important for
nanoparticles that are intended to be directly introduced into the bloodstream. The spectropho-
tometric detection of hemoglobin is an extremely sensitive technique and has been exploited in
a study of Stöber and mesoporous SiO2 (95). Goodman et al. (96) have also used this approach
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to determine the median lethal dose values for functionalized Au nanoparticles. Recent studies in
our lab have focused on the hemolytic potential of functionalized Au nanoparticles while assess-
ing their effects on ROS production in neutrophils and thrombotic capabilities (S.A. Love, J.W.
Thompson & C.L. Haynes, manuscript submitted).

4.3.3. Apoptosis and necrosis. Measurements of the indicators of programmed cell death (i.e.,
apoptosis) and/or necrosis directly reveal nanoparticles’ ability to induce intracellular suicide
mechanisms or destroy cells. Such assays focus largely on measuring membrane integrity, but
some also attempt to measure apoptotic protein levels/activation and DNA fragmentation. Five
main techniques are used to determine membrane integrity: phosphatidylserine (which migrates
to the extracellular surface of apoptotic cells) labeling with annexin V (75), propidium iodide ex-
clusion by intact membranes (75), Trypan blue exclusion by intact membranes (67, 96), neutral
red staining (which undergoes a color change due to protonation in intact lysosomes) (85, 92), and
determination of total lactate dehydrogenase (LDH) content in the extracellular medium (89, 97).
Another common assay looks for the exclusion of red fluorescent ethidium homodimer 1 from live
cells while measuring uptake of calcein-AM (which fluoresces green after modification by intra-
cellular esterases). Kirchner et al. (98) and Chang et al. (99) employed the last method to visualize
dose-dependent cell death in response to CdSe, CdSe/ZnS, or Au nanoparticles and CdSe/CdS
QDs, respectively. Attempts to quantify apoptotic proteins (or their activation) have been confined
mostly to measurement of caspase-3 and caspase-9. For example, Park et al. (34) detected cytosolic
capase-3 following exposure to CeO2 nanoparticles, and Jiang et al. (100) investigated changes in
caspase-3 and caspase-9 levels following exposure to Au nanoparticles. Finally, assessment of the
level of DNA fragmentation with TUNEL (terminal deoxynucleotidyl transferase deoxyuridine
triphosphate nick end labeling) can be used to identify apoptosis, as demonstrated by studies of
SWCNTs (79) and Eu(OH)3 nanoparticles (101).

When choosing one of these assays, or others not reviewed above, it is important to consider
the challenges that have emerged in the presence of nanoparticles. That is, several assays produce
erroneous results when used with nanoparticles. In the MTT assay, CNTs can cause the solu-
bility of the formazan to be modified through adsorption of the reduced crystals, thereby falsely
lowering viability results (102). Failure of the MTT assay can also occur during assessment of
mesoporous silicon nanoparticles due to the spontaneous reduction of MTT by the silicon sur-
face, which causes artificially high viability results and potentially masks nanoparticle effects (103).
Such spontaneous reduction may also occur in graphene particles (104). The LDH assay has also
failed for some nanoparticles, including Cu (LDH was inactivated) and TiO2 (LDH was adsorbed)
(105). These examples of nanoparticle assay interference suggest that careful controls, a specialty
of the analytical chemist, are needed to ensure accurate results and that multiple assessments
of viability are necessary (91, 106). In addition to developing techniques in which nanoparticles
do not interfere, as in the aforementioned viability assays, the expertise of analytical chemists in
performing sensitive measurements to determine toxicological markers that may be unique to
nanotoxicity will be required to advance the field.

5. CASE STUDIES

In this section, we present three case studies of nanoparticles that are commonly used and studied
via various methods to showcase the types of work done with in vitro models and to attempt to draw
conclusions from recent toxicity assessments. These case studies focus on one representative of
each of the three most common and widely studied nanoparticle classes: metal-, metal oxide–, and
carbon-based nanoparticles. For each nanoparticle class, numerous studies have examined toxicity
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within both in vivo and in vitro systems via various approaches by use of the above-described model
systems for mammalian and other systems. Note that generalized conclusions for mammalian in
vitro studies are drawn in each of the case studies discussed below, despite the wide variety of
nanoparticles, assays, and model systems used.

5.1. Metal: Silver

According to the Project on Emerging Nanotechnologies, Ag nanoparticles are the single most
commonly used nanoparticle in consumer applications (2); therefore, we use Ag to represent the
metal nanoparticle class. Ag nanoparticles are often employed for their desirable optical proper-
ties, which arise from the surface plasmon (a collective surface electron oscillation supported by
the nanoparticle) that gives them their characteristic intense color and strong Rayleigh scattering.
Because one can readily modulate the surface plasmon by tailoring nanoparticle properties (i.e.,
size, shape, aggregation or agglomeration state, etc.), Ag nanoparticles are being studied for a
wide variety of applications (2). Ag in many forms has been used as an effective antimicrobial
agent, and as such, Ag nanoparticles are being studied for use in the same and extended appli-
cations. Accordingly, one of the most investigated properties of Ag nanoparticles is the possible
release of Ag+, a species thought to contribute to Ag’s antimicrobial activity (107–109). In this
capacity, Ag nanoparticles can be found in diverse commercial products, including socks, pants,
sheets, and washing machines, which allows for either unintentional or intentional exposure to
Ag nanoparticles (2). In 2007, Benn & Westerhoff (110) found that commercially available socks
release both colloidal and ionic Ag upon normal washing conditions. For this reason, a significant
number of Ag-related toxicity studies focus on the antibacterial efficacy and ecological impacts of
Ag nanoparticles. Because a complete discussion of the current state of bacterial work is beyond the
scope of this review, we direct interested readers to two review articles (107, 109). Another study
has examined the impact of Ag nanoparticles in both bacterial and eukaryotic cells; the authors
found that Ag nanoparticles embedded in a chitosan polymer are not toxic to eukaryotic cells but
are to microbes (108).

Investigators have characterized Ag nanoparticle uptake by mammalian cells; nanoparticles
are internalized, localizing within various cellular compartments. Arora et al. (111) used TEM
to show that Ag nanoparticles localize to the mitochondria in primary murine fibroblasts and to
mitochondria and endosomes in liver cells. Also, AshaRani et al. (112) found that in immortal-
ized human glioblastoma cells (U251), starch-coated nanoparticles are distributed throughout the
cytoplasm and are found in the nucleus and the mitochondria. Several other studies, including
those by Foldbjerg et al. (113) and Hsin et al. (114), used atomic absorption spectroscopy and flow
cytometry to demonstrate that nanoparticles are taken up by various cell types in a time-dependent
manner. Additional studies have found concentration-dependent uptake (8) and differential uptake
for varied surface charges (11). Overall, although Ag nanoparticles are internalized, differences in
nanoparticle and model cell choice can lead to differential uptake and localization within the cells,
which suggests that there are complex uptake mechanisms worthy of further systematic study.

Because Ag+ is a known toxicant, investigations must consider the possibility of Ag nanoparticle
dissolution during exposure. Additionally, because nanoparticles apparently make their way into
cells, ending up in various cellular compartments with a range of pHs, the possibility of nanoparticle
dissolution and Ag+ release seems likely. Recent work has begun to examine the dissolution
rate of several types of Ag nanoparticles, focusing on solution parameters (e.g., pH, dissolved
O2) (115) and varied surface coatings (116). Chen and coworkers (18) have found that when
environmental factors (e.g., pH, dissolved O2) are kept constant, Ag+ release rates depend on
primary nanoparticle concentration and size (Figure 2a). As the concentration of O2 and protons
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Figure 2
Ag+ release from nanoparticles is one of the greatest causes of Ag nanoparticle toxicity. (a) Dissolution of
Ag+ from Ag nanoparticles of varied size, over time, and in different O2 environments (large red arrows), as
measured with inductively coupled plasma mass spectrometry. Panel a reproduced with permission from
Reference 18. (b) Results demonstrating the effect of Ag+ on the exocytotic cell function of murine
peritoneal mast cells following exposure to Ag nanoparticles with positively or negatively charged surface
molecules. The results indicate a significant decrease in the number of chemical messenger molecules
(serotonin) secreted by the cells (as denoted by the spike area) and the frequency of exocytotic events
(denoted by the spike frequency) following exposure to either Ag nanoparticle; the ionic content caused a
significant decrease in frequency for Ag−. Single asterisk, p < 0.05; double asterisk, p < 0.01; triple asterisk,
p < 0.005. Panel b reproduced with permission from Reference 11. These two examples of Ag+ ion release
experiments highlight the need to utilize careful controls to interpret nanoparticle toxicity results, an
essential consideration already commonly utilized by analytical chemists.

affects the rate of Ag nanoparticle dissolution (18, 115), surface modifications help control the
dissolution process (117). In the case of MUA (11-mercaptoundecanoic acid) modification, Hurt
and coworkers (117) found that Ag dissolution was completely abrogated. However, Marquis
et al. (11) found that an ion control (Figure 2b) did not completely account for the changes in
exocytosis observed when the cells were exposed to the nanoparticles; this finding implicates a
nanoparticle-specific mechanism of toxicity. All of these studies suggest that Ag nanoparticles
probably release Ag+ during exposure—which highlights the need for careful controls to compare
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ion effects with nanoparticle effects—but that the Ag nanoparticles themselves are important to
measured cytotoxicity.

Numerous studies have examined Ag nanoparticle toxicity in vitro; the majority focused on
nanoparticle size–variation effects. Studies have examined individual cell and monolayer morphol-
ogy and found that cellular morphology appears to change upon nanoparticle exposure, leaving
cells shriveled or deformed (111, 112, 118, 119). Many studies conducted with MTT, LDH, and
apoptosis/necrosis assays have found that Ag nanoparticles lead to dose- and size-dependent de-
creases in viability (111, 112, 118, 119). Zanette et al. (41) found that cell proliferation is also
altered upon exposure and does not return to normal even after a week of recovery.

To further assess the possible mechanism of these changes in cell structure and viability,
studies have examined cytokine release (118), membrane permeability, and oxidative stress (119),
finding changes that indicate increased stress (i.e., increased proinflammatory mediator release,
altered membrane potentials, and increased ROS and oxidative stress markers) in a time-, size-,
and dose-dependent manner. In a systematic study, Park et al. (120) examined poly(N-vinyl-2-
pyrrolidone)-stabilized Ag nanoparticles measuring 4, 20, and 70 nm in diameter in immortalized
U937 (human monocyte) cells. These authors monitored exposure effects, with cells incubated in
1 to 50 μg ml−1 nanoparticles for up to 24 h, on viability (cell counting, propidium iodide/annexin
V), oxidative stress (DCFDA), and cytokine release (e.g., IL-8, tumor necrosis factor α) (120). Park
et al. found decreased cell viability for the smallest nanoparticles; IL-8 and ROS were increased
but could be abolished either with N-acetylcysteine (antioxidant) pretreatment or by blocking
nanoparticle uptake (120).

Some general trends emerge from these recent studies of Ag nanoparticles using in vitro
approaches. Generally, cells exposed to Ag nanoparticles show increased indicators of cellular
stress and functional changes that do not necessarily lead to cell death. Careful consideration of
Ag+ dissolution and its physicochemical properties is crucial to inform rules for safe nanoparticle
design.

5.2. Metal Oxide: Titanium Dioxide

TiO2 nanoparticles are some of the most abundantly produced nanomaterials and are found in
diverse everyday and nanotechnology-enabled products and applications (2). Their wide use in
applications ranging from cosmetics and sunscreens (121) to heterogeneous catalysts (122) results
in an increased likelihood of either intentional or unintentional exposure (see Reference 123 for a
review of in vitro toxicity and Reference 124 for a review of aquatic in vivo toxicity). As a semicon-
ductor nanoparticle, TiO2 is known for its considerably large bandgap of 3.2 eV, which gives rise
to the nanoparticle’s photocatalytic activity. Under UV illumination, the nanoparticle becomes a
strong oxidizing agent. An important characteristic of TiO2 nanoparticles that distinguishes them
from many other commonly used materials is that they are crystalline. The three crystal forms of
TiO2 are rutile, anatase, and brookite; whereas bulk TiO2 is thermodynamically most stable in
the rutile form, nanoparticles tend to have significant anatase character. Both the crystallinity and
the oxidizing potential of TiO2 nanoparticles are important considerations in the assessment of
their cytotoxicity.

Characterization of TiO2 nanoparticle uptake is critical to understanding this material’s
toxicity modes. TiO2 nanoparticles tend to aggregate in solution without surface modification
(9, 16, 47), which influences their effective size and may affect their induced cytotoxicity. Such
aggregation or agglomeration is readily observed in uptake and localization studies. That is, in
many studies utilizing TEM, TiO2 nanoparticles are taken up into the cells and tend to localize
within the lysosomes or vesicles of the cells as aggregates (9, 40, 125–127). Hackenberg et al. (49)
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and Simon-Deckers et al. (128) observed nanoparticle uptake; however, nanoparticles remained
localized in the cytoplasm. Electron microscopy [both TEM and scanning electron microscopy
(SEM)] can also be used to observe morphological changes in the cell upon exposure. Using SEM
imaging, Pan et al. (127) showed that TiO2 nanoparticles are aggregated and cause morphological
changes in human dermal fibroblasts. Although TiO2 nanoparticles aggregate and are localized in
the cell as aggregates, to our knowledge no systematic studies of the impact of TiO2 nanoparticle
aggregates on toxic responses have been done.

In vitro studies performed to better understand the effects of TiO2 crystallinity on cells have
revealed that the anatase crystal form causes a greater toxic response than the rutile form does
(40, 127, 129). Elucidation of the toxic response has involved the MTS (129), MTT (82, 126, 128,
130), cell-staining (130), and cell-proliferation (40) assays, which revealed that TiO2 nanoparticles
cause a dose- and time-dependent decrease in cell viability; the anatase form induces the greatest
decrease in viable cells. In addition to decreased cellular viability, TiO2 nanoparticles, particularly
the anatase form, cause increased levels of inflammatory indicators such as LDH (82, 126, 129,
130) and IL-8 (130); again, anatase nanoparticles cause a greater inflammatory response than do
rutile nanoparticles. Schanen et al. (82) utilized a novel simulated immune system coupled with
a multiplex cytokine array to measure proinflammatory mediators secreted from the system; they
determined that all TiO2 nanoparticles initiate an inflammatory response and that, again, anatase
nanoparticles cause greater proinflammatory cytokine secretion than do other TiO2 nanoparticle
forms.

The anatase crystal form may be more toxic because of its greater oxidizing potential, which
would generate a greater amount of reactive species (100). The effect of (any crystalline form of )
TiO2 nanoparticles’ oxidizing potential is commonly assessed as cellular oxidative stress through
direct detection of ROS (Figure 3a) (125, 129, 131) and/or the indirect measurement of oxidative
stress indicators such as glutathione (129) and SOD (Figure 3b) (129, 132). A dose- and time-
dependent increase in oxidative stress has been observed for TiO2 nanoparticles; the anatase form
generates the greatest amount (Figure 3b). A hypothesized product of TiO2 nanoparticle–induced
oxidative stress is DNA damage, as measured with the comet assay; however, minimal genotoxicity
has been observed upon exposure to TiO2 nanoparticles but even then only at high doses (49, 126).
Wu et al. (129) have investigated the oxidative stress effects induced by TiO2 nanoparticles on the
mitochondrial membrane potential of PC12 cells; they identified a dose-dependent decrease in
membrane potential following exposure to anatase nanoparticles. However, Hussain et al. (131)
found no decrease in mitochondrial membrane potential in bronchial epithelial cells following
nanoparticle exposure. In addition to membrane potential reduction, increased levels of signaling
molecules such as caspase-3 have been observed, which indicates that TiO2 may trigger apoptosis
(131, 132); other work suggests that anatase nanoparticles also cause necrosis (40, 129).

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 3
Oxidative stress induced by TiO2 nanoparticles. (a) Bronchial epithelial cells exposed to nanoparticles demonstrate nanoparticle-
induced reactive oxygen species (ROS) after 4 h exposure and imaging with the fluorescent ROS probe 2′,7′-dihydrodichlorofluorescein
diacetate (DCFDA). Higher-intensity fluorescence indicates greater amounts of ROS. Panel a modified with permission from
Reference 131. (b) TiO2-induced oxidative stress in PC12 cells, as revealed by various assays. Results indicate that anatase TiO2
nanoparticles cause a dose-dependent increase in ROS (as measured with DCFDA), a decrease in the antioxidant glutathione (GSH),
decreased superoxide dismutase (SOD) activity, and an increase in the oxidative stress marker malonaldehyde (MDA). Additionally,
these assays reveal that anatase and nanosized particles cause greater oxidative stress than do rutile or micrometer-sized nanoparticles,
respectively. These two examples of TiO2-induced ROS generation illustrate a mode of toxicity commonly thought to be critical in
nanotoxicity. Panel b modified with permission from Reference 129.
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Important observations about the cytotoxicity of TiO2 nanoparticles have emerged, although
challenges to drawing generalized conclusions persist. To this end, some investigators have
attempted multilab studies (92), and many TiO2 toxicity studies utilize commercially available
Degussa AEROXIDE P25 nanoparticles that are approximately 30 nm in diameter and ∼80%
rutile and ∼20% anatase (133). However, these nanoparticles do not represent an accurate model
based on particles currently utilized in commercial products (134). In general, nanoparticles’ char-
acteristics of crystallinity, oxidizing potential, and aggregation are probably key contributors to
the observed in vitro cellular toxicity for TiO2 nanoparticles and require continued careful work.

5.3. Carbon: Carbon Nanotubes

Since CNTs were discovered in by Iijima (136) in 1991, they have been studied extensively because
of interest in their extremely high strength-to-weight and aspect ratios, high surface area, tensile
strength, thermal stability, and conductivity (135). CNTs are allotropes of carbon composed
of either a single graphite sheet (termed SWCNTs) or multilayered graphene sheets (termed
MWCNTs). To date, CNTs are some of the most abundantly produced engineered nanomaterials
for industrial use. CNTs have been used as carriers for drug and gene delivery and as scaffolds
for tissue engineering (137, 138). The global market for CNTs was recently predicted to amount
to approximately $1 billion by 2014 (139), which indicates that a huge number of CNT-related
products are likely to appear in the future. A complete review of all the CNT toxicity studies
is beyond the scope of this article, but comprehensive reviews of in vitro and in vivo CNTs
toxicity can be found in two recently published papers (140, 141). Due to different synthesis and
dispersion methods as well as nanoparticle diversity in the CNT class, residual metal catalysts,
surface chemistry, aggregation state, and structural differences must be considered in CNT toxicity
studies.

Cellular uptake of CNTs is important in interpreting the cytotoxicity of CNTs; uptake of
CNTs can be monitored with optical microscopy, TEM, or fluorescence microscopy. The cel-
lular uptake and morphological changes of individual CNT or CNT agglomerates in various
cells have been confirmed with optical microscopy and TEM (55, 142, 143). The morphological
changes (144, 145), vacuole formation in cells (143, 146), and loss of membrane integrity (147)
following cells’ exposure to CNTs have also been observed with optical microscopy and TEM.
TEM images of cellular ultrastructure, which reveal the presence of cytoplasmic protrusions and
CNT-containing phagolysosomes, further demonstrate that CNTs increase the phagocytic ac-
tivity of macrophages (145). Using fluorescence microscopy, investigators have also observed
fragmented nuclei and balloon-like nuclear morphology (Figure 4) in CNT-exposed cells, which
indicates the presence of apoptotic and necrotic cells, respectively (142, 147).

Here, we discuss several major factors that affect the cytotoxicity results of CNTs, using rep-
resentative examples. Pulskamp et al. (148) showed that commercially available CNTs do not
cause acute toxicity (WST-1 and PI staining) but that they do induce ROS generation in human
A549 lung cells and rat macrophages. However, the authors attributed the increased ROS levels
to the metal residuals in the CNTs. To exclude the impurity effect, Tsukahara & Haniu (142)
used highly purified MWCNTs to demonstrate that, even with no significant intracellular ROS
generation, the cellular uptake of MWCNT still increases cell death (alamar blue assay), increases
membrane damage (LDH assay), and induces the release of cytokines (e.g., tumor necrosis factor
α, IL-12, IL-10, IL-6, IL-1β, and IL-8) in BEAS-2B cells. These authors also speculated that
CNT exposure induces BEAS-2B cell necrosis (142).

To study the influence of surface chemistry and particulate state of CNTs in the cytotoxic
response, Bottini et al. (149) compared the cytotoxicity of pristine versus oxidized MWCNTs and
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a b c

Figure 4
Morphological analysis of BEAS-2B cells following 24 h exposure to multiwalled carbon nanotubes
(MWCNTs). (a) Bright-field image of exposed cells. (b) Cells stained with Hoechst 33,342. (c) Merged
image of panels a and b. The arrows indicate nuclei with ballooned morphology, which is associated with
necrotic cell death. Additionally, these images reveal that MWCNTs are internalized in the cytoplasm of the
cell near the nucleus and show the importance of examining the uptake of nanoparticles, which can be a key
contributor, although it is not directly a measure of toxicity. Modified with permission from Reference 142.

found that oxidized MWCNTs induced greater human T cell apoptosis, as shown by Trypan blue
and annexin V assays. Wang et al. (150) screened the cytotoxicity of nine different SWCNTs from
various vendors. They found that only two SWCNTs are highly toxic to normal rat kidney cells,
and both are carboxylic acid functionalized. They also demonstrated that additional purification
can remove the cytotoxic species (small oxidized carbon fragments) from carboxylate SWCNTs
(150). In addition, Wick et al. (144) investigated the effect of CNT agglomeration in mesothelial
cells and found that well-dispersed SWCNTs are less toxic than agglomerated SWCNTs.

Cytotoxicity comparisons between SWCNTs and MWCNTs have been performed in several
studies; in general, both material classes produce time- and concentration-dependent changes in
cellular morphology, viability, and oxidative stress (143, 147), although there are some notable
differences. Jia et al. (146) found that purified SWCNTs are more toxic than MWCNTs, quartz,
and C60 in primary guinea pig alveolar macrophages. SWCNTs also significantly impaired the
phagocytotic activity of alveolar macrophage at a very low dosage (0.38 μg cm−2). Di Giorgio
et al. (145) showed that SWCNTs and MWCNTs are cytotoxic (Trypan blue exclusion assay)
and genotoxic (cytokinesis-block micronucleus and comet assays) to mouse macrophages (RAW
264.7). These authors also found that CNTs (a) cause necrosis in RAW 264.7 cells, (b) are more
genotoxic than carbon black, and (c) also cause chromosomal breakage and changes in chromosome
number.

On the basis of our present knowledge of CNT cytotoxicity, it is difficult to make a generalized
conclusion because of conflicting results. To date, investigators generally agree that CNTs are
toxic and adversely affect a variety of cells. Factors such as metal impurities, particulate state, struc-
tural differences, and the surface properties of CNTs greatly influence their apparent cytotoxicity.
To advance the field, both thorough material characterization of CNTs prior to toxicity studies
and standardized and reliable methods to assess the cytotoxicity of CNTs are needed.

6. CONCLUSIONS

A fundamental concept in toxicity assessment is that risk is a combination of both exposure and
hazard. With the increased use of nanoparticles in commercial products, there has been a significant
increase in the possibility of nanoparticle exposure to both the public and industrial workers. As
discussed above, scientists in a broad range of disciplines have been working to establish the
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hazards of nanoparticles by using a myriad of viability and functional assays, although few have
been from the analytical chemistry community. However, the current state of in vitro toxicity
studies and of the nanotoxicity field at large has limitations, particularly in technology for the
characterization of nanoparticles throughout exposure and in assays that are better at predicting
the in vivo toxic response; therefore, this area is ripe for development. In light of these challenges,
this field could greatly benefit from the skills of analytical chemists, as highlighted herein, to
develop better methods, technologies, and models.
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primary bronchial epithelial cells respond differently to titanium dioxide nanoparticles than the lung
epithelial cell lines A549 and BEAS-2B. Nanotoxicology. In press. doi:10.3109/17435390.2011.598245)

49. Hackenberg S, Friehs G, Froelich K, Ginzkey C, Koehler C, et al. 2010. Intracellular distribution, geno-
and cytotoxic effects of nanosized titanium dioxide particles in the anatase crystal phase on human nasal
mucosa cells. Toxicol. Lett. 195:9–14

50. Reisetter AC, Stebounova LV, Baltrusaitis J, Powers L, Gupta A, et al. 2011. Induction of inflammasome-
dependent pyroptosis by carbon black nanoparticles. J. Biol. Chem. 286:21844–52

51. Wang L, Mercer RR, Rojanasakul Y, Qiu A, Lu Y, et al. 2010. Direct fibrogenic effects of dispersed
single-walled carbon nanotubes on human lung fibroblasts. J. Toxicol. Environ. Health A 73:410–22

52. Wadhwa S, Rea C, O’Hare P, Mathur A, Roy SS, et al. 2011. Comparative in vitro cytotoxicity study of
carbon nanotubes and titania nanostructures on human lung epithelial cells. J. Hazard. Mater. 191:56–61

53. Foldbjerg R, Dang D, Autrup H. 2011. Cytotoxicity and genotoxicity of silver nanoparticles in the human
lung cancer cell line, A549. Arch. Toxicol. 85:743–50

54. Ahamed M, Akhtar MJ, Siddiqui MA, Ahmad J, Musarrat J, et al. 2011. Oxidative stress mediated
apoptosis induced by nickel ferrite nanoparticles in cultured A549 cells. Toxicology 283:101–8

55. Thurnherr T, Brandenberger C, Fischer K, Diener L, Manser P, et al. 2011. A comparison of acute and
long-term effects of industrial multiwalled carbon nanotubes on human lung and immune cells in vitro.
Toxicol. Lett. 200:176–86

56. Pacurari M, Schwegler-Berry D, Friend S, Leonard SS, Mercer RR, et al. 2011. Raw single-walled carbon
nanotube–induced cytotoxic effects in human bronchial epithelial cells: comparison to asbestos. Toxicol.
Environ. Chem. 93:1045–72

200 Love et al.

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
12

.5
:1

81
-2

05
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 R

ow
an

 U
ni

ve
rs

ity
 o

n 
06

/2
0/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



AC05CH09-Haynes ARI 14 May 2012 9:59

57. Fan Q, Wang YE, Zhao X, Loo JSC, Zuo YY. 2011. Adverse biophysical effects of hydroxyapatite
nanoparticles on natural pulmonary surfactant. Am. Chem. Soc. Nano 5:6410–16

58. Gibbs-Flournoy E, Bromberg P, Hofer T, Samet J, Zucker R. 2011. Dark field–confocal microscopy
detection of nanoscale particle internalization by human lung cells. Part. Fibre Toxicol. 8:2

59. Eom H-J, Choi J. 2009. Oxidative stress of silica nanoparticles in human bronchial epithelial cell, BEAS-
2B. Toxicol. In Vitro 23:1326–32

60. Lindberg HK, Falck GCM, Suhonen S, Vippola M, Vanhala E, et al. 2009. Genotoxicity of nanomaterials:
DNA damage and micronuclei induced by carbon nanotubes and graphite nanofibres in human bronchial
epithelial cells in vitro. Toxicol. Lett. 186:166–73

61. Bouwmeester H, Poortman J, Peters RJ, Wijma E, Kramer E, et al. 2011. Characterization of translo-
cation of silver nanoparticles and effects on whole-genome gene expression using an in vitro intestinal
epithelium coculture model. Am. Chem. Soc. Nano 5:4091–103

62. Xiao L, Aoshima H, Saitoh Y, Miwa N. 2010. The effect of squalane-dissolved fullerene-C60 on
adipogenesis-accompanied oxidative stress and macrophage activation in a preadipocyte-monocyte
co-culture system. Biomaterials 31:5976–85

63. Kasper J, Hermanns M, Bantz C, Maskos M, Stauber R, et al. 2011. Inflammatory and cytotoxic re-
sponses of an alveolar-capillary coculture model to silica nanoparticles: comparison with conventional
monocultures. Part. Fibre Toxicol. 8:6
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