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been frequently used in a wide variety

of biomedical applications, such as mag-
netic resonance imaging (MRI), drug or
gene delivery, hyperthermia, and in vivo
cell tracking.'? In each case, cells of interest
must be labeled with a relatively large
amount of IONPs to be ready for diagnosis
or treatment, thus raising the issue of toxi-
city concern.? In addition, nanocomposites
containing iron were considered recently to
be a new leverage against iron deficiency
and may have a promising application in
food science,* ® which even encourages a
thorough evaluation of their biocompatibil-
ity. While many studies focus on cellular
responses after exposure to nanoparticles
(NPs), for example, inhibition of proli-
feration and differentiation, effect on cell
morphology and functionality, or induced
apoptosis and death,” '? little is reported
that analyzes the chemical reactions on the
surface of NPs as a source of cytotoxicity.

It is generally known that one important
reason for IONP cytotoxicity is reactive oxy-
gen species (ROS) generation and increased
oxidative stress.""'*~'> Under a normal cel-
lular redox cycle, the ROS are continuously
produced and effectively neutralized by
natural antioxidants such as glutathione
and specific enzymes.'® However, an in-
creased number of catalytic iron either on
the surface of IONPs or released into cyto-
plasm will break the homeostasis by pro-
moting free radical production through
Fenton and/or Haber—Weiss reactions.'” ~2°
When functional coatings like dextran or
chitosan are considered to reduce ion lib-
eration and effective sequestration of free
iron by various metal-binding proteins un-
der physiological conditions,?’ the surface
of IONPs may play a dominant role in ROS
contribution because of their large surface
volume ratio. Many research groups have

Iron oxide nanoparticles (IONPs) have
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Iron oxide nanoparticles (IONPs) are frequently used in biomedical applications, yet their toxic
potential is still a major concern. While most studies of biosafety focus on cellular responses after
exposure to nanomaterials, little is reported to analyze reactions on the surface of nanoparticles as
a source of cytotoxicity. Here we report that different intracellular microenvironment in which
IONPs are located leads to contradictive outcomes in their abilities to produce free radicals. We first
verified pH-dependent peroxidase-like and catalase-like activities of IONPs and investigated how
they interact with hydrogen peroxide (H,0,) within cells. Results showed that IONPs had a
concentration-dependent cytotoxicity on human glioma U251 cells, and they could enhance H,0,-
induced cell damage dramatically. By conducting electron spin resonance spectroscopy experi-
ments, we showed that both Fe30, and y-Fe,0; nanoparticles could catalyze H,0, to produce
hydroxyl radicals in acidic lysosome mimic conditions, with relative potency Fe30, > y-Fe,03, which
was consistent with their peroxidase-like activities. However, no hydroxyl radicals were observed in
neutral cytosol mimic conditions with both nanoparticles. Instead, they decomposed H,0, into H,0
and 0, directly in this condition through catalase-like activities. Transmission electron micrographs
revealed that IONPs located in lysosomes in cells, the acidic environment of which may contribute to
hydroxyl radical production. This is the first study regarding cytotoxicity based on their enzyme-like
activities. Since H,0, is continuously produced in cells, our data indicate that lysosome-escaped
strategy for IONP delivery would be an efficient way to diminish long-term toxic potential.
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observed increased oxidative stress in-
duced by IONPs with various physico-
chemical properties by using fluorescent
probes® or other biochemical methods.?
However, the lack of specificity and the wide
variety of cell lines made it impossible to
compare different IONPs in terms of ROS
generation ability. Thus the disparate results
from several studies have made it difficult to
make any general conclusions. y-Fe, 03 and
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Fes04 are two major magnetic nanomaterials. Due
to the relatively higher saturation magnetization and
simple step to synthesis, Fes0, was commercially
available for mostly MRI and hyperthermia.>* However,
its ferrous ions may raise the toxic risk as well as
be chemically unstable. Therefore, oxidized y-Fe,03
could be a superior candidate for long-term clinical
applications.

One typical example of free radical production on
the surface of IONPs is that they possess intrinsic
peroxidase-like activity in vitro;”® they can catalyze
oxidation of a peroxidase substrate in an acidic solu-
tion in the presence of H,0,. Mechanism studies
showed that IONPs first degrade H,O, to produce
hydroxyl radicals (¢OH) which are then responsible
for substrate oxidation.?~2® Unlike natural HRP, IONPs
almost lose peroxidase-like activity in a neutral pH;
instead, in this study, we found that they directly
catalyze H,0, into water and oxygen in such a condi-
tion, named catalase-like activity.>® Here raises a con-
flict whether peroxidase-like activity or catalase-like
activity IONPs are present within cells. For the former,
highly toxic ¢OH would be produced to raise oxidative
stress, but for the latter, H,O, would be decomposed
into a biosafe species.

Therefore, we designed a protocol to investigate
how IONPs may interact with H,0, within cells. Human
glioma U251 cells were first exposed to IONPs for
efficient endocytosis and then treated with a low
concentration of H,0,. We evaluated cell viability and
examined hydroxyl radical production in different
conditions to mimic a different intracellular microen-
vironment by using electron spin resonance spectro-
scopy (ESR) technology, the most powerful and direct
analytical method for quantification of short-lived
radicals. Since H,0, is continuously produced in cells,
our data may help to explain the cytotoxicity of IONPs
on a nano-bio interfacial level and give implications
to diminish it. Also the approaches developed in this
paper may throw new light in evaluating ROS genera-
tion ability of other nanomaterials in the perspective of
enzyme-like activities.

RESULTS AND DISCUSSION

Synthesis and Characterization of IONPs. y-Fe,Os; NPs
were synthesized according to a well-established co-
precipitation procedure and then coated with dimer-
captosuccinic acid (DMSA) molecules.>® For FesO,,
oleic acid (OA)-capped Fes0, was first synthesized by
a modified coprecipitation method in a H,O/DMSO
mixing system, and DMSA was then used to replace OA
to obtain water-soluble NPs.3'

The physicochemical properties of both NPs inves-
tigated in this study are summarized in Table 1,
including their ¢-potential and hydrodynamic diam-
eters from a dynamic light scattering experiment at
pH 4.8 acetic acid (HAc) buffer and pH 7.4 phosphate
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TABLE 1. Characterizations of IONPs

hydrodynamic diameter

¢ (mv) (nm)
average core
diameter
particles (nm) pH=438 pH=74 pH=48 pH=74
D-Fe,05 9.0 —286+23 —321+35 643+£32 975+56
D-Fe;0, 78 —247+£28 —292+26 56727 789+48

buffer solution (PBS). Both NPs have a similar core
diameter (Figure 1) and hydrodynamic diameter. Due
to the carboxyl groups on their DMSA coatings, both
particles carry negative surface charges as reflected by
alow negative -potential. The surface area of particles
is approximately 181.75 m?/g iron for DMSA-Fe,05
(D-Fe,05) and 205.07 m?/g iron for DMSA-Fe;0, (D-Fe30,)
by calculation based on their core diameters. Since the
surface area per quantitative iron of two IONPs was
similar, we used the iron concentration to approxi-
mately represent the concentration of NPs in the
following experimental protocols and discussions.

Uptake and Cytotoxicity of IONPs. The uptake of IONPs
by U251 cells was verified using TEM. Both D-Fe, 03 and
D-Fe30,4 NPs were largely taken up by cells after 12 h
exposure. Figure 2 shows that the majority of IONPs are
located in lysosomes, which is consistent with previous
studies,”*>73* indicating an endocytotic mechanism
for uptake. Additionally, the intracellular levels of IONPs
were qualitatively proportionate to the concentrations
of NPs incubated with cells through intracellular iron
analysis®® (data not shown).

The acute cytotoxicity effect of IONPs was then
evaluated by a cell counting kit-8 (CCK-8) approach.
U251 cells were incubated with various concentrations
of D-Fe,05 or D-Fe30,4 NPs for 24 h and then processed
for CCK-8 incubation to determine cell viability. Results
showed that D-Fe,03 had little toxic effect on human
glioma cells; the cells possessed a viability of more than
85% at all tested concentrations (Figure 3). In contrast,
D-FesO0, NPs, showing to be more cytotoxic than
D-Fe,03, resulted in a concentration-dependent cyto-
toxicity of cells. The viability decreased by 9.8, 15.1,
28.5, and 33.6% (p < 0.01) at iron concentrations 12.5,
25,50, and 100 ug/mL, respectively.

In Vitro Peroxidase-like and Catalase-like Activities of IONPs.
Accumulating evidence strongly suggests that many
nanosized materials have the ability to induce the
production of ROS, thus resulting in various biological
effects.”'"1>18 At the lower basal level, ROS can be
effectively neutralized by natural antioxidants; however,
at a higher abnormal level, ROS will break the redox
homeostasis and induce irreversible cell damage.®
Cytotoxicity of IONPs also involves ROS generation
and increased oxidative stress. It is generally known
that iron can catalyze the degradation of H,0, through
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Figure 2. TEM images of U251 cells (A) without particles exposure and cells exposure to (B1,B2) D-Fe, 05 or (C1,C2) D-Fe30,
NPs for 12 h, at an iron concentration of 100 xg/mL, with arrows indicating lysosomes containing the IONPs. The scale bar is

2 um for top panel and 0.5 um for bottom panel.

Fenton and/or Haber—Weiss reactions to produce hy-
droxyl radicals, which are highly toxic to cells, so the
cytotoxicity of IONPs would significantly depend on the
interactions between NPs and H,0..

In recent years, Gao et al. found that magnetic
nanoparticles possess an intrinsic peroxidase-like
activity;*> they are capable of catalyzing H,0, to
oxidize various peroxidase substrate. Mechanism stud-
ies demonstrated that IONPs first catalyze H,0, to
produce hydroxyl radicals, which are then responsible
for substrate oxidation.?®~2® Therefore, one of the
potential mechanisms involved in the cytotoxicity

CHEN ET AL.

of IONPs could be their peroxidase-like activities.
Once produced in cells, hydroxyl radicals would attack
numerous intracellular molecules whichever could
donate electrons, due to the lack of specificity.

In the present study, we investigated the perox-
idase-like activities of D-Fe,O3 and D-Fe;04 NPs in two
intracellular pH conditions. At pH 4.8, both of them
could catalyze the oxidation of substrate 3,3’,5,5-tetra-
methylbenzidine (TMB) in the presence of H,0,, which
was accompanied by color change to blue several
minutes after IONPs were added into the H,0,/TMB
reaction system (Figure 4A, tubes 2—5), as previously
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reported.”” Additionally, UV—vis absorption—time
course curves indicated that D-FesO, had a higher
peroxidase-like activity than D-Fe,O3 under the same
conditions (Figure 4B). However, the H,0,/TMB reac-
tion solutions with both IONPs remained transparent
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Figure 3. Cytotoxicity of IONPs. Cell viability was detected
by the CCK-8 assay of human glioma U251 cells after 24 h
treatment of D-Fe,Os or D-FesO; NPs. The data were
normalized to control values (no particle exposure), which
were set as 100% cell viability; **p < 0.01, mean SEM, n = 3.
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instead of blue at pH 7.4 after 30 min incubation
(Figure 4A, tubes 6 and 7), which suggested that IONPs
did not exhibit peroxidase-like activity when pH
reached neutral.

Instead, we found that IONPs possessed catalase-
like activity in such a neutral condition. Gas bubbles
were observed several minutes after H,O, was added
into tubes containing D-Fe304 NPs diluted with pH 7.4
PBS buffer and gradually grew bigger in the following
hours (Figure 4C), indicating that D-Fe3O, might be-
have similarly as catalase to decompose H,0, into
water and oxygen.*® In contrast, bubbles were gener-
ated much slower as well as smaller for D-Fe;O3; NPs
(Figure 4C, tube 2, with an arrow indicating very small
gas bubbles). We further detected the catalase-
like activity of D-Fe,03/D-Fe30, NPs by monitoring
dissolved oxygen in IONPs/H,O, reaction systems
(Figure 4D). The results demonstrated that both NPs
could catalyze H,0, to produce oxygen in PBS buffer,
direct evidence of catalase-similar way to decompose
H,0,. Consistent with their peroxidase-like activities,
D-Fe30, also had a higher catalase-like activity than
D-Fe,03 NPs. A control experiment of dual enzyme
activities of two NPs with the same size and high
monodispersity synthesized through the thermal de-
composition method was performed to verify the
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Figure 4. Peroxidase-like activity and catalase-like activity of IONPs. (A,B) Peroxidase-like activity of IONPs. (A) Photograph of
color reactions after 30 min incubation. Tubes 1—5: H,0, +TMB in pH 4.8 buffer plus (1) none, (2) 10 ug/mL D-Fe,03, (3) 10 ug/mL
D-Fes0,, (4) 20 ug/mL D-Fe,03, and (5) 20 #g/mL D-Fe30,4. Tubes 6 and 7: H,O, + TMB in pH 7.4 buffer plus (6) 20 ug/mL
D-Fe,0s and (7) 20 ug/mL D-Fe30,. (B) UV—vis absorption—time course curves of the TMB—H,0, reaction system catalyzed by
20 ug/mL D-Fe,05 or D-Fe304 NPs in pH 4.8 or 7.4 buffer. (C,D) Catalase-like activity of IONPs. (C) Photograph of bubble
reactions after 6 h incubation. Tubes 1—4: 100 mM H,0, in pH 7.4 PBS buffer plus (1) none, (2) 20 ug/mL D-Fe,0O5 (arrow
indicating very small bubbles), (3) 20 xg/mL D-Fes0,4, and (4) 20 U/mL catalase. (D) Dissolved oxygen—time course curves of
H,0, in pH 7.4 buffer catalyzed by 20 ug/mL D-Fe,03 or D-Fes0, NPs or 20 U/mL catalase.
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Figure 5. Effect of IONPs on cells in the presence of H,0,. The cells were incubated with 1.25—20 «g/mL IONPs for 12 h first
and then treated with 30 «M H,0, for another 4 h. Cell viability was detected by (A) CCK-8 assay and (B) LDH release assay.
Data were normalized to controls; *p < 0.05, **p < 0.01, mean SEM, n = 3.

phenomena observed in Figure 4, which also has similar
results (see Figure S1 in the Supporting Information).

According to our observations, whether peroxidase-
like or catalase-like activity IONPs will be exhib-
ited largely depends on their environmental pH,
which is similar to previous studies on Pt-feritin nano-
particles®® and Au@Pt nanostructures.®” While in acidic
conditions, IONPs could catalyze H,0, to oxidize various
substrates, they would rather decompose H,O, directly
into H,O and O, in neutral conditions. Since peroxidase
and catalase are two important categories of natural
enzymes involved in regulating cellular redox homeosta-
sis, we were then interested in which enzyme IONPs may
act as in cells and its relationship with their cytotoxicity.

Effect of IONPs on Cells in the Presence of H,0,. H,0, can
be generated from several sources, for example, mito-
chondria, peroxisomes, and macrophages.3® We in-
tended to determine how IONPs may interact with
H,0, within cells, whether through peroxidase-like or
catalase-like pathway. In physiological conditions, in-
trinsic peroxidase such as glutathione peroxidase can
reduce H,0, through oxidization of glutathione (GSH)
to glutathione disulfide (GSSG), which can also be
reduced back to GSH, forming a redox homeostasis
cycle3® However, due to the lack of specificity, IONPs may
catalyze H,0, to react with various intracellular molecules
including proteins, lipids, and nucleic acids through per-
oxidase-like activity, thus causing irreversible cell da-
mage. In contrary, in the catalase-like pathway, IONPs
would rather protect cells from oxidative stress through
decomposition of H,0, into H,O and O,.

In the present study, we designed a protocol to
investigate the interactions between IONPs and H,0,
within cells. U251 cells were first exposed to IONPs for
12 h to obtain efficient endocytosis and then treated
with 30 uM H,0, for another 4 h. Cell viability was
detected to evaluate their combined effects. The CCK-8
assay showed that both D-Fe,O; and D-Fes0,; NPs
could enhance H,0,-induced cell damage dramatically

CHEN ET AL.

(Figure 5A). Previous IONP exposure at an iron con-
centration of as low as 1.25 ug/mL could lead to a
significant decrease of cell viability induced by H,0,,
and it decreased more when IONP concentrations
were higher. D-Fe30, was more toxic than D-Fe,Os in
the presence of H,0,, which is consistent with their
cytotoxicity trend without additional H,O, treatment,
suggesting that there might be some causal relationships
between IONPs' reaction with H,0, and their cytotoxicity.

The results of lactate dehydrogenase (LDH) release
assays also revealed a concentration-dependent cyto-
toxicity of IONPs in the presence of H,0, (Figure 5B),
with toxic potency D-Fes0, > D-Fe,0Os. The rise of
released LDH indicated the breakdown of the cell
membrane.'" It is noteworthy that H,O, alone would
not result in a significant rise of LDH, possibly because
of its low concentration, so the toxic potential was also
much likely because of the reaction products by IONPs
and H,0,.

In order to investigate cell damage mechanisms,
Hoechst 33342/PI stain was used to distinguish cells
between live, apoptotic, and dead. While no visible
damage was observed in cells only treated with H,0,
(Figure 6), H,O,-combined D-FesO, NP treatments
would directly lead cell to death (red) rather than
apoptosis (no dark blue), indicating that increased
amounts of D-Fe304 NPs would destroy cellular self-
protecting networks against H,0,-induced oxidative
stress in a very acute way.

On the basis of our previous hypothesis, these
results implied that IONPs did not exhibit catalase-like
activity in cells in that H,O, was not decomposed
to reduce cytotoxicity. Instead, IONPs might function
in a peoxidase-like way to raise oxidative stress and
damage cells. The possible explanation is that most
IONPs were located in lysosomes, as observed by TEM
(Figure 2), so that the acidic environment would con-
tribute to their peroxidase-like activity rather than
catalase-like activity as stated above.
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Figure 6. Images of cells treated by D-Fe;0, NPs in the presence of H,0,. The U251 cells were incubated in D-Fe;04 NPs for
12 h before 30 uM H,0, treatment. (A) Optical microscope images of cells in the order of (a) control, (b) H,0, treated only,
(c) 5 ug/mL D-Fe30,4 nanoparticle exposure plus H,0, treatment, and (d) 20 «g/mL D-Fe30,4 nanoparticle exposure plus H,0,
treatment. Scale bar: 100 um. (B) Fluorescent microscopy image of live (in light blue) and dead (in red) cells stained through

Hoechst 33342/PI. Scale bar: 20 um.

According to hierarchical oxidative stress model,"

under physiological concentrations, ROS act as signal-
ing molecules mediating cell growth, migration, and
differentiation. However, under a sustained environ-
mental stress, ROS will accumulate to result in signifi-
cant damage to cell structures and functions and may
induce somatic mutations and neoplastic transforma-
tion.3® Therefore, the long-term toxic risk of IONPs,
especially for FesO, NPs, should be carefully consid-
ered in biomedical applications, including MRl and cell
labeling. Keenan et al. found that zero-valent iron
nanoparticles could induce cell damage in the presence
of oxygen through oxidation of iron, but the damage
could be effectively limited by addition of ligands that
prevented ferrous oxidation or when nanoparticles

CHEN ET AL.

were oxidized prior to exposure to cells.*® Our
results also indicated that oxidized y-Fe,O3 NPs
was less toxic than Fes0, in the presence of H,0, because
of their lower peroxidase-like activity; therefore, y-Fe,05
could be safer for long-term clinical applications since
H,0, is continuously produced in cells.

Study of Free Radical Formation by ESR. ESR technique
was employed to investigate the possible mechanism
of cell damage by determining free radical production
induced by IONPs in the presence of H,0, in various
conditions. At room temperature, the magnetic properties
of the two IONPs were investigated by ESR (Figure 7) at
pH 4.8 and 7.4 to mimic the environment of lysosome
and cytosol, respectively. Noteworthy, both NPs ex-
hibited different broad line shape of ESR spectra at pH
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Figure 7. ESR spectra of D-Fe,03 and D-Fe30,4 nanoparticle
solutions. ESR measurements were carried out at room
temperature under the following conditions: microwave
power 20 mW, modulation amplitude 5 G, and scan range
of 4000 G.

4.8 and 7.4. y-Fe,05 and Fe30, were known to possess
superparamagnetic characteristics, and therefore, in-
dividual nanoparticles form strong interparticle dipolar
interactions that provide effective spin relaxation
mechanisms.*’*? The g value of both D-Fe,O; and
D-Fe;0, NPs remained the same at both acidic and
neutral conditions, indicating that pH did not affect
their superparamagnetic properties.

In this study of free radical formation by IONPs, we
observed a weak ESR signal attributed to that of 5,5-
dimethyl-1-pyrroline N-oxide DMPO/eOH superim-
posed on the portion of the signal from the super-
paramagnetic IONPs. This spectra overlapping were
also mentioned in a previous study."” Figure 8B shows
the complete 4 line spectrum (in 100 G range) of
DMPO/eOH against a background derived from the
partial spectrum of D-Fe;0, NPs whose signal extends
over 4000 G (Figure 7). In order to avoid the back-
ground due to the ESR spectrum from the IONPs
themselves, centrifugation was used as described in
previously reported work to separate IONPs from the
reaction solution prior to ESR measurements.'” In the
present study, we intended to continuously monitor
the progress of radical formation involving all possible
sources surrounding the iron NPs during the entire
time course of the experiment. Therefore, reaction
solutions containing D-FesO, NPs were directly
measured during the collection of the ESR spectra.
Then, ESR spectra of D-Fe30,4 NPs alone were obtained
and used to subtract out the background due to
D-Fes04 to clearly demonstrate the formation of
DMPO/eOH (Figure 8C). In addition, the uneven base-
line after subtraction (Figure 8C) rather than a straight
line was possibly indicative of a physical or chemical
change of D-Fes0,4 NPs during the reaction.

At pH 4.8, H,0, alone did not produce hydroxyl
radicals, as shown in Figure 9A. However, addition
of IONPs assisted the formation of hydroxyl radicals
from H,0,. The effect of NPs on the decomposition of
H,0, was further confirmed by the fact that the signal

CHEN ET AL.

/\. A) Bassline

D-Fe,0,

B) 1mMH,0,
D-Fe,0,

x‘__,/\/,,j\ﬁ%/\/__v C) Spectrum
subtraction

Figure 8. Demonstration of spectrum subtraction to obtain
an ESR signal of spin adducts DMPO/sOH. Spectrum of
solution containing (A) 50 mM DMPO and 20 ug/mL
D-Fe30,4 in 100 mM acetate buffer (pH 4.8) and (B) 50 mM
DMPO, 20 ug/mL D-Fe304 and 1 mM H,0, in 100 mM
acetate buffer (pH 4.8). Spectrum C was obtained through
subtraction of spectrum A from B.

intensity of spin adducts DMPO/eOH was proportion-
ally dependent on the concentration of both NPs.
Compared with D-Fe,0s, much more radicals were
yielded in the presence of D-Fe;0,4, which suggested
higher peroxidase-like activity of D-FesO,4. In order
to confirm their abilities to produce hydroxyl radicals
that can react with organic molecules at pH 4.8, we
observed the degradation of Rhodamine B, which can
be oxidized by the hydroxyl radical to yield a photo-
inactive product (see Figure 52).

The most likely reason for the formation of ¢«OH was
previously reported as Fenton-based reactions:**

Fe’" +H,0, — FeOOH*" +H* (1)
FeOOH*" — Fe®" + HO,e ()
Fe’" +H,0, — Fe** + OH™ + OHe 3)

However, we surprisingly found that no signal of
DMPO/eOH was observed at pH 7.4 in all samples
(Figure 9B), which meant both NPs were not able to
produce hydroxyl radicals at this pH, possibly because
H,0, was decomposed into H,O and O, by IONPs
through catalase-like activity. This was quite different
from ferrous ions which are known to be able to catalyze
H,0, to produce hydroxyl radicals through formula 3 at a
neutral pH, indicating new catalytic pathways of iron on
the surface of NPs, which should be further investigated.
At least, these results suggested that IONPs might not
contribute to produce ROS at neutral pH.

Effect of IONPs on H,0,-Induced ROS at Cytosol Mimic
Environment. IONPs were found to possess peroxidase-
like activity in acidic pH, thus relating their ability of
hydroxyl radical production to cytotoxicity when taken
up into lysosomes discussed in previous sections.
However, what effect might IONPs have on cells if they
were not trapped in lysosomes? As is stated above
that IONPs possessed catalase-like activity and did not
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Figure 9. ESR spectra subtraction of spin adduct DMPO/«OH. All mixtures contained zero (control) or IONPs at different
concentrations and 50 mM DMPO in (A) 100 mM acetate buffer (pH = 4.8) and (B) 50 mM PBS buffer (pH = 7.4). The reaction was
initiated by adding 1 mM H,0,. ESR measurements were carried out at room temperature under the following conditions:
microwave power 20 mW, modulation amplitude 1 G, and scan range of 100 G.
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—— Negative control

DCEF fluorescence (a.u.)
8

Wavelength (nm)

Figure 10. Effect of IONPs on H,0,-induced ROS at neutral environment. (A) Effect of IONPs and catalase on the formation of
hydroxyl radicals in H,0,/UV system detected by ESR. All samples contained 25 mM BMPO and 5 mM H,0, plus IONPs or
catalase in 50 mM PBS buffer (pH 7.4). All mixtures except A were exposed to UV light for 15 min at 270 nm. The ESR intensity
(peak to peak value) of the second line of each spectrum from b to e is 731, 595, 375, and 93 (in au), respectively. Spectra from
sample c and d were obtained through spectrum subtraction. (B) Effect of IONPs and catalase on H,0,-induced ROS by
detecting DCF fluorescence intensity. All samples contained 500 M H,0, and 10 M H,DCFDA plus IONPs or catalase in
DMEM/FBS culture medium and were incubated at 37 °C for 30 min.

assist in producing hydroxyl radicals in neutral pH, we
then evaluated their ability to protect cells in cytosol
mimic conditions.

We first confirmed the decomposition of H,O, by
IONPs by monitoring its UV-irradiated hydroxyl radical
products in pH 7.4 PBS buffer.?® Because IONPs did not
scavenge ¢OH in this condition (data not shown), the
reduction of free radicals indicates the depletion of H,0..
After exposure to UV light, strong ESR signal of 5-tert-
butoxycarbonyl 5-methyl-1-pyrroline N-oxide BMPO/sOH
appeared (Figure 10Ab), while they diminished at
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different extents upon the addition of IONPs and catalase
(Figure 10Ac—e). The reduction of signal intensity indi-
cated that both types of IONPs could decompose H,0,
similarly as catalase, with higher effect of D-Fe;0,4 than
D-Fe,05 at the same iron concentration.

It is well-known that, in neutral and alkaline pH,
H,0, itself tends to be decomposed into water and
oxygen at a slow rate. The addition of iron oxides can
actually accelerate this process.*> The possible expla-
nation is that, at higher pH, the reaction rate of formula
1 is higher, thus producing excessive FeOOH?" and
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HO,e, the latter can then be ionized into O, (formula
4). The formed HO,¢/O,” would immediately react
with hydroxyl radicals to produce oxygen (formula 5).¢

HOz' - H+ + 02_ (4)

OH'+H020/027 - H20+02 (5)

To explore the effect of IONPs on ROS production
in neutral physiological conditions, we then used
H,DCFDA (2/,7'-dichlorofluorescein diacetate) fluores-
cence probe to detect ROS in IONPs/H,0, reaction
systems diluted with DMEM/FBS (fetal bovine serum)
cell culture medium to mimic cytosol environment.
Natural peroxidase contained in FBS can catalyze H,0,
to oxidize H,DCFDA, thus forming a strong fluores-
cence (Figure 10B). However, the fluorescence inten-
sity diminished by addition of IONPs or catalase, with
higher effect of D-Fe;0,4 than D-Fe,0s. Considering the
negligible peroxidase-like activity of IONPs at this pH
discussed above, these data indicated that IONPs could
compete with natural peroxidase to decompose H,0,
through a catalase-like pathway in cytosol mimic solu-
tion to reduce H,0,-induced ROS production.

On the basis of the observations, we hypothesize
that, if not trapped within acidic lysosomes when
internalized into cells, IONPs may not contribute to
raise cellular oxidative stress but protect cells through
catalase-like activity in neutral cytosol. Therefore lyso-
some-escaped strategy for IONP delivery would be
an efficient way to minimize long-term cytotoxicity
of IONPs. In fact, there have been some approaches
brought forward to deliver polymersomes or NPs into
cells successfully escaped from lysosomes.*’*8

CONCLUSIONS

In summary, we verified pH-dependent dual enzyme-
like activities of IONPs. When internalized into cells,
IONPs were mostly located in lysosomes and had

EXPERIMENTAL SECTIONS

IONP Synthesis and Characterization. y-Fe,Os; and Fe;O,; NPs
were synthesized and coated with DMSA molecules according
to our previous work.2>*' The core diameters of both NPs were
then characterized by TEM (JEOL/JEM-2000E). Their ¢-potential
and hydrodynamic diameters were detected by a zeta potential
laser particle size analyzer (ZetaMaster3000, Marven).

Cytotoxicity of IONPs and H,0, Treatment. Cytotoxicity of IONPs
was analyzed by monitoring the mitochondrial reduction of
CCK-8 kit (Dojindo Laboratories). Human glioma cells U251
(cultured in DMEM (Hyclone) supplemented with 10% fetal
bovine serum (Gibco), 37 °C, 5% CO, atmosphere) were first
plated at the amount of 1 x 10* cells/well in 96-well plates and
settled overnight for adherence. Before exposure to cells,
purified DMSA-Fe,O3 (D-Fe,O3) and DMSA-Fe;0, (D-Fe,03)
nanoparticles were diluted in fresh medium at the concentra-
tion of 200 ug/mL, and then the diluted IONPs with fresh
medium were added to wells to make a final concentration
ranging from 12.5 to 100 ug/mL. After 24 h incubation, the
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Lysosome trapped
pH=4.8

r

‘OH

Peroxidase-like

Catalase-like

activity activity

Figure 11. Schematicillustration of peroxidase-like activity-
induced cytotoxicity by IONPs. IONPs are trapped in acidic
lysosomes when internalized into cells, so they catalyze
H,0, to produce hydroxyl radicals through peroxidase-like
activity; however, in neutral cytosol, IONPs would decom-
pose H,0, through catalase-like activity.

a concentration-dependent cytotoxicity, with toxic
potency D-Fe;0, > D-Fe,0s. Both NPs can enhance
H,0,-induced cell damage dramatically through per-
oxidase-like activity because of the acidic environment
of lysosomes. y-Fe,03 NPs could be safer in biomedical
applications since they produce a relatively lower
amount of hydroxyl radicals compared with Fe3;0,
in acidic conditions. However, both NPs do not pro-
duce hydroxyl radicals in neutral conditions but cata-
lyze H,0, into H,O and O, directly through catalase-
like activity. A scheme was shown to briefly describe the
two ways IONPs may behave in cells (Figure 11). These
results imply that the distribution and intracellular
microenvironment of NPs are critical factors affecting
their cytotoxicity and implicate that lysosome-escaped
strategy for IONP delivery would be a promising
method to diminish long-term toxic potential. The
concept of enzymatic activity-based cytotoxicity
could also be used for evaluating biotoxicity of other
nanomaterials.

medium was removed and the cells were rinsed once with fresh
medium. Further procedures followed the instructions of the
supplier.

To investigate the interactions of IONPs and H,O, within
cells, IONPs were first delivered into cells. Cells were plated at
the amount of 1 x 10* cells/well in 96-well plates or 3 x 10°
cells/well in 6-well plates and settled overnight for adherence.
Different concentrations of D-Fe,03 and D-Fe304 NPs were then
added into wells for 12 h incubation. The medium was removed
and rinsed once with medium, and 30 uM H,0, diluted with
DMEM without fetal bovine serum was then added. Cells were
incubated for another 4 h at 37 °C, 5% CO, prior to being further
analyzed.

Cell viability was assessed by the CCK-8 kit, and the super-
natant medium in the wells was gathered for the released
lactate dehydrogenase assay (LDH-kit, NJBI, China).

Live/Dead Cell Staining. Cells were plated as described above in
6-well plates. After IONP exposure and H,0, treatment, cells
were first washed with 10 mM phosphate buffer solution (PBS)
once and then detached from the plate by trypsin. Hoechst
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33342/Pl was used from a live/apoptotic/dead cell detection
kit (Keygentec, China) to stain cells. Each sample followed a
staining of Hoechst 33342 at 37 °C for 15 min and Pl at room
temperature for 5 min and was then analyzed via fluorescent
microscopy.

Transmission Electron Microscopy. Cells were plated as described
above in 6-well plates. Twelve hours following exposure to
IONPs at an iron concentration of 100 ug/mL, cells were
detached and fixed overnight with 2.5% glutaraldehyde in
0.01 M PBS at 4 °C. The samples were then postfixed in 1%
osmium tetroxide, dehydrated in ethanol, and embedded in
Epon (Fluka). The ultrathin sections (60—80 nm) were stained
with uranyl acetate and lead citrate and examined with a TEM
(JEOL/JEM-2000E).

In Vitro Peroxidase-like Activity Assay. The peroxidase-like activ-
ity assays were carried out in 1.5 mL tubes, with different
concentrations (5, 10, 20 ug/mL) of D-Fe,03/D-Fe30,4 in 0.5 mL
of two reaction buffers (0.1 M pH 4.8 HAc buffer and 0.01 M pH
7.4 buffer), using 0.25 mg/mL 3,3',5,5'-tetramethylbenzidine
(TMB) as the substrate.*®° Blue color was observed several
minutes after H,0, was added, and photographs were taken at
30 min. The concentration of H,0, used is 1.3 mM for photo-
graphs and 130 mM for UV—vis—NIR spectrophotometer mon-
itoring on time-scan mode at 650 nm. All operations were done
at room temperature and in the dark.

In Vitro Catalase-like Activity Assay. The catalase-like activity
assays were carried out in 1.5 mL tubes, with 20 ug/mL
D-Fe,05/D-Fes04 or 20 U/mL catalase diluted in 1 mL of pH
7.4 PBS buffer. Gas bubbles were observed several minutes after
100 mM H,0, was added, and dissolved oxygen was monitored
by a multi-parameter water quality meter (DZS-708, SHIK).

The catalase-like activity of IONPs was also evaluated in
cell culture medium (DMEM + 10% FBS) to mimic cytosol
environment. Twenty micrograms/milliliter D-Fe,Os/D-Fe3z04
and 10 uM H,DCFDA fluorescence probe (2/,7’-dichlorofluor-
escein diacetate, Sigma) were added into 500 «M H,0, diluted
with culture medium. After 30 min incubation in 37 °C, the
fluorescence of the medium was soon detected by a fluores-
cence spectrophotometer (Hitachi F-7000).

Electron Spin Resonance (ESR) Spectroscopy Measurements. ESR with
a spin trapping technique was used to detect hydroxyl radicals
(¢OH) formed during the degradation of H,O, induced by IONPs
in various conditions. Because of its diamagnetic property,
DMPO (5,5-dimethyl-1-pyrroline N-oxide, Dojindo) is capable
of trapping these short-lived «OH and readily forming stable
spin adducts DMPO/eOH. The characteristic ESR spectrum of the
spin adduct was described in Zhao et al.'s study.’’ Each NP
sample was mixed with DMPO in buffers of different pH values,
and the reaction was triggered by addition of H,0,. The sample
mixtures were transferred into a glass capillary and placed in the
ESR cavity. The spectra for DMPO/eOH were collected at 8.5 min.
Afterward, spectra subtraction between the sample mixtures
with and without H,O, solution was conducted to obtain a real
ESR spectra signal of spin adducts DMPO/eOH.

In the H,0,/UV experiment, a light system consisting of
a xenon lamp coupled with a Schoeffel monochromator
(Chelmsford, MA) was used to generate UV light. It is well-
known that hydrogen peroxide produces hydroxyl radicals
under UV irradiation. Spin trap BMPO (5-tert-butoxycarbonyl
5-methyl-1-pyrroline N-oxide, Bioanalytical Lab) was used to
trap the «OH to form the BMPO/eOH spin adduct, which yields
the typical ESR spectrum with 1:2:2:1 intensity and hyperfine
splitting of ay = 13.47 G and ay = 15.31 G. Samples were
prepared at room temperature in PBS buffer (pH = 7.4) and
transferred to a quartz capillary tube for ESR measurement. Each
sample was UV-irradiated (270 nm power 500 W and distance
70 em) for 15 min, and spectra were recorded afterward.

All ESR measurements were carried out using Bruker EMX
ESR spectrometer (Billerica, MA) at ambient temperature with
20 mW microwave power. Other settings are as follows: 1 G field
modulation and 100 G scan range for detection of the DMPO
and BMPO spin adducts, and 5 G field modulation and 4000 G
scan range for detection of superparamagnetic IONPs (g value
determination).
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Statistical Analysis. Measurement for each treatment was
repeated in triplicate, and the results were presented as mean
SD (standard deviation). The statistical analysis of experimental
data utilized the Student's t test. Each experimental value was
compared to its corresponding control. Statistical significance
was accepted when the probability of the result assuming the
null hypothesis (p) is less than 0.05.
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