
Published: April 06, 2011

r 2011 American Chemical Society 3778 dx.doi.org/10.1021/ac200103x |Anal. Chem. 2011, 83, 3778–3785

ARTICLE

pubs.acs.org/ac

Dextran Coated Ultrafine Superparamagnetic Iron Oxide
Nanoparticles: Compatibility with Common Fluorometric
and Colorimetric Dyes
Sioned M. Griffiths,† Neenu Singh,† Gareth J. S. Jenkins,† Paul M. Williams,‡ Alvin W. Orbaek,§

Andrew R. Barron,§ Chris J. Wright,‡ and Shareen H. Doak*,†

†Institute of Life Science, School of Medicine and ‡Multi-disciplinary Nanotechnology Centre, School of Engineering,
Swansea University, Singleton Park, Swansea SA2 8PP, Wales, U.K.
§Department of Chemistry, The Richard E. Smalley Institute for Nanoscale Science and Technology, Rice University,
Houston, Texas 77005, United States

The nanotechnology industry is growing at a rapid rate, with
the increased design and development of novel engineered

nanomaterials (NM), with diverse and wide ranging applications
not only in industry, but also as consumer products and in the
field of medicine. The growing production and utilization of NM
has inevitably resulted in increased occupational, clinical, and
consumer exposure to these substances and is likely to lead to an
accumulation of NM in the environment. However, as of yet the
effects these engineered substances have on human health and
the environment especially, in the long term, still remain largely
unknown.

Over the last 5�6 years there has been a steady increase in
studies focusing on the toxic effects of NM,1�5 but this does not
reflect the exponential growth in the nanotechnology industry.
Thus, the first report by the Royal Society and Royal Academy
of Engineering Report in 2004, has been followed with several
others including the European Scientific Committee on Emer-
ging and Newly Identified Health Risks Report in 2006 and the
DEFRA report in 2007, followed by another European Scientific
Committee on Emerging and Newly Identified Health Risks
Reports and a European commission joint research center institute
for health and consumer protection report in 2009,6�10 all of

which continue to emphasize the need for further study into the
safety of NM.

Traditional assays designed to quantify and characterize
cellular damage, induced following exposure to exogenous
agents, have been largely optimized for chemical compounds.
However, given the unique physiochemical properties associated
with NM, we cannot assume that they can be tested in the same
way. For example, the possibility of direct interaction between
NM and experimental assay components has the potential to
result in false or misleading information, which could be a
complicating factor in safety assessments. Some such instances
have been documented in the literature, with reports demon-
strating that single walled carbon nanotubes interact with a
number of fluorometric and colorimetric dyes, to give unex-
pected results in cell viability assays.11�13 Furthermore, boron
nitride nanotubes have been shown to interfere with the MTT
cell viability test.14 It must also be stressed that due to the unique
properties of each type of NM, we are currently unable to predict
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ABSTRACT:Due to the unique physicochemical properties of
nanomaterials (NM) and their unknown reactivity, the possi-
bility of NM altering the optical properties of fluorometric/
colorimetric probes that are used to measure their cyto- and
genotoxicity may lead to inaccurate readings. This could have
potential implications given that NM, such as ultrafine super-
paramagnetic iron oxide nanoparticles (USPION), are increas-
ingly finding their use in nanomedicine and the absorbance/
fluorescence based assays are used to assess their toxicity.
This study looks at the potential of dextran-coated USPION
(dUSPION) (maghemite and magnetite) to alter the background signal of common probes used for evaluating cytotoxicity (MTS,
CyQUANT,Calcein, and EthD-1) and oxidative stress (DCFH-DA andAPF). In the present study, both forms of dUSPION caused
an increase inMTS signal but a decrease in background signal from calcein and 3'-(p-aminophenyl) fluorescein (APF) and no effect
on CyQUANT and EthD-1 fluorescence responses. Magnetite caused a decrease in fluorescence signal of DCFH, but it did not
decrease fluorescence signal in the presence of the reactive oxygen species-inducer tert-butyl hydroperoxide (TBHP). In contrast,
maghemite caused an increase in fluorescence, which was substantially reduced in the presence of the antioxidantN-acetyl cysteine.
This study emphasizes the importance of considering and controlling for possible interactions between NM and fluorometric/
colorimetric dyes and, most importantly, the oxidation state of dUSPION that may confound their sensitivity and specificity.



3779 dx.doi.org/10.1021/ac200103x |Anal. Chem. 2011, 83, 3778–3785

Analytical Chemistry ARTICLE

behavior, thus tests on these substances must be done on an NM
by NM basis.

NM are defined as substances with at least one dimension
smaller than 100 nm, with different physiochemical properties
compared to their micrometer sized counterparts due to their
high surface area. In some cases the small dimensions make NM
more chemically reactive, with particle size inversely propor-
tional to bioactivity and toxicity.15�19 High surface area can also
change the strength and electrical conductivity of the material,
while the quantum effects associated with NM result in unique
optical, electrical, and magnetic behavior. For example, when
smaller than 20�30 nm, iron oxide nanoparticles (NP) become
superparamagnetic; a property that makes this particular material
very useful in a number of biomedical applications including
magnetic drug targeting, as a contrast agent to enhance MRI
imaging and inmagnetic tumor ablation through hyperthermia.20

Given the potential clinical applications of ultrafine superpar-
amagnetic iron oxide nanoparticles (USPION), evaluation of
their safety is critical. Several studies already exist in the literature
suggesting that iron oxide nanoparticles are toxic to cells and
induce oxidative stress. For example, in 2003 Berry et al. showed
that human dermal fibroblast cells treated with either dextran
coated- or uncoated-magnetite NP exhibit cell death and reduced
proliferation.21 Another study reports that exposing iron oxide
NP to human microvascular endothelial cells induces reactive
oxygen species (ROS) production, that leads to the remodelling of
microtubules and subsequently to increased cell permeability.22

In this study we investigated whether common assays used for
the measurement of oxidative stress, cell viability, and cell growth
are compatible with dextran coated ultrafine superparamagnetic
iron oxide NP (dUSPION), to measure these parameters. We
examined the interactions of dUSPION with cell viability assays:
3-(4,5-dimethylthiazole-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS), calcein, CyQUANT,
and ethidium homodimer (EthD-1) in a cell free system. We
also performed similar studies for oxidative stress assays: 20,70-
dichlorofluorescein-diacetate (DCFH-DA) and 30-(p-aminophenyl)
fluorescein (APF). Furthermore, using the antioxidant N-acetyl
cysteine (NAC), we examined the potential of dUSPION to
initiate ROS production in a cell-free system, and using tert-butyl
hydroperoxide (TBHP) as a source of ROS, we examined the
potential antioxidant properties of magnetite.

’MATERIALS AND METHODS

Materials. dUSPION were purchased from Liquids research,
Bangor, UK. RPMI 1640, horse serum, and Hanks balanced salt
solution (with NaHCO3, without phenol red, calcium chloride,
and magnesium sulfate) were purchased from Gibco, UK. Sodium
hydroxide, glucose, sodium phosphate monobasic, and sodium
phosphate dibasic were purchased from Fisher Scientific, UK.
N-Acetyl-L-cysteine (NAC) and dimethyl sulphoxide (DMSO)
were purchased from Sigma-Aldrich, UK. Tissue culture black
microplates (96 well) were purchased fromGreiner Bio-one, UK,
and clear 96-well tissue culture microplates were purchased from
Nunc, UK. CellTiter 96 Aqueous One Solution reagent was from
Promega UK, Southampton, UK. CyQUANT probe, live/Dead
Viability/cytotoxicity Kit, DCFH-DA, and APF were purchased
from Invitrogen molecular probes, Paisley, UK.
Methods. Preparation of dUSPION. dUSPION were supplied

in suspension in water at a concentration of 10mg/mL. dUSPION

was diluted to the appropriate concentrations in distilledwater and
vortexed for 10 s immediately before use.
Characterization of dUSPION. Dynamc Light Scattering

(DLS). The hydrodynamic particle size of dUSPION samples
were obtained byDLS. Themeasurements were performed using
a Malvern 4700 spectrometer (Malvern instruments Ltd., UK)
either in RPMI with 1% horse serum or in Hepes-buffered
(20 mM) Hanks balanced salt solution with glucose (5 mM)
(pH 7.4). Data is presented as the average values of 15 readings.
X-ray Photoelectron Spectroscopy (XPS). The samples were

dried on an Indium substrate and examined with a PHI Quantera
SXM(TM) (Ulvac-phi, Inc., Japan). All data points were ac-
quired using a beam spot size of 200 um, 40W, and 15 kV, under
a pressure of 5 � 10�9 Torr. The electron source was Al mono-
chromatic with a tilt angle of 45�, operating at 26 eV. Maghemite
was acquired from 700 to 720 eV, using 70 sweeps with a band-
pass energy of 26 eV. Oxygen was acquired from 525 to 537 eV,
using 35 sweeps with a bandpass energy of 26 eV. Carbon was
acquired from 278 to 293 eV, using 25 sweeps and a bandpass
energy of 26 eV. Survey scans were completed from 0 to 1100 eV
using 3 sweeps with a bandpass energy of 140 eV. Each sample
was acquired on its own to prevent the possible contamination
from previous samples.
Zeta Potential. The z-potential values of the dUSPION were

determined by Zetasizer 2000 (Malvern instruments Ltd., UK).
The nanoparticles were prepared in water, and the z-potential
values are presented as the average readings of 10 experiments.
Transmisson Electron Microscopy (TEM). dUSPION sam-

ples for TEM were prepared by dispersion in methanol, then
drop-casting on holey carbon TEM support films (Cu-grids) and
air-dried. TEM was performed using a Philips/FEI CM200 field
emission gun TEM fitted with an Oxford Instruments ultrathin
window EDX detector and ISIS software plus a Gatan Imaging
Filter (GIF200) with Digitialmicrograph software. The micro-
scope was operated at 197 keV.
Viability and Oxidative Stress Assays. The first step for all

assays was loading of dUSPION concentration range onto 96-well
plates. After addition of the probes specified below, the fluores-
cence or absorbance was measured on a POLARStar Omega plate
reader (BMGLabtech, Aylesbury, UK). For all assays each dose of
dUSPION was performed in triplicate within the plate, and each
plate was performed in triplicate on three different days, thus
accounting for both intra- and interplate variability, respectively.
MTS Assay. The MTS assay it is based on the reduction of the

tetrazolium compound MTS and an electron coupling reagent
(phenazine ethosulfate; PES) into a soluble formazan product.
This conversion takes place only in the presence of metabolically
active cells, utilizing the mitochondrial dehydrogenase enzyme.
The formazan product can be measured by absorbance at 490 nm,
which is directly proportional to the number of live cells in
culture and can thus be used for determining the number of
viable cells in proliferation or cytoxicity assays. A 20 μl portion of
CellTiter 96 Aqueous One Solution reagent was added to each
well of a 96-well plate already loaded with 100 μl of dUSPION
at different concentrations; then plates were incubated in a
humidified incubator at 37 �C for 1 h, and the absorbance was
measured at 490 nm.
CyQUANT Assay. A CyQUANT probe was prepared per the

manufacturer’s instructions for use, 200 μl of this was added to
the wells of a 96-well plate already loaded with dUSPION, and
fluorescence was measured after 5 min (fluorescence excitation
and emission at 480 and 520 nm, respectively).
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Live/Dead (calcein/EthD-1) Assay. The Live/Dead Viability/
cytotoxicity Kit was used with final concentrations of 10 μM
Calcein or 20uM EthD-1 added to the appropriate volumes of
dUSPION in a 96-well plate. The fluorescence was read after 1 h.
For calcein fluorescence, the excitation and emission wave-
lengths utilized were 485 and 530 nm respectively, while for
EthD-1, the wavelengths were 530 and 645 nm. The principle of
using calcein is that the cell’s ubiquitous esterase activity converts
the virtually nonfluorescent, cell-permeant calcein AM, to the
highly fluorescent calcein, which is retained within the cell. On
the other hand, EthD-1 is used to detect dead cells as it cannot
enter through the intact plasma membrane of live cells; it can,
however, easily enter damaged cells. Upon binding to cellular
nucleic acids, EthD-1 increases in fluorescence intensity 40-fold
producing a bright red fluorescence detected at 635 nm.
DCFH-DA Assay. DCFH-DA assay is based on the principle

that upon internalization, the diacetate (DA) portion of the
hydrophobic dye is cleaved by intracellular esterases. The result-
ing DCFH is nonfluorescent until it is oxidized by ROS to its
highly fluorescent product DCF. Initiation of the DCFH-DA
assay requires this DA portion of the molecule to be cleaved, and
in acellular systems, this cleavage can be achieved via chemical
means using sodium hydroxide (as in the present study) or using
media. The excitation of the DCF molecule at 485 nm emits
green fluorescence at levels proportional to the amount of ROS
present, which can be detected at 520 nm.
DCFH-DA was dissolved in DMSO to a concentration of 1 M

and was further diluted to the appropriate concentration with
Hepes-buffered (20 mM) Hanks balanced salt solution with
glucose (5 mM) (pH 7.4). Before using DCFH-DA in a cell free
system, chemical cleavage of the diacetate (DA) portion was
necessary by incubation with 10 mMNaOH in the dark, at room
temperature, for 30 min. The resulting DCFH was neutralized
with 25 mM phosphate buffer (1:1 sodium phosphate monobasic:
sodium phosphate dibasic) (pH 7.4) and the solution was kept in
the dark, on ice until use. A 2μMportion ofDCFHwas then added
to the wells of a 96-well plate previously loaded with dUSPION,
and fluorescence was measured over 1 h with fluorescence excita-
tion and emission at 480 and 520 nm, respectively.
To determine if the increases in fluorescence signal observed

with maghemite was indeed due to the generation of ROS
induced by dUSPION (as opposed to dUSPION interaction
with assay components exclusively), further experiments were
performed in the presence of 2 mM NAC, which was applied to
the plates with dUSPION, prior to DCFH. The concentration of
NAC used (2 mM) was chosen, as preliminary studies showed
this concentration to be sufficiently potent to reduce dUSPION
induced increases in DCFH signal. Also, to determine whether
the decrease in fluorescence observed with magnetite was due
to interactions with DCFH or whether magnetite actually has
antioxidant properties, experiments were done to see whether
the presence of magnetite can prevent or reverse TBHP-induced
oxidative stress. For this, TBHP (25 mM) was applied to the
plates with dUSPION and compared to wells loaded with TBHP
alone, to look for a reduction in fluorescence.
For all DCFH experiments, because of the dynamics of the

DCFH fluorescence over time, time zero readings were sub-
tracted from time 60 min readings.
APF Assay. APF was added to a dUSPION preloaded 96-well

plate giving a final concentration of 8 μM, and fluorescence
was measured over 1 h (fluorescence excitation and emission at
480 and 520 nm, respectively).

Statistical Analysis. A one-way ANOVA with a two-sided
Dunnett’s post hoc test was performed for each data point (n = 3)
comparing each one to its relevant untreated control. Fisher’s
exact test was used to compare each dose of dUSPION treatment
with NAC to its relevant zero NAC control. For all graphs, data is
presented as percentage of control without dUSPION inclusion.

’RESULTS AND DISCUSSION

Several recent studies have investigated the potential of engi-
neered NM to induce cytotoxicity, oxidative stress, and genotoxi-
city. However, results from these studies are not always consistent,
and consequently, a great degree of uncertainty regarding the
true toxicity of NM still exists.1,2,4,23�28 One potential explanation
for this uncertainty is the lack of standardized protocols and a
deficiency in appropriate controls when using certain assays for
studying the toxic effects ofNM.23,28�30Wehave previously shown
that standard DNA damage assays also need modification when
dealing with NM as opposed to chemicals for which they were
originally optimized.28 When considering the best approach for
characterization of NM, it must be recognized that due to their
unique physicochemical properties it cannot be assumed that NM
can be tested in the same way as chemicals and that there may be
some confounding factors skewing the results, which may result
in misinterpretation of data sets. In fact, previous studies have
shown that carbaceous NM and nanotubes interact with a range of
colorimetric and fluorometric probes used for testing cytotoxicity
and oxidative stress, including MTT, neutral red, IL-8 cytoset
ELISA, almar blue, WST-1, and Coomasie blue assays, and is
thought to be due to the adsorbing properties of NM resulting in
false readings.11�13,31�34

Interactions between NM and assay components are particu-
larly problematic when these test systems are central to assessing
NM safety. Thus, where colorimetric and fluorometric dyes are
to be relied on for experimental test systems, potential alteration
of background signal due to interference imparted by the NM
must be considered, the importance of which is demonstrated in
the present study using dUSPION.

The physicochemical features of dUSPION were assessed
under experimental conditions (Table 1), and as shown in
Figure 1, both maghemite and magnetite dUSPION were
spherical with a core diameter of ∼10 nm. However, the latter
dUSPION exhibited a slightly more pronounced degree of
agglomeration.

When using the MTS assay in a cell-free system, both dextran-
coated maghemite and magnetite showed no significant change
in absorbance levels, between concentrations of 1 � 10�3 and
10 μg/mL as illustrated in Figure 2a. However, 100 μg/mL of
both maghemite and magnetite dUSPION samples caused a
significantly dramatic (9.5- and 6.5-fold, respectively) increase

Table 1. Characterization of dUSPION: Summary of the
Physicochemical Features of the dUSPION Assessed under
Experimental Conditions

maghemite magnetite

diameter (DLS; nm)

• In RPMI-1640 with 1% serum 80.3 ( 6.0 143.2 ( 11.5

• In hepes-buffered HBSS with glucose 91.0 ( 31.9 128.3 ( 2.0

zeta-potential (mV) �11.4 ( 2.5 �12.0 ( 1.6

XPS ratio (Fe2þ/Fe3þ) 0.118 0.435
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in background absorbance in an acellular system (p < 0.05)
(Figure 2a). For investigating whether the optical properties of
dUSPION have a direct effect on absorbance readings, the
absorbance of dUSPION alone at the wavelength required for
theMTS assay was investigated. Interestingly, the results showed
that 100 μg/mL of dUSPION are capable of significantly
increasing the absorbance readings compared to the control
level in the absence of the MTS reagent (p < 0.05) (Figure 2b).

The MTS assay is a simple and sensitive colorimetric method
that has been used in the past to quantitate NM induced cyto-
toxicity, including zinc oxide, titanium dioxide, and silica- and
alkoxy silane coated iron oxide NP.35,36 However, in the current
study it is clearly demonstrated that dUSPION induce a substantial
increase in absorbance at the wavelengths required for the MTS
assay, thereby severely confounding the sensitivity and specificity of
the assay for quantifying cell viability in response to dUSPION
exposure. This could potentially lead to misinterpretations of

biological response. This suggests that MTS can be used to evaluate
viability of cells treated with dUSPION only if it is taken into
consideration that higher concentrations of dUSPIONmight affect
background signal. The present study is not alone in demonstrat-
ing NM-induced tetrazolium-based assay interference. Studies
have also shown that carbon nanotubes can adsorb another
common tetrazolium compound, MTT, used for cytotoxicity
studies, onto their surface leading to a quenching and an
alteration in absorbance.11,12 However, the effect in the case of
dUSPION depends on the type of probe and the oxidation state
of the dUSPION used.

Incubation of dUSPIONwith the fluorescent probe calcein (also
frequently used to quantify cell viability), resulted in a dose-
dependent decrease in the intensity of the resultant fluorescent
signal at 520 nm with 1 � 10�2 μg/mL maghemite, reaching sig-
nificance at 10μg/mL (p< 0.05; Figure 3). A similar profile was also
observed with magnetite, but only the highest concentration (100
μg/mL) significantly reduced the calcein fluorescent signal in a cell
free system (p < 0.05). The reduction in fluorescence intensity
observed at the higher dUSPION concentrations suggests quench-
ing is induced by theNP that is independent of their oxidative status.

The precise mechanism involved in the assay interferences
observed is not well understood. It is evident that dUSPION
alters the optical properties of the assay probes. It is known that
carbon NM such as single walled carbon nanotubes (SWCNT)
can adsorb dyes onto their surface, likely through van der Waals
forces which subsequently quench or alter their absorbance or
fluorescent properties.11,34 It is not known if dUSPION adsorb
colorimetric and fluorometric dyes in the same manner as
SWNCT. According to Worle-Knirsch et al. in 2006 and later
verified by Casey et al. in 2007, SWNCT interact with insoluble
MTT-formazan crystals that are formed after MTT reduction by
cellular enzymes.11,34 However the present study was in a cell free
system, thus dUSPION are unlikely to interact with MTS in
exactly the same way as SWNCT interact withMTT. However, it
is possible that dUSPION somehow adsorb calcein and MTS
onto their surface leading to quenching of fluorescence in the
case of calcein and enhancement of absorbance readings in the
case of MTS. Interestingly, a dUSPION solution alone examined
without the MTS assay components significantly increased
absorbance readings at 490 nm to levels similar to that seen with
the MTS assay components. This suggests that the increased
MTS response is mostly due to the contribution of dUSPION’s
own optical properties (Figure 2b). Potentially, factors such as
surface chemistry, fabrication process, or types of surfactants
used to disperse the NM (in this study, dextran) may also play a
role in governing the interactions and degree of interference with

Figure 2. Effect of dUSPION exposure on (a) MTS absorbance read-
ings in a cell free system and (b) on absorbance in the absence of the
MTS reagent, n = 3 significantly (*p < 0.05) different to untreated
control.

Figure 3. Effect of dUSPION exposure on calcein fluorescence in a cell
free system, n = 3 significantly (*p < 0.05) different to untreated control.

Figure 1. TEM images of (a) maghemite and (b) magnetite.
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colorimetric and fluorometric dyes. However, in the present
study, dextran alone without the MTS assay components did not
increase absorbance levels at 490 nm (data not shown).

An alternative cell viability test system, the CyQUANT assay
is a sensitive technique used for the determination of cell num-
bers in culture, and unlikeMTTorMTS, this assay does not depend
on cellularmetabolic activity. This assay is based on theCyQUANT
GRdye fluorescing onlywhen bound to cellular nucleic acids (DNA
and/or RNA) in lysed cells. The current study shows that in a cell-
free system increasing concentrations of maghemite or magnetite
did not interfere with the assay (up to 100 μg/mL; Figure 4). Thus,
this assay could be used as an alternative to theMTTorMTS assays.
Similarly, neither form of dUSPION used in this study interfered
with EthD-1 fluorescence in a cell free system (Figure 5).

Interestingly, as opposed to the other probes tested in this
study, the function of which is reliant on chemical reactions, both
CyQUANT and EthD-1 work through enhancing fluorescence
intensity upon binding to nucleic acids. While dUSPION appear
to present limited interference when the assay is dependent on a
physical change, such as binding to nucleic acids, it appears that
if the assay relies on a chemical reaction, the dUSPION may
be interacting with the assay components directly or may be
interfering at some step in the chemical reaction.

Fluorescence-based dyes are also key reporters for oxidative
stress, for example the fluorometric probe DCFH-DA is widely
used for the detection of intracellular ROS.37,38 As illustrated in
Figure 6a, there was a dose-dependent decrease in fluorescence
intensity of DCFH with increasing concentrations of magnetite,
which was significant at concentrations of 1, 10, and 100 μg/mL
(p < 0.05; Figure 6a). TBHP and increasing concentrations of
magnetite demonstrated a synergistic effect with a dose dependent
increase in fluorescence, reaching significance at 100 μg/mL of
magnetite (p < 0.05; Figure 6a). Our results suggest that this

decrease in DCF signal is not due to any antioxidant effect that
magnetite may have, since magnetite did not reduce TBHP-
induced increases in DCF fluorescence. Thus, it is likely that in
a cell free systemmagnetite quenches the fluorescence response at
higher doses, possibly through adsorption of the probe onto their
surface. Somehow, in the presence of a ROS-inducer such as
TBHP, this effect is reversed. The present results again demon-
strate the unpredictability of responses when using such assays to
measure NM safety and the importance of performing preliminary
tests to check for assay�NM interactions.

Interestingly, maghemite presented the opposite response,
causing an increase in fluorescence intensity from 1 μg/mL. At
subsequent concentrations, the increase in fluorescence signal was
dramatic, equating to a 60-fold elevation at 10 μg/mL and a 40-
fold increase in background fluorescence when 100 μg/mL
maghemite was used (Figure 6b). To determine whether this in-
crease in signal was indeed caused by oxidative stress, the experi-
ment was repeated in the presence of the antioxidant NAC. The
maghemite-induced increase in fluorescence signal at 1, 10, and
100 μg/mL was indeed found to be significantly reduced (p <
0.05). Thus, demonstrating that maghemite induces oxidative
stress in the acellular system (as opposed to interacting with
the dye itself) which can be substantially reduced using NAC
(Figure 6b). This suggests that maghemite has a much higher
oxidative potential than magnetite. It is possible that in the same
manner as magnetite, maghemite is able to quench fluorescence
response at low concentrations. However, due to its higher
oxidative potential, at higher concentrations the massive increase
in oxidative species production masks any fluorescence quenching
effect that themaghemitemay have, resulting in an overall increase
in fluorescence response

Figure 4. Effect of dUSPION exposure on CyQUANT fluorescence in
an acellular system (n = 3).

Figure 5. Effect of dUSPION exposure on EthD-1 fluorescence emis-
sion in a cell free system (n = 3).

Figure 6. Effect of dUSPION on DCF fluorescence response in an
acellular system: (a) magnetite and (b) maghemite in the absence or
presence of 2 mM NAC. Significantly (*p < 0.05) different relative to
zero dUSPION control and significantly (**p < 0.05) different relative to
zero dUSPION control with TBHP treatment. Significantly (*p < 0.05)
different relative to zero dUSPION control, and significantly (**p <
0.05) different when comparing each dose of dUSPION treatment plus
NAC to its relevant zero NAC control. n = 3 for each experiment.
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There are several examples in the literature of the fluorescent
probe DCFH-DA being used for the quantification of oxidative
stress induced by NM, as this is one of the primary mechanisms
associated with adverse cellular responses to NM. Some exam-
ples include iron oxide NP exposed to mesenchymal stem cells
and HeLa (human cervival carcinoma) cells, SWCNT-induced
ROS in HaCaT (human keratinocyte) cells, ambient ultrafine
particles, cationic polystyrene nanospheres, TiO2, fullerol NP
and carbon black in RAW 264.7 phagocytic cells, and silver nano-
particles in human hepatoma and skin keratinocytes.4,39�42 It is
not clear from these studies whether the possibility of confound-
ing factors, which we have found to be associated with NM, have
been taken into consideration, and whether the appropriate
controls have been included.

The distinct difference in the oxidative potential of maghemite
and magnetite may be related to the oxidative state of the iron
ions in the complex. In maghemite (Fe2O3) iron ions are mostly
Fe3þ, while in magnetite (Fe3O4) they are a mixture of Fe3þ and
Fe2þ with a Fe2þ/Fe3þ ratio of 0.43543 (Table 1). It is possible
that Fe2þ surface ions undergo Fenton reaction by reacting with
any H2O2 that may be available within the aqueous environment
of the assay, to produce a hydroxyl radical. H2O2 can also react
in a Fenton-like reaction with Fe3þ to generate [FeIIIOOH]2þ

which can go on to generate OOH 3 , OH 3 , or OH
�, it has also

been suggested that reaction of Fe3þwith H2O2 generates super-
oxide. It is known that Fe2þ is more reactive than Fe3þ; however,
in the present study it seems that the Fenton-like reaction in-
volving Fe3þ is more potent. One possible explanation for this is
the size of dUSPION agglomerates. Particle sizing using DLS
suggests that in the buffer used for the DCFH-DA assay (Hepes-
buffered (20 mM) Hanks balanced salt solution with glucose
(5 mM)), magnetite forms bigger agglomerates than maghemite,
thus magnetite would have less exposed surface area and poten-
tially less ions available to react (Table 1). It is also possible that
maghemite is a more stable molecule than magnetite and con-
sequently does not release as many iron ions to react with the assay
components. Fenton and Fenton-like reactions are known to
generate different ROS and intermediate species (see below).44

Thus, another possible explanation for the differences observed
when using the DCFH-DA assay is that DCFH-DAmay not be as
sensitive in detecting ROS produced by magnetite as compared
to ROS produced by maghemite.

Fenton reaction Fe2þ

Fe2þ þH2O2 f Fe3þ þOH� þOH 3

or

Fe2þ þH2O2 f ½FeIVOH�2þ þH2O

Fenton-like reaction Fe3þ

Fe3þ þH2O2 f ½FeIIIOOH�2þ þHþ

½FeIIIOOH�2þ f Fe2þ þOOH 3

or

½FeIIIOOH�2þ f ½FeIVO�2þ þOH 3

or

½FeIIIOOH�2þ f ½FeVO�3þ þOH�

Similar to DCFH-DA, APF is a fluorometric probe used for
the detection of oxidative species. APF is oxidized by free radicals
to yield a highly fluorescent product which can be detected at
520 nm. Concentrations of maghemite and magnetite between
1 � 10�3 and 1 μg/mL did not have a significant effect on the
resultant intensity of the APF fluorescence signal. However, 10
and 100 μg/mL maghemite and 100 μg/mL magnetite caused a
significant decrease in background APF fluorescence signal
(Figure 7), which could be due to adsorption onto the surface
of the NPs, thus quenching the fluorescence response. This is in
contrast to the results seen when using DCFH with maghemite,
which reported increased oxidative stress at 1�100 μg/mL
(Figure 6). This may be because APF is oxidized by fewer free
radical species than DCFH as it is much more selective, only
detecting the hydroxyl radical and peroxynitrite anion. Thus,
APF may not be detecting the specific ROS produced by
maghemite, which are possibly ROS products of Fenton-like
reactions. The contrasting results obtained from using these two
different oxidative stress assays again highlights the difficulties
and complexity of testing the safety of NM.

Although this study sheds light on NP-USPION interactions
in an acellular environment, one important point is that the
undesirable interactions demonstrated in the present study may
or may not be mimicked exactly in a cellular milieu. It is quite
likely that these interactions will still occur in the culture media
when the cells are exposed to NP and the test reagent as demon-
strated by Zhang and colleagues, who have shown that the brown
color of the USPION led to higher cell viability readings.45

Additionally factors in a cellular system, such as media compo-
nents or cell debris, may modulate the interactions observed in
the acellular system. Alternatively, intracellular masking of NP
with proteins and other metabolites following cellular uptake
could result in a dampened interaction.

’CONCLUSIONS

In conclusion, not all standard biological assays are compatible
with dUSPION and this holds great significance because these
NM are routinely used in various biomedical applications sub-
sequent to toxicity testing that utilizes colorimetric/fluorometric
probes such as those used in the current study. The present study
shows that colorimetric assays such as MTS, and fluorometric
probes including calcein, DCFH-DA, and APF can interact with
dUSPION especially at higher doses. Therefore, control

Figure 7. Effect of dUSPION exposure on APF fluorescence response
in an acellular system, n = 3, significantly (*p < 0.05) different to
untreated control.



3784 dx.doi.org/10.1021/ac200103x |Anal. Chem. 2011, 83, 3778–3785

Analytical Chemistry ARTICLE

experiments are essential to establish this threshold for interac-
tion prior to the use of such probes for assessment of cell viability
and oxidative stress responses following exposure. Where such
interference is detected, alternative test systems should be used
and may even require those that do not rely on quantitating
colorimetric or fluorometric changes. A number of studies can be
found in the literature which have used colorimetric and fluoro-
metric assays, but do not indicate whether the possibility of test
system/NM interactions have been controlled for. Thus, in some
of these cases, it is possible that results may be misleading due to
interactions between the NM and the selected test system,
thereby confounding interpretation. Test system/NM interac-
tions may represent a source for some of the conflicting observa-
tions in the current literature, in reports assessing apparently the
same material but with different experimental systems. Addition-
ally, it is important to note that even subtle differences in oxida-
tion state of the metal oxide NP is sufficient to result in major
differences in their ability to interfere with fluorometric dyes.
Thus, until we develop a more comprehensive understanding of
the parameters that influence such interactions, test system
validation assessments are necessary on a NM-by-NM basis.
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