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Abstract: Emerging applications of nanosized iron oxides in nanotechnology introduce vast quantities of
nanomaterials into the human environment, thus raising some concerns. Here we report that the surface
of y-Fe,O3 nanoparticles 20—40 nm in diameter mediates production of highly reactive hydroxyl radicals
(OH") under conditions of the biologically relevant superoxide-driven Fenton reaction. By conducting
comparative spin-trapping EPR experiments, we show that the free radical production is attributed primarily
to the catalytic reactions at the nanoparticles’ surface rather than being caused by the dissolved metal
ions released by the nanoparticles as previously thought. Moreover, the catalytic centers on the nanoparticle
surface were found to be at least 50-fold more effective in OH" radical production than the dissolved Fe3*
ions. Conventional surface modification methods such as passivating the nanoparticles’ surface with up to
935 molecules of oleate or up to 18 molecules of bovine serum albumin per iron oxide core were found to
be rather ineffective in suppressing production of the hydroxyl radicals. The experimental protocols developed
in this study could be used as one of the approaches for developing analytical assays for assessing the
free radical generating activity of a variety of nanomaterials that is potentially related to their biotoxicity.

Introduction

Rapidly evolving nanotechnology is introducing vast quanti-
ties of new engineered nanomaterials (ENMs) into the human
environment every day. All of these materials, such as nano-
particles, nanotubes and nanowires, and nanostructured sub-
strates, for example, are expected to interact with biological
matrices at some point of their technological cycles, thusraising
some unaddressed environmental concerns. One may speculate
why nanomaterials would elicit some adverse biological re-
sponse. (1) The sizes of the dispersed nanomaterials are typically
smaller than those of cells, thus allowing for an effective
endocytosis and the consequent exposure of ENMs to intracel -
lular components. (2) ENMs are known to exhibit a plethora of
entirely new physicochemical properties that cannot be found
in the traditional bulk materials. Elements such as gold, for
example, athough chemically inert at the macroscopic scale,
could turn into potent catalysts as nanoparticles.* (3) ENMs are
characterized by an enormously large surface:volume ratio, thus
amplifying many times over the role of chemical processes
occurring at the surface that could also be significantly altered
compared with the bulk matter. In conclusion, the interfacial
and surface properties of ENMs are thought to become the
dominant factors in their interactions with biological systems.

Among a wide variety of nanostructures described to date,
the nanosized iron oxides are, perhaps, the most widely studied
and produced because of numerous promising applications in
catalysis, magnetic data storage, multimodal biomedical imag-
ing, targeted drug delivery, and medical diagnostics and
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therapy.?> While further development of these nanoparticle-
based technologies continues, only recently has the issue of
biosafety of nanosized iron oxides been given more serious
consideration.® For instance, a series of cytotoxicity studies
revealed some adverse effects of iron oxide nanoparticles
composed of either Fe;0,, y-Fe,03, or Fe,0O3 both in vivo and
in vitro.”~® Some of these adverse effects can be effectively
mitigated by properly modifying the nanoparticle surface with
organic ligands'™® and/or masking the surface under layers of
chemically inert elements such as Au While the exact
mechanism of the nanosized iron oxides' biotoxicity is a subject
of continuing discussions, results of these biotoxicity studies
with surface-modified nanoparticles place the nanoparticles
exceptionally large surface area and an increased number of
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surface defects among the most likely causes for the observed
toxicological effects.

Another cytotoxicity mechanism currently being discussed
in the literature involves reactive oxygen species (ROS) that
would evoke an oxidative stress.®*2 Under a normal cellular
biochemical cycle, the ROS are continuously produced and
effectively neutralized by available antioxidants such as glu-
tathione and specific enzymes. Evidence that has accumulated
in the literature indicates that an increase in the intracellular
free iron levels affects the normal ROS—antioxidant balance
by promoting ROS production through Fenton and/or Haber—
Weiss reactions.™® > Several authors speculated that unprotected
(bare) iron oxide nanoparticles could release Fe?* ions into an
aqueous phase, thus elevating the intracellular iron concentration
when the nanoparticles are endocytized and, consequently,
causing oxidative damage through the ROS mechanism.*®*’
Experimental studies of intracellular iron concentrations as well
as those in cell growth media are supportive of such a
hypothesis.*® However, the surface of iron oxide nanoparticles
could also play arolein catalytic ROS production. Indeed, the
rate of the reaction between O, and Fe?™ ions absorbed onto a
mineral was found to be much faster than in solution.*®
Furthermore, the enormously high surface:volume ratio of
ENMSs is expected to amplify the role of chemical reactions
occurring at the surface.

Here we employ the spin-trapping EPR technique, the most
powerful and direct analytical method for quantification of short-
lived radicals, to characterize the catalytic ROS production at
the surface of iron oxide nanoparticles under conditions of the
biologically relevant superoxide-driven Fenton reaction.*® While
many researchers have focused on correlating the nanoparticle
optical tracking datain cells and tissues with biological toxicity
assays,’° 22 there is an only very limited literature displaying
the use of the EPR method for studying ROS production by
ENMs according to arecent review.*” Although optical tracking
is an informative approach for following nanoparticles' endocy-
tosis and further intracellular localization, this method sheds
no light on the chemistry of the underlying processes. While
fluorescent probes that are reactive to ROS have been employed
for studying chemical mechanisms,*” interpretation of the results
could be complicated because these probes lack selectivity for
specific ROS. %

Spin-trapping EPR studies presented here are focused on
monitoring the production of hydroxyl radicals (OH") that are
thought to be the most harmful among all ROS. Unlike
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superoxide (O,7), the hydroxyl radical has a very short
intracellular half-lifetime (~1 ns).?*?® Thus, while the former
species are known to persist for a sufficiently long time to be
neutralized by the superoxide dismutase enzyme found in
oxygen-metabolizing cells, the OH" radicals would react at a
rate close to the diffusion-controlled rate with virtually any of
the cellular macromolecular components: from oligonucleotides
to lipids, proteins, and carbohydrates. Here the production of
the OH" radicals has been assessed by trapping these short-lived
species by a diamagnetic compound, 5,5-dimethyl-1-pyrroline
N-oxide (DMPO), and identifying the precursor free radicals
from the magnetic parameters of the observed EPR spectra. Two
types of commercially available iron oxide nanoparticles, Fe;0,
and y-Fe;,0z with iron in different oxidation states, Fe'!"';0,
and F€'"', 03, respectively, have been assessed for catalytic ROS
production. Comparative spin-trapping EPR experiments per-
formed with nanoparticles passivated with oleate or coated with
bovine serum abumin (BSA) as well as control data for OH"
production catalyzed by the dissolved Fe*" ions provided further
insights into the catalytic activity of the nanoparticle surface
centers and the role of the protecting ligands and surface coating.

Results and Discussion

In biologically relevant systems, hydroxyl radicals are often
produced in the course of the Fenton reaction™ occurring upon
decomposition of H,O, by a reduced iron complex:

Fe" + H,0, — Fe’" + OH™ + OH’ 1)

While the short-lived OH" radicals cannot be directly detected
by EPR because of the very short lifetime and low steady-state
concentrations, they would readily react with diamagnetic
nitrone spin trap DMPO, forming a stable free radical (spin
adduct) that could be identified from the magnetic parameters
of the EPR spectrum.

It should be noted here that the iron oxide nanoparticles are
ferromagnetic and, therefore, were found to agglomerate when
placed into a magnetic field of an EPR spectrometer causing
undesirable nonresonant losses of microwave energy. In addi-
tion, these nanoparticles give rise to a strong ferromagnetic
resonance signal that overlaps with much weaker lines from
spin adducts. Thus, to avoid these problems, we conducted the
EPR experiments as follows. First, the nanoparticles were
incubated with a H,O, and DM PO solution and then separated
by centrifugation from a clear supernatant. The latter was
transferred into a polytetrafluoroethylene (PTFE) capillary for
EPR measurements. In absence of catalytic centers such as, for
example, dissolved transition metal ions or catalytic sites at the
surface of the nanoparticles, the amplitude of EPR signals from
DMPO spin adducts is low (Figure 1A) when compared to the
noiselevel. A similar very weak EPR signal was observed upon
incubation of the same H,O, and DM PO solution with y-Fe,O3
nanoparticles (Figure 1B). Nevertheless, four weak lines with
approximately equal spacing of ca. 14.9 G that is consistent
with the hyperfine splitting reported for the DMPO—OH" spin
adduct®® can be identified in Figure 1B. Incubation of H.,O,
and DMPO with a FeCl3 solution containing iron in the same
oxidation state as y-Fe,O3 nanoparticles results in asignificantly
stronger four-line EPR signal with a 1:2:2:1 peak-to-peak
intensity pattern (Figure 1C) and the isotropic hyperfine coupling
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Figure 1. X-Band (9.5 GHz) EPR spectra of phosphate-buffered (50 mM,
pH 7.4) aqueous solutions of (A) H,O, (0.45 mM) and DM PO (34.25 mM)
after incubation for 20 min, (B) 80 uL of the same solution used for spectrum
A incubated with y-Fe,0O3 nanoparticles (3.04 mg, ~2.01 x 10% particles,
total nanoparticle surface area of 0.0912 m?), (C) H,0, (0.36 mM), DMPO
(27.6 mM), and FeCl3 (0.24 mM), (D) the same solution that was used for
spectrum B but with Fe;O, nanoparticles (3.04 mg, ~4.48 x 10% particles,
total nanoparticle surface area of 0.1216 m?), and (E) 50 uL of the buffer
incubated for 1 h with 3.4 mg of Fe;0O4 nanoparticles (the nanoparticles
were separated by centrifugation, and DMPO and H,O, were added at the
final concentrations described for spectrum D). All spectra are averages of
100 scans measured at identical spectrometer settings. All incubations and
spectra averaging were conducted at 37 °C. See Materials and Methods for
further details.

constants (Ay = Ay =~ 14.9 G) that are characteristic of the
DMPO—OH" adduct.?® The most likely reason for formation
of OH" radicals in the latter two systems is that the Fe** ions
decompose H,0, slowly, compared to Fe?', in accord with the
previously introduced reaction scheme:®’

Fe’* + H,0, — FEOOH*" + H" @)
FeOOH*" — F&’" + HO,’ ©)
Fe" + H,0, — Fe*" + OH™ + OH’ (4

The same spin-trapping experiments were repeated with Fe;0,
nanoparticles that contain both Fe?* and Fe*" ions at the surface
in an approximately 1:2.6 ratio, which was confirmed by X-ray
photoelectron spectroscopy (XPS). Further details of the XPS
analysis of the Fe;O,4 nanoparticles are provided on page S8 of
the Supporting Information. For these nanoparticles, the mag-
nitude of the DMPO—OH* adduct EPR signal increased between
4- and 5-fold (Figure 1D) in comparison to that of the y-Fe,O;
nanoparticle experiment (Figure 1B). Note that the specific
surface area of the Fe;0, nanoparticles (=40 m?/g) is only
modestly greater than that of the y-Fe,O3; nanoparticles (=30
m?/g). This modest difference would not account for the relative
magnitudes of the DMPO—OH" adduct EPR signals observed
in our experiments (Figure 1). Thus, as one would expect from

(27) Perez-Benito, J. F. J. Phys. Chem. A 2004, 108, 4853-4858.

considerations of theiron oxidation state, the Fe;0, nanoparticles
are significantly more effective in producing OH" radicals than
the y-Fe,O5; nanoparticles at the same ratio of the nanoparticle
total surface and reaction volume.

One possible mechanism of nanoparticle toxicity discussed
in the literature involves generation of OH" radicals by iron ions
leaching from the nanoparticles into a solution.’®” The ef-
ficiency of this mechanism was evaluated in the following
experiment. First, the FesO4 nanoparticles were incubated in a
50 mM phosphate buffer solution (pH 7.4) for 1 h at 37 °C.
The nanoparticles were separated from the solution by centrifu-
gation, and only then were the spin trap DMPO and H,O, added
to the clear supernatant. While the presence of the DMPO—OH®
spin adduct in this supernatant sample still can be identified
from the EPR spectrum (Figure 1E), itsintensity is significantly
lower than in the experiment with the FesO, nanoparticles
(Figure 1D). The results of this experiment clearly demonstrate
that the observed OH" radical production primarily occurs at
the nanoparticle surface rather than being catalyzed by the iron
ions leached into the solution as previously thought.

Another efficient pathway for producing OH" in biological
systemsis known to be provided by a superoxide-driven Fenton
reaction, also known as Haber—Weiss reactions:?*2°

Fe" +0,” — F&" + 0, (5)
20,” + 2H" = H,0, + O, (6)
Fe" + H,0, — Fe* + OH™ + OH' @)

In this catalytic cycle, the superoxide, O,"~, acts as both a
reductant for Fe*" and a precursor for H,O,; the final step (eq
7) is the conventional Fenton reaction. In living systems, the
superoxide radical and hydrogen peroxide are produced in both
intra- and extracellular volumes by activated phagocytes,
lymphocytes,® endothelial cells,* and fibroblasts®® and also
through a “leakage’ of electrons from the electron transport
chain.®

To investigate whether the y-Fe,O; nanoparticles would
participate in the Haber—Weliss cycle in a manner similar to
that of the dissolved Fe** ions, we added a xanthine/xanthine
oxidase (X/XO) superoxide generating system to the reaction
mixture. It should be noted that the DMPO—OH" spin adduct
could be formed not only through the authentic OH* radical
scavenging mechanism but also in the course of a decay of the
DMPO—superoxide adduct.*®*3” To prevent formation of the
DMPO—superoxide adduct and to exclude its decomposition
as a pathway for formation of the DMPO—OH" adduct, we
conducted the experiments as follows. An aqueous solution of
Fe(NO3); or asuspension of y-Fe,05 nanoparticles was initialy
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Figure 2. X-Band (9.5 GHz) EPR spectra (37 °C) of the DMPO—OH*
adduct obtained under the following conditions: (A) an incubation of 0.089
mM Fe(NOs);, 15.54 mM EDTA, 5.18 mM xanthine, 1.1 milliunits/mL
xanthine oxidase with a consequent addition of 0.13 mM H,0,, and 10.22
mM DMPO and (B) an incubation of 3.04 mg of y-Fe, O3 nanoparticles, 7
mM xanthine, 3 milliunits/mL xanthine oxidase, and 21 mM EDTA followed
by separation of nanoparticles and incubation of them with 80 uL of a
solution of 0.45 mM H,0, and 34.5 mM DMPO. Spectrum C is a least-
squares simulation of spectrum B with the following best-fit hyperfine
parameters: Ay = 14.91 + 0.01 G, and Ay = 14.90 + 0.01 G. Spectrum D
is the fit residual minus the difference between the experimental and
simulated spectrum. All spectra were recorded at identical spectrometer
settings, however, the vertical scale of this figure was decreased 3-fold vs
that of Figure 1. See the text for further details.

incubated with the X/XO superoxide generating system at 37
°C for 20 min (this reaction was monitored by UV-—vis
spectroscopy at 295 nm, and 20 min was found to be sufficient
for xanthine to be consumed by xanthine oxidase). Conse-
quently, aclear supernatant was separated by centrifugation and
discarded. The precipitated nanoparticles were incubated with
H,0, and DMPO with occasional vortexing for an additional
40 min before the EPR spectra were recorded at the same
temperature (Figure 2).

Figure 2A shows the results of a control experiment for
generating hydroxy! radicals in the course of the conventional
Haber—Weiss reaction cycle initiated by the dissolved Fe** ions.
The EPR spectrum from the final supernatant reveals a clear
four-line hyperfine pattern with 1:2:2:1 intensity ratios that is
characteristic for the DMPO—OH" adduct. L east-squares simu-
lations (not shown) yielded the following isotropic hyperfine
coupling constants that are in a good agreement with literature
data:®® Ay = 14.91 4 0.01 G, and A, = 14.90 & 0.01 G.

Figure 2B shows an EPR spectrum acquired from a super-
natant of the reaction mixture containing y-Fe,O3 nanoparticles.
When compared with the spectrum obtained in the absence of
X/XO (Figure 1B), a drastic increase in the amplitude of the
DMPO—OH* adduct EPR signal becomes evident (note that the
vertical scale of Figure 2 is decreased 3-fold to accommodate
the stronger signals). This gain in the level of OH" radical
generation indicates that the major effect of the superoxide anion
on the y-Fe,O3 nanoparticle surface chemistry is in changing
the redox state of the catalytic centers as shown in eq 5. The
fact that the spectrum in Figure 2B reveals no fine structure
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characteristic of the O, ~ adduct® *° verifies that essentially
all the superoxide produced by the X/XO system has been
consumed (oxidized by Fe*") prior to the DMPO spin-trapping
step.

Another important observation is that in the X/XO—H,O,/
DMPO experiment the EPR intensity of the DMPO—OH" signa
obtained upon incubation with y-Fe,O3; nanoparticles is ~62%
of that found when a 89 uM solution of Fe(NOs); was used to
catalyze the radical production instead of the nanoparticles
(compare spectra B and A of Figure 2). Assuming that every
Fe*" ion on the nanoparticle surface is participating in the
Haber—Weiss reactions with a steric coefficient of 0.5 (to
account for a limited accessibility of the surface sites) and that
the y-Fe,0; crystal cell parameters™*? are also valid for the
nanoparticle surface, one estimates that the concentration of the
nanoparticle surface catalytic sites should be equivalent to less
than 1 uM of the bulk concentration of the dissolved centers.
By comparing this value with the Fe(NOs); concentration of
89 uM that was used in the control experiment in addition to
correcting for the ratio of the EPR double-integrated intensities,
one concludes that the catalytic centers on the y-Fe,O; surface
are at least 50-fold more effective as hydroxyl radical promoters
than the dissolved ions. Thus, not only the vast surface:volume
ratio of the y-Fe,O3; nanoparticles but also the greatly enhanced
catalytic activity of the surface centers is responsible for the
effective production of hydroxyl radicals in the course of the
Haber—Weiss cycle.

To further confirm that the main pathway for the formation
of the DMPO—OH"® adduct in our experiments is indeed the
reaction of DMPO with OH®, we added 20 molar equiv (vs
DMPO) of ahighly specific hydroxyl radical scavenger dimethyl
sulfoxide (DM SO)**~“® to either Fe;0, or y-Fe,O; nanoparticles
prior to the addition of DMPO and H,O,. In both experiments,
formation of the DMPO—OH" adduct was almost completely
inhibited (Figure S5 of the Supporting Information). Via
comparison of the double integral intensity ratio of the original
(Figure 2B) EPR spectra versus those obtained in the course of
the DM SO inhibition experiments with superoxide-activated
y-Fe,03 nanoparticles (~0.984:0.105 as determined by least-
squares simulations), it was estimated that at least 89 + 2% of
the DMPO—OH" adducts detected in the original experiment
was formed viathe OH" radical trapping mechanism. When the
same DM SO inhibition experiment was conducted with Fe;O,
nanoparticles, the intensity of the DMPO—OH" adduct EPR
signal was at the noise level (Figure S6 of the Supporting
Information), alowing us to estimate that >90% of the
DMPO—OH" adducts measured in the original experiment
(Figure 1D) were formed through the OH" radical scavenging
mechanism.
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Hydroxyl Radical Production by Oleate- and BSA-Coated
Iron Oxide Nanoparticles. While the link between bare (un-
protected) iron oxide nanoparticles and some cytotoxic effects
has been well established,”® modification of the nanoparticle
surface with certain ligands™ or coating those with bovine serum
abumin (BSA)* is known to aleviate the cytoxicity problem
in a dose-dependent manner.’®4 Thus, one may hypothesize
that these surface modifications would have some inhibiting
effects on the surface-mediated production of reactive free
radicals.

To test this hypothesis, oleate- and BSA-coated y-Fe,O3
nanoparticles were prepared according to the literature proce-
dures.*”48 The FT-IR spectrum of the ol eate-passivated y-Fe,0s
nanoparticles (Figure S1 of the Supporting Information) was
found to be identical to that reported in the literature.®® The
FT-IR spectrum of the BSA-coated y-Fe,Os; nanoparticles
revealed vibrational bands at 1643 and 1521 cm™* (Figure S2
of the Supporting Information), in close agreement with
literature data.*” The amount of organic material absorbed on
the nanoparticle surface was determined by thermogravimetric
analysis (TGA) (see Figures S3 and $4 of the Supporting
Information). The 2.1% weight loss determined via TGA of the
oleate-coated particles corresponds to ~935 oleate molecules
per nanoparticle. At such a low oleate:nanoparticle ratio, only
an oleate monolayer was supposed to be formed.*® To further
estimate the area of the nanoparticle surface coated with oleic
acid, the latter was considered as a molecule with a cylindrical
topology. Given amolecular volume of oleic acid of 0.475 nm?®
(ref 50) and a chain length of 2.8 & 0.1 nm,®* the surface area
occupied by one oleic acid molecule is ~0.17 nm?. Then if one
assumes that ~935 oleic acid molecules form a monolayer on
a surface of a spherical nanoparticle 30 nm in diameter, only
~56% of the nanoparticle surface will be covered. Such aloose
imperfect coating is expected to leave the nanoparticle surface
accessible to small solute molecules.

The 8.35—9.65% weight loss observed via TGA of BSA-
coated particles corresponds to ~16—18 BSA molecules per
nanoparticle. The range of BSA coating arises from TGA
analysis of three batches of coated nanoparticles prepared on
different days. If one assumes a side-on orientation of BSA on
asurface and BSA molecular dimensions of ~11.6 nm x ~2.7
nm x ~2.7 nm,> then the fraction of the nanoparticle surface
coated by BSA is only ~12%. This value is somewhat lower
than the one reported in the literature (ca. 22%)*’ and is likely
related to some differences between the surface properties of
the previously reported freshly prepared nanoparticles’” and
those of the commercial ones studied here. Of course, one may
not exclude a denaturing of some BSA on the nanoparticle
surface that may increase the surface coverage.

The coated y-Fe,O3 nanoparticles were then employed in
spin-trapping EPR experiments to investigate their participation
in either the Fenton reaction or the Haber—Weiss cycle using
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Figure 3. X-Band (9.5 GHz) EPR spectra (37 °C) of the DMPO—OH"
adduct obtained from (A) oleate-passivated y-Fe,O; nanoparticles under
conditions of the Fenton reaction protocol (0.45 mM H,O, and 34.25 mM
DMPO) and (B) the Haber—Weiss cycle protocol (7 mM xanthine, 3
milliunits/mL xanthine oxidase, 21 mM EDTA, supernatant discarded after
centrifugation, and 0.45 mM H,0, and 34.5 mM DMPO added to y-Fe,O3
nanoparticles), (C) BSA-coated y-Fe,O; nanoparticles under conditions of
the same Fenton reaction, and (D) the Haber-Weiss cycle. In all experiments,
the same number of y-Fe,O3 nanoparticles (~2.01 x 10%) was incubated
with the same 80 L of the reaction mixture. The signals were renormalized
to identical spectrometer settings.

the same protocols. While under conditions of the Fenton
reaction the EPR signal (Figure 3A) was similarly weak when
compared with that of the unprotected nanoparticles (Figure 1B),
the final supernatant solution obtained from the oleate-coated
y-Fe;0O3 nanoparticles and X/ XO—H,0,/DMPO system revedled
adistinct 1:2:2:1 four-line pattern with the following isotropic
hyperfine coupling constants that are typica for the
DMPO—OH" spin adducts;®® Ay = 14.91 + 0.01 G, and Ay =
14.90 £ 0.01 G (Figure 3B). Thus, the loose oleate layer formed
by ~935 molecules per nanoparticle appears to present little, if
any, hindrance for small molecules such as Oy, H,O,, and
DMPO to freely diffuse to and from the nanoparticle surface.
Moreover, these results indicate that as in the reaction with
uncoated y-Fe,O3; nanoparticles, O,"~ appears to be effective
in reducing the oleate-passivated Fe,O3 surface, which in turn
would promote decomposition of H,O, and formation of the
OH' radical.

When the same sequence of experiments was repeated for
BSA-coated y-Fe,O; nanoparticles, the results were found to
be nearly identical: the Fenton reaction protocol yielded no
detectable EPR signal (Figure 3C), while the same Haber—Weiss
protocol resulted in the characteristic EPR spectrum of the
DMPO—OH" adduct with a similar intensity (Figure 3D).
Overall, six spin-trapping experiments with BSA-coated nano-
particles from three batches prepared at different time have been
conducted, yielding nearly identical results with the exception
of one experiment in which no measurable DMPO—OH" adduct
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EPR signal was detected. The latter was attributed to a failure
of the X/XO system to generate superoxide, and the results of
this experiment were discarded.

The absence of any significant effects of both types of
nanoparticle coating on the hydroxyl radical productionislikely
attributed to arather loose structure of the protective layer and/
or incomplete surface coverage. Indeed, from simple geometrical
considerations presented above, the entire nanoparticle surface
cannot be blocked with just 16—18 BSA molecules. Our
observation appears to be in disagreement with a recent report
that the BSA-passivated Fe;O, nanoparticles do not display any
measurable cytotoxicity with respect to cancerous Hel a cells.*”
However, the fact that the viability of the Hel a cells was not
diminished by the BSA-coated nanoparticles does not guarantee
the absence of effects on other cell types. It iswell documented
that internalization of proteins requires specific membrane
receptors, and therefore, different cell types take up BSA with
different efficacies (see, for example, refs 53 and 54). Further-
more, the Hel a cells are known to show a weak tendency to
internalize objects coated with BSA, which has been demon-
strated for BSA-coated latex beads.> Other researchers found
no evidence that latex beads protected with bovine serum
albumin were internalized into Hel a cells.>® Thus, the absence
of cytotoxicity reported in ref 47 might be attributed to afailure
of the BSA-passivated Fe;O, nanoparticles to be internalized
by these cellsrather than a change in surface catalytic properties.

For BSA-coated nanoparticles, the catalytic production of
hydroxyl radicals occurring in the immediate proximity of the
BSA surface residues would result in generation of secondary
species such as carbon- and sulfur-centered radicals. One may
expect such radicals to be trapped by DMPO and detected by
EPR from the distinctive spectral features. In our experiment,
the nanoparticles were separated from the supernatant before
the EPR measurements. Unfortunately, exceptionaly strong
ferromagnetic resonance from the y-Fe,Oz nanoparticle corein
the g = 2 region prevented us from detecting such spin adducts
by EPR from the precipitate collected after the DMPO/H,0,
incubation stage. The experimental spectrum of the supernatant
shown in Figure 3D does not revea any other signals except
that of the DMPO—OH" adduct. Thus, we conclude that even
if BSA may react with hydroxyl radicals generated at the
nanoparticle surface and these secondary species could react
with DM PO, the release of these additional DM PO adducts into
solution isinsignificant for EPR detection. Additional TGA data
from the collected precipitate showed essentiadly the same
weight loss, confirming that none of the coating has been lost
after all these procedures.

It is worth noting here that complete blockage of the iron
oxide nanoparticle surface with organic and/or bioorganic
ligands represents an experimentally difficult task. Thus, other
approaches should be pursued for alleviating the cytotoxicity
of the nanoparticles with imperfect surface coverage. For
example, pullulan-coated iron oxide nanoparticles were found
not to be cytotoxic even if they are effectively internalized by
human fibroblast cells.*® We specul ate that the low cytotoxicity
of such particles could be attributed to the free radica
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scavenging activity that was reported recently for polysacchar-
ides.>" % Further experiments will be required to clarify this
issue as no further data on the coating of iron oxide nanoparticles
employed in human fibroblast studies, such as average number
of the pullulan ligands per nanoparticle, have been reported.*

Conclusions

In conclusion, by conducting a series of spin-trapping EPR
experiments, we showed for the first time that the surface of
unprotected y-Fe,O3 nanoparticles mediates production of highly
reactive hydroxyl radicals (OH®) under conditions of the
biologically relevant superoxide-driven Fenton reaction, also
known as the Haber—Weiss cycle. The test conducted with iron
ions leached from the nanoparticles confirmed that the observed
catalytic activity of the y-Fe,0O3; and Fe;O4 nanoparticles is
attributed primarily to the reactions at the nanoparticles’ surface,
rather than being caused by the dissolved metal ions released
by the nanoparticles as previously thought. Furthermore, the
catalytic centers on the nanoparticle surface were found to be
at least 50-fold more effective in the production of the OH*
radical than the dissolved Fe?" ions. Thus, not only the vast
surface:volume ratio of the iron oxide nanoparticles but also
the grestly enhanced catalytic activity of the surface centersis
responsible for the effective production of hydroxyl radicalsin
the course of the Haber—Weiss cycle. Passivating the nano-
particles' surface with up to 935 molecules of oleate or up to
18 molecules of bovine serum albumin per iron oxide core has
little effect on the catalytic production of the hydroxyl radicals.
Taking these results together indicates that the cytotoxic effects
of iron oxide nanoparticles may not be effectively aleviated
by the loose steric protection of the nanoparticle iron oxide core
that is achieved using conventional surface modification meth-
ods. From a practical perspective, the tight and uniform coating
of the nanoparticle core that would prevent diffusion of small
molecules may be difficult to achieve, and therefore, other
strategies such as coatings with radical-scavenging ligands may
be more effective. The latter strategies may be further tested
using the experimental protocols developed in this study. Thus,
conventional surface modification methods were found to be
rather ineffective in suppressing the catalytic production of
hydroxy! radicals at the surface of the iron oxide nanoparticles.
Overall, spin-trapping EPR experimental protocols developed
in this study could be used as one of the approaches for
developing analytical assays for assessing the free radical
generating activity of a variety of nanomaterials that is
potentially related to their biotoxicity.

Materials and Methods

Nanoparticlesand Chemicals. Fe;04 (20—30 nm) and y-Fe,0O3
(20—40 nm) nanoparticles with a spherical morphology were
purchased from NanoAmor Inc. (Houston, TX; stock nos. 2650TR
and 2540XW, respectively) and used as received. Parameters of
the nanoparticles are summarized in Table 1. To elucidate the Fe?*:
Fe** atomic ratio at the surface of Fe;0, nanoparticles, we measured
the high-resolution XPS spectra (see the Supporting Information).
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Table 1. Iron Oxide Nanoparticle Parameters®

y-Fe,03 Fes04
purity (%) 96 98
average diameter (nm) 20—40 20—-30
specific surface area (m?/g) 30 40

2 All nanoparticles have a spherical morphology. All parameters were
specified by NanoAmor Inc.

XPS analysis was performed with Kratos Analytical Axis Ultra
(Kratos Analytical, Manchester, U.K.) installed at the Shared
Materias Instrumentation Facility (SMIF) of Duke University
(Durham, NC). DMPO (5,5-dimethyl-1-pyrroline N-oxide), bovine
serum albumin (BSA), and xanthine were purchased from Sigma-
Aldrich (Milwaukee, WI). Xanthine oxidase (XO) with a specific
activity of approximately 1 unit/mL was purchased from Roche
Diagnostics Corp. (Indianapolis, IN). Other chemicals were pur-
chased from VWR International (West Chester, PA) if not stated
otherwise.

Oleate- and BSA-coated y-Fe,O; nanoparticles were synthesized
in amanner similar to the literature procedures.*”*® FT-IR spectra
were recorded with a Jasco (Easton, MD) FT-IR 410 spectrometer.
Thermogravimetric analysis was conducted with a TA Instruments
(New Castle, DE) TGA Q50 V6.7 Build 203 thermogravimetric
analyzer. For FT-IR spectra and data of TGA, see the Supporting
Information.

The following stock solutions were prepared and used in the
work: 137 mM DMPO in a 50 mM phosphate buffer solution (pH
7.0), 0.6 mM H,O, in a50 mM phosphate buffer solution (pH 7.0),
1.2 mM FeSO,, FeCls, or Fe(NOs); in deionized water, a 10 mM
xanthine solution in 50 mM phosphate buffer containing 30 mM
EDTA (pH 8.0), and 0.01 unit/mL xanthine oxidase in a 50
mM phosphate buffer solution (pH 7.38). Only freshly prepared
xanthine, xanthine oxidase, and H,O, solutions were used in the
experiments; other stock solutions were purged with argon and kept
at 4 °C between experiments.

EPR measurements were taken at 37 °C with a Varian (Palo
Alto, CA) Century Series E-109 spectrometer. The temperature was
maintained with stability better than +0.02 °C and a gradient below
0.07 °C/cm over the sample region by adigital variable temperature
accessory described previously.®* In a typical experiment, an
agueous solution was drawn into polytetrafluoroethylene (PTFE)
capillary (0.81 mm x 1.12 mm, NewAge Industries, Inc., Southamp-
ton, PA), and the capillary was folded twice and inserted into a
standard 3 mm x 4 mm quartz EPR tube (Wilmad-LabGlass,
Vineland, NJ). The data acquisition parameters were set as follows:
modulation amplitude, 0.8 G; microwave power, 2 mW; scan width,
100 G; sweep time, 30 s; time constant, 32 ms. Typically, 100 scans
were collected and averaged. Fast-motion EPR spectra of the spin
adducts were least-squares simulated using a fast-exchange model
with software described previously.®>® The pH of all the EPR
samples was in the range of 7.6—7.8.

EPR Spin-Trapping Experiments. (1) Solution Experiments. A
solution containing H,O, (0.36 mM) and DMPO (27.6 mM) was
incubated with FeCl; or Fe(NOg3); (0.24 mM) at 37 °C for 20 min
and transferred to a PTFE capillary for EPR measurements.

(2) Solution Experiments with the Xanthine/Xanthine Oxidase
System. A solution containing FeCl; or Fe(NOs); (0.089 mM), XO
(2.1 milliunits/mL), xanthine (5.18 mM), and EDTA (15.54 mM)
was incubated at room temperature for 20 min, and then H,O, (60
uL, 0.036 uM) and DMPO (20 uL, 2.74 uM) were added; the
resulting solution was occasionaly vortexed for 1.5—2 min and
quickly transferred into a PTFE capillary for EPR measurements.
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The optimal incubation time (20 min) was determined as follows.
A solution containing xanthine (5 mM), xanthine oxidase (0.21
milliunits'mL), and EDTA (15 mM) was placed in the UV cell,
and the conversion of xanthine to urate was monitored with a
UV —vis Hewlett-Packard (Santa Clara, CA) 8453 spectrophotom-
eter at 295 nm.** In this experiment, EDTA was added to prevent
a known inhibition of xanthine oxidase by the trace metals.®*

(3) Experiments with Nanoparticles. Eighty microliters of a
solution containing H,O, (0.45 mM) and DMPO (34.5 mM) was
incubated with y-Fe,O3 (3.04 mg, ~2.01 x 10 particles, total
nanoparticle surface area of 0.0912 m?) or Fe;0, (3.04 mg, ~4.48
x 10% particles, total nanoparticle surface area of 0.1216 m?)
nanoparticles at 37 °C for 20 min with occasional vortexing. The
resulting mixture was spun down by centrifugation at 11000 rpm
for 5 min, and a clear supernatant solution was transferred to a
PTFE capillary for EPR measurements.

(4) Experiments with Nanoparticles and the Xanthine/Xan-
thine Oxidase System. y-Fe;O5 nanoparticles (3.04 mg) were placed
into a conical vial, and then 140 uL of a solution containing
xanthine (5 mM) and EDTA (15 mM) and 60 uL of XO (2.1
milliunits/mL) from stocks were added consecutively. The mixture
was incubated at 37 °C for 20 min with occasional vortexing and
spun down by centrifugation at 11000 rpm for 5 min, and a clear
supernatant solution was discarded. The incubation time of y-Fe,O3
nanoparticles with the X/XO superoxide generating system was
optimized by monitoring this rection with a UV —vis spectrometer
as described above. Finaly, H,O, (60 uL, 0.036 uM) and DMPO
(20 uL, 2.74 uM) were added to the nanoparticles, and the mixture
was incubated again (37 °C, 40 min) with occasiona vortexing
and spun down by centrifugation at 11000 rpm for 5 min. A clear
solution was transferred to a PTFE capillary for EPR measurements.

(5) Hydroxyl Radical Scavenging with DM SO. Eighty-four
microliters of a solution containing DMSO (0.7 M), DMPO (32.6
mM), and H,0, (0.43 mM) was added to either Fe;O, (3.2 mg) or
xanthine/xanthine oxidase-activated y-Fe,O; (3.08 mg) nanopar-
ticles vide supra. The resulting mixtures were incubated at 37 °C
for 40 min with occasional vortexing; the nanoparticles were spun
down by centrifugation (3 min at 12000 rpm), and a clear solution
was transferred to a PTFE capillary for EPR measurements.

(6) Iron lon Leaching Test. Fe;04 nanoparticles (3.4 mg) were
placed in a conical vial, and 50 uL of a 50 mM phosphate buffer
solution (pH 7.4) was added. The suspension was incubated at 37
°C for 1 h, and the nanoparticles were spun down by a 10 min
centrifugation at 11000 rpm. The obtained clear solution was then
transferred to another conical vial and incubated for 40 min at 37
°C with 20 uL of DMPO (21.23 mM) and 60 uL of H,O, (0.28
mM). The resulting solution was transferred to a PTFE capillary
for EPR measurements.

(7) Thermogravimetric Analysis. Coated nanoparticles (3.146
mg of oleate-coated NP and 18.676 mg of BSA-coated NP) were
placed in an open platinum pan and heated from room temperature
to 600 °C at a heating rate of 20 °C/min under a continuous purge
of N, gas.
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